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Abstract 

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease known to be caused 

by an abnormal expansion of the CAG repeat in the huntingtin gene. Receptor for Advanced Glycation 

End products (RAGE) is a receptor protein capable of activating multiple signalling pathways by 

interacting with a number of different ligands leading to either beneficial or harmful effects to the cell. 

The aim of the current study was to investigate the potential functions of RAGE in human HD brains 

using an immuno-based technical approach. A high degree of colocalisation of RAGE with the ligands 

S100B and CML was identified using double-IHC staining, suggesting that both ligands may be 

interacting with RAGE in the caudate nucleus (CN) and the subependymal layer (SEL) of HD brains. The 

level of co-staining for both RAGE-S100B and RAGE-CML was the highest in the astrocytic cells but was 

relatively low in neurons and microglia. This level of staining for RAGE and these ligands varied 

depending on the region and the grade of HD brain. The immunostaining for RAGE, S100B and CML 

extended in a medio-lateral (SEL-CN) direction with increasing grade, such that any change in the 

expression and colocalisation pattern between grades was less prominent in the lateral CN. The overall 

level of expression as well as the number of cells expressing these proteins also showed an increase 

with increasing grade. These findings indicate that RAGE may participate in the progression of HD 

pathology, but a physical interaction between RAGE and two ligands S100B and CML in HD brains 

could not be confirmed by co-immunoprecipitation (Co-IP). Signalling molecules that are downstream 

of RAGE activation showed changes in their activation status in HD brains. A larger number of RAGE-

positive astrocytic cells had NF-kB translocated to the nucleus, and the level of phospho-ERK1/2 was 

also increased in HD brains. Interestingly, the level of mDia-1, that interacts directly with the 

cytoplasmic domain of RAGE, decreased in HD. Overall, the grade-wise increase in RAGE and ligands 

S100B and CML and the similarity in the pattern of staining with the pattern of selective cell death, 

coupled with the change in the activation status of signalling molecules in HD brains indicates that 

RAGE is likely to participate in the progression of HD. Further functional studies are now required to 

specify the precise role of RAGE in the progression of HD pathology.  
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Chapter 1.   Introduction: Huntington’s Disease (HD) and RAGE  

1.1 Huntington’s Disease (HD)  

Huntington’s disease (HD) is an incurable monogenic neurodegenerative disease primarily involving 

the selective death of a particular group of neurons in the brain as the result of an autosomal dominant 

genetic abnormality. HD is a progressive disorder with variable onset. While, motor, mood and 

cognitive symptoms are now considered the classical triad of HD symptomology, HD is commonly 

characterised by just the involuntary hyperkinetic movement termed chorea (Tippett et al., 2007). 

While this devastating disease has physical repercussions on HD patients, there are also economic and 

social effects on their families due to the genetic inheritance of the disease and the demands of caring 

for an HD patient. Thus, there is a demand to find a treatment for HD. 

The mutation causing HD was first identified by linkage analysis in 1993 as an abnormal expansion of 

trinucleotide CAG repeats within the coding region (exon 1) of the N-terminal of a gene called IT15 

(Interesting Transcript) or Huntingtin (HTT). This gene is inherited in the traditional Mendelian 

fashion (HDCollaborativeResearchGroup, 1993; Persichetti et al., 1995; Vonsattel & DiFiglia, 1998). The 

HTT gene is located on the short arm of chromosome 4 (4p63), and codes for the expression of the 

huntingtin protein (Htt). This gene contains a CAG repeat that codes for a string of glutamine (Q) amino 

acids, which is referred to as a polyQ repeat. The mutant form of the HTT gene (mHTT) contains an 

elongated CAG repeat, which produces an unstable form of the protein (mHtt) that is pathogenic and 

mediates neuronal cell death through unknown mechanisms (Landles & Bates, 2004; Ratovitski et al., 

2009; Roze, Saudou, & Caboche, 2008). Individuals with 35 or fewer CAG repeats will not normally 

develop HD, while those with more than 36 repeats are highly likely to develop the symptoms. The 

number of repeats is inversely correlated with the age of onset (Vonsattel & DiFiglia, 1998). 

HD affects 5-10 per 100,000 people in North America and Europe, but it is less common in Asia and 

Africa. While chorea is the most common motor symptom seen in all HD patients, rigidity, dystonia, 

cognitive decline, emotional disturbance, personality change and early death are also part of the 

symptomatology (Vonsattel & DiFiglia, 1998). The type and severity of symptoms vary widely among 

patients, which suggests that HD may be a heterogeneous disorder, affected by epigenetic factors in 

addition to the genetic mutation. While these symptoms usually develop in middle age, HD has a 

variable onset. The age of onset is an important factor that determines the severity and progression of 

the disease. Physical symptoms of HD can begin at any age from infancy to old age, but on average they 

usually start to appear between 35-45 years of age. Death usually occurs between 12-15 years from the 

time of symptomatic onset. Patients with juvenile onset tend to suffer from more severe symptoms, 

with rapid progression of the disease (Moller, 2010; Vonsattel & DiFiglia, 1998).  
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1.1.1 Regions in the Brain affected by Huntington’s Disease  

The expression of mutant Htt is ubiquitous in all somatic tissues, and an increasing number of studies 

have reported abnormalities in peripheral tissues that are thought to be associated with weight loss, 

skeletal muscle atrophy, cardiac failure, testicular atrophy and osteoporosis (Sassone, Colciago, 

Cislaghi, Silani, & Ciammola, 2009; van der Burg, Bjorkqvist, & Brundin, 2009). The predominate 

neurological symptoms in HD patients originate from the expression of mutant Htt in the brain. The 

neurodegeneration of the basal ganglia pathways results in motor symptoms such as chorea. The early 

phase of HD is often characterized by the progressive neuronal cell death in the striatum. This study is 

particularly focussed on the caudate nucleus (CN), which is part of the striatum and undergoes 

significant atrophy in HD. The CN lies adjacent to the subventricular zone (SVZ) which lines the lateral 

ventricle and is known as the site of adult neurogenesis. The SVZ contains subependymal layer (SEL), 

which is a cell layer below the ependyma. This zone of adult neurogenesis is emerging as an important 

focus of many neurological studies focussed on finding a treatment for HD that compensates for the 

loss of neuronal cells in the affected regions.   

1.1.1.1 Organization of Basal Ganglia System  

The striatum (corpus striatum, neostriatum or striate nucleus) collectively refers to the CN and the 

putamen of the basal ganglia system. The basal ganglia nuclei, primarily implicated in the control of 

motor functions, are paired masses of gray matter embedded within the white matter of each hemisphere 

inferior to the floor of the lateral ventricle. The basal ganglia consists mainly of the corpus striatum, the 

globus pallidus (external and internal portions; GPe and GPi), and the substantia nigra. The selective 

bilateral neurodegeneration in the striatum is the pathological hallmark of early and pre-symptomatic 

HD. However, some recent studies also report the early involvement of cortical degeneration in HD as 

seen by quantitative MRI. It is suggested that cortical involvement may contribute to important 

symptoms in HD including those that have been ascribed primarily to the striatum (Rosas et al., 2008). 

The striatum is well known for its role in the modulation and coordination of movement, although it is 

also involved in a variety of other cognitive and psychological processes. In humans, the striatum consists 

of two portions, the medial CN and lateral putamen, divided by the fibers of the internal capsule. The CN 

has a massive head and a slender, curving tail that follows the curve of the lateral ventricle. It is located 

adjacent to the SVZ (SEL), a germinal zone that lines the lateral ventricle and contains stem cells that can 

differentiate into neurons and glial cells in the adult human brain (Altman, 1969). The substantia nigra 

and subthalamic nucleus are often included in the basal ganglia system because of their connections in 

neuronal pathways (Vonsattel & DiFiglia, 1998). The hierarchical organisation of the basal ganglia system 

and the anatomical localisation of each compartment are shown in Figure 1A and B.  
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Figure 1 The Organisation of the Basal Ganglia 

System and a Striatum  

A The hierarchical organisation of the basal ganglia system. 

Basal ganglia include the corpus striatum, amygdaloid 

nucleus, substantia nigra and subthalamic nucleus. The 

corpus striatum comprises the striatum and globus pallidus, 

and the striatum in turn consists of the CN and putamen.  

B Components of basal ganglia as shown by a coronal section 

of the brain. Only the rostral portion (head) of the CN is 

shown.  
 

1.1.1.2 Motor Pathways in the Basal Ganglia System  

The neurons of the basal ganglia system are organized and interconnected to each other in order to 

receive signal input from many brain regions, modulate this incoming information, and eventually send 

the output signal to the area of the motor cortex that controls motor activities. The primary afferent 

structure of the basal ganglia is the striatum. The internal portion of the globus pallidus (GPi) and 

substantia nigra pars reticulata (SNr) are the primary efferent structures of the basal ganglia 

(Timmons, Martini, & Tallitsch, 2005). The primary efferent compartments receive both direct 

(monosynaptic projections) and indirect projections from the striatum (Albin, Young, & Penney, 1989). 

The ‘indirect’ projections from the striatum to the GPi and SNr begin with a projection from the 

striatum to the external portion of the globus pallidus (GPe), which then gives rise to a large projection 

to the subthalamic nucleus that in turn innervates the GPi and SNr (Timmons et al., 2005). The 

subthalamic nucleus also projects back to GPe to form a negative feedback loop (Timmons et al., 2005). 

The striatum also projects to the substantia nigra pars compacta (SNc) and receives feedback via the 

dopaminergic neurons. Neurotransmission of the striatal, pallidal and SNr projections is GABAergic 

(inhibitory), and the neurotransmitter of the subthalamic nucleus is glutamate (excitatory) (Graybiel, 

1990; Timmons et al., 2005). The direct and indirect efferent systems of the basal ganglia that begin at 

the striatum and end in the GPi and SNr have opposing effects (excitatory or inhibitory) upon the 
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output nuclei. After receiving signals from both the direct and indirect pathways, the GPi and SNr in 

turn project to the thalamus that then produces an excitatory action upon the motor cortex (Albin et al., 

1989; Vonsattel & DiFiglia, 1998). The interconnections of nuclei and the pathways within the normal 

basal ganglia system are shown in Figure 3A. 

1.1.1.3 Organization of the Subependymal Layer (SEL) 

The SVZ (SEL) is a niche of adult stem cells that lines the lateral ventricle of the brain. The CN, which is 

the site of initial cell death in HD, is located adjacent to the SEL. The adult human SEL harbours three 

major cell types: Types A, B and C. These cells are distributed differently in three layers and have 

distinct proliferative potentials. Type A cells are present in small numbers in the cell-poor region 

(Layer 2, Figure 2) that lies immediately beneath the ependymal layer, and were found to be 

neuroblasts in rodent brains that proliferates and migrates towards the olfactory bulb (Curtis, Faull, & 

Eriksson, 2007; Doetsch, Garcia-Verdugo, & Alvarez-Buylla, 1997). Type B cells, which express glial 

fibrillary acidic protein (GFAP), are glial cells that form an astrocytic ribbon in the human brain (Layer 

3, Figure 2). Type B cells form a well-delineated and conspicuous layer in the SEL, between the 

superficial, cell-poor layer 2 and the deeper layer 4 (which consists of myelinated fibres, and is thus 

called the ‘myelin layer’) (Curtis 2007). In the rodent brain, type B cells are the primary progenitors of 

new neurons (Doetsch, Caille, Lim, Garcia-Verdugo, & Alvarez-Buylla, 1999; Imura, Kornblum, & 

Sofroniew, 2003). Type C cells (also known as transit-amplifying cells) are less numerous, and are 

located deep in layer 3 (very close to the myelin in layer 4). The SVZ-derived neurons originate from 

dividing GFAP-positive cells (type B cells) that generate transit-amplifying cells (C type cells), which in 

turn gives rise to neuroblasts (type A cells) (Kohl et al., 2010). The ratio of type A:B:C cells in the mouse 

brain is 3:2:1, whereas the ratio in the normal human SVZ is 1:3:1 (Curtis, Waldvogel, Synek, & Faull, 

2005; Doetsch et al., 1997). In HD brains, the greatest number of proliferating cells is found in layer 3 

of the SVZ. However, despite the  approximate 50% increase in the number of type A and C cells, the 

largest increase is seen in the number of type B (glial) cells, with a shift in the ratio of type A:B:C from 

1:3:1 in the normal brain, to 1:7.5:1 in an HD grade 3 brain (Curtis et al., 2007; Doetsch et al., 1997). 

Additionally, as in many other neurodegenerative diseases, the thickness of the SEL and the number of 

cells in the SEL increased in HD. This increase correlated with grade (Curtis et al., 2005; Ma & 

Nicholson, 2004).  
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Figure 2 The structure of the normal SEL  
The normal SEL can be divided into three layers: ependymal 

layer, gap region and astrocytic ribbon. The fourth layer is 

the myelin layer that delineates SEL and CN.  There are three 

different types of cells (A, B and C) with differential 

proliferative potential residing in the SEL. The neurons 

initially originate from the GFAP-positive Type B cells that 

generate transit-amplifying Type C cells, which in turn 

finally give rise to the neuroblasts (Type A cells). The ratio of 

different types of cells and the width of the SEL changes in 

the HD SEL. (diagram obtained and modified from Curtis et 

al., (2007)) 

 

1.1.1.4 Types of Cells in the Striatum  

The neurons in the striatum can be classed into two basic types: spiny and aspiny neurons. Both classes 

of neurons have small- medium- and large-sized neurons (Graveland, Williams, & DiFiglia, 1985). The 

medium spiny neurons (MSN) are the inhibitory (GABAergic) projection neurons of the striatum and can 

be characterised by their spine-rich dendrites. They originate from the striatum and project towards 

either the GPe or GPi, via GABAergic synaptic connections. They comprise approximately 97% of the rat 

striatum, and are the principal input and output neurons of the striatum (Sharott et al., 2009; Vonsattel & 

DiFiglia, 1998).  

The remaining striatal neurons are made up of a small number of aspiny interneurons with local 

connections. The medium aspiny neurons express nicotinamide adenine dinucleotide hydrogen 

phosphate diaphorase (NADPH-d), somatostatin (SS), neuropeptide Y (NPY), nitric oxide synthase (NOS), 

cholecystokinin (CCK) and parvalbumin, while the large aspiny interneurons produce the 

neurotransmitter acetylcholine (Ach). Both medium and large aspiny neurons are relatively spared in HD 

striatum (Sapp et al., 1997; Vonsattel & DiFiglia, 1998). Other than large- and medium- spiny and aspiny 

neurons, a group of smaller neurons with more variable dendritic morphology is also seen (Graveland et 

al., 1985).  

Recent views on the pathogenic mechanism of HD suggest that HD is not a purely neuronal cell-

autonomous disease, but it may also involve degeneration of astrocytes (Moller, 2010). Although a classic 

view of astrocytes emphasizes their involvement in fibrillary gliosis in HD, mutant Htt is produced and 

accumulates in astrocytes as well as in neurons. Transgenic expression of mutant Htt in astrocytes alone 

leads to HD-like symptoms, or enhances disease progression when crossed into existing HD models 
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(Bradford et al., 2009; Bradford et al., 2010). The possible involvement of astrocytes in HD suggests that 

cell–cell interactions may also play a role in the striatal pathogenesis in HD (Gu, 2007; Moller, 2010). 

1.1.2 Selective Neurodegeneration in Huntington’s Disease 

Despite the ubiquitous expression of mutant HTT protein, the neuronal death in HD is selective in terms of 

both neuronal type and location, and has a characteristic topographical pattern during the progression of 

the disease. Initial cell loss is observed in the striatum of early HD, followed by the loss of the neurons in the 

globus pallidus and cortical regions (Tippett et al., 2007). The early degeneration of neurons comprising 

motor pathways in the basal ganglia can be linked to the appearance of motor symptoms in early HD. 

Further degeneration of cortical areas contributes to psychiatric and cognitive dysfuction. However, more 

recent studies show that depression and psychiatric changes may also often emerge as the first signs of HD. 

Thus, the neurodegeneration in the cortex is an important aspect to focus on. Overall, there are various 

patterns of neurodegeneration in the basal ganglia and the cerebral cortex that correlate with the various 

symptom profiles seen in the HD (Waldvogel, Kim, Thu, Tippett, & Faull, 2012).   

1.1.2.1 Pattern of Selective Cell Death in Huntington’s Disease: Motor Pathways 

In HD, the GABAergic MSNs projecting to the GPe (indirect pathway) that are encephalin-rich are the most 

vulnerable, and thus, degenerate first. The second most susceptible group of neurons are those projecting to 

the GPi (direct pathway) which express high levels of substance P (Albin et al., 1992; Deng et al., 2004; Faull, 

Waldvogel, Nicholson, & Synek, 1993; Glass, Dragunow, & Faull, 2000; Reiner et al., 1988; Tippett et al., 2007). 

The degeneration of neurons in the indirect pathway induces chorea, whereas the death of neurons 

comprising the direct pathway results in rigid-akinetic symptoms (Albin et al., 1989; K. L. Allen, Waldvogel, 

Glass, & Faull, 2009). The degeneration of the pallidal neurons occurs secondary to the loss of striato-pallidal 

projection fibers, and subsequent cerebral cortical atrophy is common. Degeneration of neurons in the cortex 

closely associates with the cognitive and mood dysfunction in HD. The cerebellar Purkinje cells are known to 

be less vulnerable to degeneration except in juvenile onset cases (Albin et al., 1989; Moller, 2010; Vonsattel & 

DiFiglia, 1998). However, a recent review also shows a major cell loss here (Rub et al., 2013). 

The model of functional anatomy of disorders of the basal ganglia generated by Albin et al. (1989) describes 

how the initial selective degeneration of GABAergic striatal MSNs projecting in the indirect pathway causes 

chorea in early HD. The loss of these neurons enhances the inhibitory action of the GPe upon the subthalamic 

nucleus, making it hypofunctional. This in turn reduces the inhibitory action of the GPi and SNr upon the 

thalamus, and the subsequent disinhibition of the thalamus leads to the characteristic hyperkinetic movement 

of HD, the chorea (Albin et al., 1989). The disruption of this pathway in HD brain is depicted in Figure 3B.  
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Figure 3 The motor pathways in normal control and disrupted HD basal ganglia systems  
A Normal synaptic pathways that regulate movement. The input signal from cortex to the striatum is processed 

through a number of components including the striatum, globus pallidus, subthalamic nucleus and thalamus.       

B Neurodegeneration of neurons giving rise to the indirect pathway (striatum-GPe) leads to increased inhibition of 

the subthalamic nucleus, decreased excitation of the GPi and thus decreased inhibition of the thalamus resulting in 

an increase in the final signal to the motor cortex (Figure acquired and modified from Trends Neurosci. 1990 

Jul;13(7):244-54 by Graybiel AM; J Neuropathol Exp Neurol. 1998 May;57(5):369-84 by Vonsattel JP & DiFiglia M.) 
 

1.1.2.2 Pattern of Selective Cell Death in Huntington’s Disease: Striatum 

The progression of HD related cell loss occurs in a graded manner, beginning in the CN (Ferrante et al., 

1987; Vonsattel & DiFiglia, 1998). The tail of the CN shows more degeneration than the body, which in turn 

is more involved than the head. The caudal portion of the putamen is also more vulnerable to degeneration 

than the rostral portion. Along the coronal axis of the striatum, the dorsal striatal regions are more involved 

than the ventral areas (Vonsattel & DiFiglia, 1998). Overall, with the progression of the disease, striatal 

degeneration appears to simultaneously move in a caudo-rostral direction and in a dorso-ventral/medio-

lateral direction. The fibrillary astrogliosis (gliosis, proliferation of astrocytes in damaged regions of the 

CNS) parallels the loss of neurons along caudo-rostral and dorso-ventral gradients of decreasing severity 

(Kowall, 1987; Vonsattel & DiFiglia, 1998). In addition, there is a local variation in neurodegeneration and 

gliosis found in the anterior striatum. The anterior striatum in <5% HD patients has discrete round islets of 

relatively intact parenchyma. These preserved islets may reflect intrinsic mosaicism produced as a result of 

somatic instability, and might suggest that the degeneration of the striatum, in part, may depend on 

epigenetic factors so that the vulnerable MSNs may survive (Vonsattel & DiFiglia, 1998). 
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1.1.2.3 Grading System for Huntington’s Disease based on Striatal Neurodegeneration  

The Vonsattel grading system for assessing the progression of HD in patients is based on both the gross 

and microscopic pattern of cell loss in the striatum obtained from three standardised coronal sections. 

There are 5 grades (0-4) of severity of striatal involvement. Grade 0 (G0) comprises 1% of all HD brains, 

with the features of the striatum being indistinguishable from control brains as shown by gross 

examination; 30-40% cell loss is observed in the head of CN (HCN), but there is no visible reactive gliosis. 

Grade 1 (G1) comprises 4% of all HD brains, and the atrophy of the CN is more extensive. More than 50% 

of neuronal loss is observed in HCN. The tail of CN (TCN) is much smaller than normal and atrophy of the 

CN body (BCN) may also be present. The neuronal loss and astrogliosis are evident in TCN, but less so in 

the BCN and dorsal portion of both HCN and the nearby dorsal putamen. A careful examination of the 

entire length of the TCN is necessary for an assignment of Grade 1, because TCN of neurologically normal 

subjects may show variations including periodic constriction or segmentation. Grade 2 (G2) and Grade 3 

(G3) comprises 16% and 54% of all HD brains respectively, with the gross striatal atrophy mild to 

moderate in G2 brains and severe in G3. The microscopical changes in G2 and G3 are more severe than in 

G1 and less than G4. Grade 4 (G4) comprises 25% of all HD brains, and the striatum is severely atrophic 

and depleted >95% neurons. (Vonsattel & DiFiglia, 1998; Vonsattel et al., 1985).  

1.1.3 Mechanisms of Selective Cell Death in Huntington’s disease  

Significant cell death occurs during striatal degeneration and cortical atrophy in HD patients. However, 

the precise molecular mechanism that mediates selective cell death in these regions is not yet fully 

understood. There is mounting evidence that mHtt protein aggregates, consisting of short N-terminal 

fragments, are formed following proteolysis of the fully-length polyglutamine-expanded Htt protein. 

These short N-terminal fragments are involved in the selective death of striatal neurons. However, the 

mechanism by which mHTT fragments cause cell death in the HD brain still remains to be identified. 

Recent studies suggest that neuroinflammation and oxidative stress may cause cell death in a similar 

manner to other chronic neuronal disorders such as Alzheimer’s disease, Parkinson’s disease, multiple 

sclerosis and amyotrophic lateral sclerosis (Qureshi & Parvez, 2007). However, scientists agree that none 

of the mechanisms are mutually exclusive, and a combination of several mechanisms is most likely to 

mediate the pathological effects of the disease.  

1.1.3.1 Generation of N-Terminal Fragments from Mutant Huntingtin Protein 

Proteolysis of mutant Htt producing shorter N-terminal fragments containing the expanded polyQ region is 

implicated in the pathogenesis of HD (Becher et al., 1998; M. Kim et al., 1999; Schilling et al., 1999). The 

primary structure of the Htt protein is depicted in Figure 4. The Htt protein undergoes at least two 
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proteolytic events until short N-terminal fragments are produced. Initially, the long polypeptide molecule is 

cleaved within an N-terminal region between amino acids 460 and 600 by caspase (or calpains), with 

subsequent proteolysis mediated by a putative endopeptidase, which produces an even shorter fragment.  

These shorter N-fragments generated from the two-step cleavage events of mutant Htt are thought to 

mediate cytotoxicity in HD brains (Ratovitski et al., 2009). 

A number of fragments that can be generated from mutant Htt such as cp-A/B, exon 1, N-terminal 171- and 

117-amino acid fragments, and N-fragments generated by the action of various caspases, have been 

identified (Graham et al., 2006; Lunkes et al., 2002; Mangiarini et al., 1996; Ratovitski et al., 2009; Schilling 

et al., 1999; Slow et al., 2005; Waldron-Roby et al., 2012). More recently, a novel cleavage event producing 

cp-1 and cp-2 fragments has also been identified, with a new site of cleavage, at position Arg167, generating 

the cp-2 fragment. Although Htt cleavage undoubtedly plays an important role in HD, it is possible that not 

all Htt proteolytic fragments contribute to toxicity. The toxic fragments of mutant Htt include: caspase 6-

generated fragments (at position 586), exon 1 fragment (67 amino acids, the smallest fragment), N-terminal 

171-amino acid fragment and cp-2 fragment. The best characterised putative cleavage event is at amino 

acid 586, hypothezied to be mediated by caspase 6. A transgenic mouse model expressing the caspase 6-

cleaved fragments showed a more severe phenotype, than the model expressing the full-length Htt, but the 

phenotype was less severe than HD mouse models with shorter N-fragments. This suggests that the 

caspase-6 fragment may be a transient intermediate, and that fragment size is an important factor 

contributing to the rate of disease progression (Waldron-Roby et al., 2012). Caspase2/3-generated 

fragments and N-terminal 117 amino acid fragments are known to be non-toxic (Slow et al., 2005). 

 
Figure 4 The schematics of Htt proteolysis  
Toxic N-fragments are produced from huntingtin protein via two cleavage events. HEAT repeats (blue boxes) are 

indicated within the protein sequence and N-terminal and caspase/calpain putative proteolytic domains are shown 

as green boxes (Figure obtained and modified from Ratovitski et al , 2009).  
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1.1.3.2 Putative Pathogenetic Mechanisms for the Selective Cell Death in HD Striatum 

In spite of the large number of active researchers and extensive knowledge about HD, it is still not clear how 

proteolysis of the mutant Htt protein leads to selective cell death in the brain. Recent findings indicate that 

the mutation of Htt confers both a toxic gain-of-function and a loss-of-function (Cattaneo et al., 2001; 

Gusella & MacDonald, 2000; Moller, 2010). Current investigations on the mechanism of HD pathology are 

focussed on energy metabolism, change in neurotransmitter functions (decreased GABA; increased 

dopamine; decreased serotonin receptor sensitivity), and increased transglutaminase. Among these 

mechanisms the most widely accepted putative mechanisms that have been proposed to mediate the 

gain/loss of functions in HD include: neuronal aggregation of the mutated protein, transcriptional 

dysregulation, excitotoxicity, altered energy metabolism, impaired axonal transport, and altered synaptic 

transmission.  

1.1.3.2.1 Neuronal Aggregates 

The presence of nuclear inclusions or aggregates comprised of the Htt protein is unique to HD. The aggregates 

are the collection of insoluble proteins found in damaged regions of the brain. Neuronal aggregates appear 

early in the course of the disease, and are present in all subcellular compartments of cortical and striatal 

neurons. The incidence and the frequency of nuclear inclusions in HD brain depends on the length of the 

polyglutamine expansion, and thus appears more frequently in patients with juvenile-onset (with long CAG 

repeat lengths), than those with adult-onset HD (with shorter CAG repeat lengths) (Vonsattel & DiFiglia, 

1998). The neuronal aggregates in HD consist of the shorter N-terminal fragments, which contain the 

expanded polyQ repeats and are produced as a result of the proteolysis of the mutated Htt protein. These 

fragments are prone to aggregation due to the hydrogen bonding formed between expanded polyQ regions. 

These insoluble aggregates cannot be cleared by the intrinsic ubiquitin proteasome system, and can even alter 

normal proteasomal functions. (Roze et al., 2008; Vonsattel & DiFiglia, 1998) 

The neuronal aggregates can alter the cellular function by trapping and sequestering other molecules, such as 

wild type Htt (Martindale et al., 1998), transcription factors (Steffan et al., 2000), and transport-proteins 

(Gunawardena et al., 2003) that are essential for the normal functioning of neurons. The accumulation of 

chaperone, proteasomes and ubiquitin in the aggregates suggests that these aggregates may play pathogenic 

roles by causing insufficient protein folding and degradation (Landles & Bates, 2004). The appearance of 

protein aggregates precedes the onset of neurological symptoms, suggesting that the abnormal accumulation 

of the mutant protein is a causative factor in the disease, rather than aggregates being produced as a result of 

the disease progression. Some studies also suggest that the toxicity of aggregates may depend on the 

subcellular compartment in which they accumulate, and that the concentration may be higher in neurites than 

in the nucleus, which leads to neurite degeneration before the apoptotic demise of the cell body (Raff, 

Whitmore, & Finn, 2002). Furthermore, it has been suggested in a number of studies that smaller (oligomeric) 
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aggregates may be more toxic than larger ones. The toxicity of aggregates, however, still remains 

controversial. While some researchers believe that polyQ aggregates are toxic, others suggest that they are a 

neutral by-product of the pathogenic process, and conversely others claim that the aggregates are 

neuroprotective (Landles & Bates, 2004; Roze et al., 2008; Vonsattel & DiFiglia, 1998)  

1.1.3.2.2 Transcriptional Dysregulation 

A number of researchers have suggested that mutant Htt can impair gene transcription by sequestering 

important transcription factors, via formation of aggregates (Landles & Bates, 2004). Numerous accounts 

have shown that various transcription factors such as p53, specificity protein 1 (sp1), CREB-binding 

protein (CBP), TATA-binding protein (TBP), cAMP response element binding protein (CREB) and nuclear 

factor-kappa B (NF-κB) can be recruited to intranuclear aggregates, thus hindering their normal function. 

Additionally, soluble mutant Htt can interfere with the transcriptional machinery involving basal 

transcription factors including TBP, transcription factor II F (TFIIF) and tyrosine-aminotransferase II 

(TATII) (R. Donato, 2001; Dunah et al., 2002; Roze et al., 2008; Shimohata et al., 2000; Zhai, Jeong, Cui, 

Krainc, & Tjian, 2005). An important gene for which transcription is significantly dysregulated by mutant 

Htt, is the gene that produces brain-derived neurotrophic factor (BDNF). BDNF is a neurotrophic protein 

in both CNS and PNS that plays a key role in supporting survival and normal functioning of neurons. 

BDNF is deficient in HD brains. This decrease in expression could be attributed to the interaction of 

mutant Htt with a transcriptional repressor molecule called R-element-1 silencing transcription factor 

(REST), that is normally sequestered by wild type Htt. Therefore, mHtt may release REST within the 

nucleus, leading to excessive repression of BDNF expression and other associated neuronal genes 

(Rigamonti et al., 2007).  

The transcription of genes is, in part, closely linked to the status of chromatin structure, in addition to the 

availability of transcription factors. The relaxation of chromatin structure reveals the promoter regions of 

genes and leads to transcription activation, thus, the chromatin structures containing the genes that need 

to have a high level of expression, is more relaxed than the genes that are rarely expressed. The 

acetylation of histone, catalysed by histone acetyltransferase (HAT) enzyme, causes the chromatin 

structure to be in a more relaxed state by weakening the interaction between DNA and histones. In 

contrast, histone deacetylase (HDAC) enzyme removes acetyl groups from histone proteins, and causes 

chromatin to be packed more densely. This leads to the inhibition of transcription, and thus decreases the 

level of expression of genes. Mutant Htt proteins tend to make the chromatin more dense by reducing the 

level of acetylated histones in the promoter region of genes that are specifically down-regulated in HD. 

Therefore, the administration of HDAC inhibitors has improved behavioural performance and neuron 

survival in several HD models (Cattaneo, 2007; Roze et al., 2008).  
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1.1.3.2.3 Excitotoxicity 

Excessive stimulation of receptors by excitatory amino acids elevates intracellular Ca2+ levels and 

excitotoxicity, which results in neuronal death. Excitotoxicity was the first-suggested mechanism of cell 

death in HD when it was found that the administration of N-methyl-D-aspartate (NMDA) receptor 

agonists to rodents, mimicked certain clinical and pathological features of HD (Ferrante, Kowall, 

Cipolloni, Storey, & Beal, 1993). Further investigation demonstrated that excitotoxic neuronal death in 

HD could result from a number of factors:  a combination of increased glutamate and glutamate 

agonists released from cortical afferents, reduced glutamate uptake by glial cells, hypersensitivity of 

post-synaptic NMDA receptors, altered intracellular Ca2+ homeostasis, and mitochondrial dysfuction 

(Cepeda et al., 2003; Ferrante et al., 1993; Hassel, Tessler, Faull, & Emson, 2008; Panov, Burke, 

Strittmatter, & Greenamyre, 2003; Rockabrand et al., 2007; Roze et al., 2008; Starling et al., 2005). 

Mutant Htt may cause excitotoxicity via alteration of several cellular functions. Mutant Htt may 

increase the stability and the activation of NMDA receptors at synaptic sites by interacting with the 

scaffold protein post-synaptic density 95 (PSD-95), leading to hypersensitivity of the receptors (Roche 

et al., 2001; Sun, Savanenin, Reddy, & Liu, 2001). The association of Htt with PSD-95 was suggested by 

a co-immunoprecipitation (Co-IP) study performed with human cortex tissue lysate. Further, a study 

using 293T cells (human embryonic kidney cells) lysates for Co-IP showed that the polyQ expansion 

inhibits the N-terminus of the Htt protein from binding to PSD-95, as 293T cells transfected with longer 

polyQ repeats showed decreased association of Htt with PSD-95 (Sun et al., 2001). In addition to the 

stability, the trafficking of NMDA receptors were also significantly accelerated in a yeast artificial 

chromosome (YAC) transgenic mouse model of HD, in relation to the normal control, resulting in 

higher surface-to-internal ratio of receptor expression causing excitotoxicity within cells (Fan, 

Fernandes, Zhang, Hayden, & Raymond, 2007).  This enhanced NMDA receptor current density by 

mutant Htt was demonstrated in cultured MSNs, but not in cortical neurons. The shift in the subunits of 

NMDA receptors, NR1 and NR2, from internal pools to the plasma membrane at a significantly faster 

rate was also observed in YAC transgenic mice in relation to the control mice (Fan et al., 2007). In 

addition to NMDA receptors, AMPA receptors may also be involved in excitotoxicity in HD brains. 

Mutant Htt interacts less efficiently with Htt-interacting protein 1 (HIP1) than its normal form, and 

because HIP1 is involved in mediating the internalization of the AMPA receptors, a rescued interaction 

between mutant Htt and HIP1 leads to hypersensitivity and excitotoxicity (Metzler et al., 2007). 

The glutamate-induced excitotoxicity is thought to be the most important mediator that leads to cell 

death in HD neurons, but evidence exists that excitotoxic striatal degeneration in HD is related not only 

to cortico-striatal glutamatergic input but also to nigro-striatal dopaminergic stimulation. It has been 

suggested that the signalling pathways activated by dopamine and glutamate may act synergistically to 

induce excitotoxicity. Dopamine is present at high concentration in the striatum, and may render 
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striatal neurons highly sensitive to mutant Htt, through a D2 receptor-mediated mechanism (Cyr, 

Sotnikova, Gainetdinov, & Caron, 2006; T. S. Tang, Chen, Liu, & Bezprozvanny, 2007). 

1.1.3.2.4 Mitochondrial Dysfunction and Altered Energy Metabolism 

In HD, the mutant Htt  interacts with a number of key proteins that function in energy production, and 

deficiency of ATP renders neurons more susceptible to damage and prone to degeneration by 

apoptosis. There are a number of clinical, biochemical and neuroimaging studies that suggest altered 

energy metabolism in HD as a mechanism of cell death, at least in brain and muscle. (Mochel et al., 

2007; Roze et al., 2008). 

The mitochondrial dysfunction seen in HD may be due to the direct interaction between mutant Htt 

and the mitochondrial membrane, which disrupts Ca2+ homeostasis upon exposure to metabolic stress, 

thus leading to indirect excitotoxicity independent of alterations in NMDA or AMPA receptors (Panov 

et al., 2003; Rockabrand et al., 2007). A defect in energy metabolism and consequent excitotoxicity has 

long been implicated in apoptotic neuronal cell death. Furthermore, the mitochondrial depolarisation 

triggered by the initial apoptosis may activate caspases, which then produce a shorter N-terminal 

truncated form of mutant Htt within the nucleus. The mutant Htt also interacts with GAPDH, a molecule 

involved in the cytosolic glycolysis process, thus disturbing ATP production from both aerobic and 

anaerobic respiration (Burke et al., 1996). Mutant Htt also represses the transcription of PGC-1a, a 

transcriptional co-activator that regulates biogenesis of mitochondria and oxidative phosphorylation 

(Cui et al., 2006). Deleterious increases in transglutaminase2 (TGase2) activity could lead to 

mitochondrial dysfunction in HD (Lesort, Chun, Johnson, & Ferrante, 1999). TGase2 is an enzyme with 

diverse functions, which associates with various substrate proteins, including ATP synthase, in the 

mitochondrial electron transfer chain. Alternatively, more recent controversial work suggests that 

while mutant Htt may impair energy metabolism by modulating extra-mitochondrial cellular pathways, 

this decreased energy metabolism may not be critical for expression of the HD phenotype (Lee et al., 

2007; Varma, Cheng, Voisine, Hart, & Stockwell, 2007).  

1.1.3.2.5 Changes in Axonal Transport and Synaptic Dysfunction 

Several studies indicate that Htt associates with the vesicles and molecular motor complex, and is 

therefore implicated in the control of intracellular dynamic processes such as secretion, Golgi 

trafficking, vesicular transfer between the actin and microtubule cytoskeleton, transport along 

microtubules of axons, and synaptic endocytic and exocytic events (Caviston, Ross, Antony, Tokito, & 

Holzbaur, 2007; Roze et al., 2008; Smith, Brundin, & Li, 2005; Vonsattel & DiFiglia, 1998).  

In HD, the altered interaction between Htt and the components of the motor complex leads to a 

reduction in axonal transport of molecules that are critical for the survival of neurons, such as BDNF. 

One possible target for restoring axonal transport of BDNF is histone deacetylase 6 (HDA6), an enzyme 
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that regulates the acetylation status of microtubules. Recent studies suggest that acetylation of 

microtubules induces the recruitment of the motor molecules kinesin-1 and dynein, thus increasing 

transport of molecules (Gauthier et al., 2004). Mutant Htt may disrupt not only the axonal transport, 

but also the trafficking and secretion of vesicles containing BDNF from the Golgi region, by altering the 

interaction of normal Htt with TGase2 and HJSJ1b proteins. New strategies aimed at restoring the 

deficits in intracellular trafficking by mutant Htt have targeted huntingtin-interacting protein 14 

(HIP14), a protein that regulates trafficking of neuronal proteins from the Golgi, including Htt protein 

itself, and also participates in synaptic release (Borrell et al., 2006; Romero et al., 2008; Yanai et al., 

2006).  

A role for Htt in vesicular and axon transport is also supported by its interaction with huntingtin-

associated protein 1 (HAP1). HAP1 is a protein that localizes in the mitotic spindle of dividing striatal 

cells, and associates with endosomes, microtubules, vesicles and other cytoskeletal proteins (Martin et 

al., 1999). Mutant Htt is capable of binding to HAP1, in a manner dependent on the length of CAG repeat 

expansion. This close association, which can be observed in the HD striatum, elucidates a possible 

pathogenic role for mutant Htt in HD pathogenesis (Block-Galarza et al., 1997; L. L. Wu & Zhou, 2009). 

On the contrary, a previous study using a transgenic mouse and the yeast two hybrid system also 

showed that HAP1 does not interact with the N-terminal exon 1 transgene protein (Bertaux et al., 

1998).  

Mutant Htt may not only affect transport of molecules, but also cause synaptic dysfunction and cell 

death in HD brains. In a 2008 report, increased synaptic transmission due to defective Ca2+ 

homeostasis was suggested to participate in the early stages of HD (Romero et al., 2008).  

1.1.3.3 Oxidative Stress and Neuroinflammation in Huntington’s disease  

Oxidative stress and neuroinflammation are speculated to be the death-effector mechanisms of HD as 

is the case in many other chronic neurological disorders. These processes may be mediated by the 

suggested molecular mechanisms as discussed earlier.  

Oxidative stress refers to the imbalance between the reactive oxygen species, and antioxidants in 

favour of free radicals. Free radicals or reactive oxygen species (ROS), including superoxide (O2-) and 

hydroxyl radicals (HO-) have unpaired valence electrons, and are thus highly reactive. They are 

constantly produced in mitochondria as byproducts of normal aerobic respiration. Normal levels of 

ROS are beneficial to the cells as they are used by the immune system as a way to attack and kill 

pathogens, and are also involved in redox cell signalling processes. However, accumulation of excessive 

amounts of ROS that cannot be compensated by the normal level of antioxidants may induce oxidative 

stress, causing harmful effects to cells leading to death via apoptosis. ROS can induce oxidative damage 

to macromolecules, including DNA, proteins and lipids, by several mechanisms: DNA fragmentation or 
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formation of DNA adducts, protein carbonylation and lipid peroxidation. Potential functional 

consequences include perturbations of gene transcription and translation, protein synthesis, enzyme 

activities, and membrane fluidity that can lead to either active or passive cell death (Browne, Ferrante, 

& Beal, 1999).  

In humans, oxidative stress is involved in many neurological disorders, such Alzheimer’s disease, 

Parkinson’s disease and schizophrenia (Bitanihirwe & Woo, 2011; Gella & Durany, 2009; Hwang, 

2013). An increasing body of evidence has demonstrated that oxidative stress plays an important role 

in the various neurodegenerative disorders (Calabrese et al., 2010; J. Li, Liu, Sun, Lu, & Zhang, 2012). 

The brain is especially vulnerable to the oxidative damage due to the high rate of oxygen consumption, 

glucose turnover, elevated levels of the redox-active iron in certain regions, and relatively low levels of 

antioxidants (J. Li et al., 2012; Schulz, Lindenau, Seyfried, & Dichgans, 2000). 

An increasing number of studies have focussed on the causative effects of oxidative stress in HD. 

Oxidative stress frequently has important implications in diseases associated with aging, as the 

antioxidant defence system becomes less efficient with increasing age. The importance of oxidative 

damage in HD was illustrated by the abnormal increase in markers such as the increased incidence of 

DNA strand breaks, exacerbated lipofuscin accumulation, and increased staining of oxidative damage 

products in HD striatum and cortex (Browne et al., 1999). The oxidative stress-induced cell damage in 

HD may be closely associated with increased ROS that in turn associates with mitochondrial energy 

metabolism. The elevated Ca2+ influx induced by excitotoxic processes may also lead to sequestering of 

Ca2+ in mitochondria, which in turn increases the generation of ROS (Dugan et al., 1995; Dykens, 1994). 

Other than superoxide and hydroxyl radicals, peroxynitrite (ONOO-) formation may result from the 

increased NO production in response to elevated Ca2+/calmodulin-mediated activation of NOS 

(possibly due to excitotoxicity) (Browne et al., 1999). A more recent study conducted with 19 HD 

patients showed that HD patients presented a global oxidative stress that was more intense with 

increasing severity of symptoms (Tunez et al., 2011). Another interesting study conducted in vitro, 

using embryonic stem cells derived from R6/1 HD transgenic mice, showed a dose-dependent increase 

in a somatic triple expansion of CAG repeats in cells treated with genotoxic agents such as oxidative 

DNA damage (Jonson, Ougland, Klungland, & Larsen, 2013). In summary, the results from these studies 

indicate that oxidative stress and damage to specific macromolecules could participate in the 

progression of HD. These data support the rationale for therapeutic strategies that either potentiate 

antioxidant defenses or avoid oxidative stress generation to delay disease progression (Sorolla et al., 

2008). 

Neuroinflammation is common among chronic neurological disorders. Neuroinflammation has been 

investigated as an important therapeutic target in many neurodegenerative diseases including 

Alzheimer’s disease and Parkinson’s disease (Harry & Kraft, 2008; Lobsiger & Cleveland, 2007). 
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However, it has not been a focus of intense study for HD. Recent studies clearly demonstrate the 

existence of chronic inflammatory processes in HD pathophysiology, but the question of whether it is 

purely reactive or actively participating in disease pathogenesis remains controversial (Moller, 2010).  

Neuroinflammation is the process during which the brain responds to the damage to cells by disrupting 

the blood brain barrier and inducing immune cells to respond to the damage, by eliminating debris and 

secreting various inflammatory substances. Chronic neuroinflammation has been proposed as a 

causative factor in the pathogenesis of various neurological disorders including Alzheimer’s and 

Parkinson’s disease, depression, and epilepsy (Eikelenboom et al., 2006; Minghetti, 2005; Taupin, 

2008). Neuroinflammation involves various types of cells, such as neurons, astrocytes, microglia, and 

other immune cells including lymphocytes. Microglia are the resident immune cells of the CNS 

characterised by small cell bodies with fine, ramified processes. Upon damage, the microglia becomes 

less ramified once activated. Further damage and necrotic cell death eventually transform these 

microglia into phagocytes. Activated microglia become neurotoxic and exert their effects on neurons 

and astrocytes by releasing cytotoxic substances such as oxygen radicals (ROS), nitric oxide 

(vasodilator), glutamate (excitotoxicity), proteases, and neurotoxic cytokines, as well as cytoprotective 

agents such as growth factors, plasminogen, and neuroprotective cytokines (van Rossum & Hanisch, 

2004). The neurotoxic effects of microglia can be modulated by astrocytes and neurons.  

Unlike other neurological disorders, the influx of peripheral immune cells such as lymphocytes or 

neutrophils into the CNS, has not been reported in HD tissues, indicating that neuroinflammation in HD 

is solely sustained by the interactions of microglia, neurons, and astrocytes (Moller, 2010). The active 

involvement of microglia in the pathogenesis of HD is supported by findings indicating that active 

microglial cell counts were considerably increased in the striatum of HD brains, in a manner that 

correlated with the pathology grade and cell loss. It was also shown that, as well as neuronal cells, 

microglial cells express mutant Htt, which in some microglial cells also formed aggregates. Since 

aggregates of Htt can lead to transcription dysregulation in neurons, it is likely that microglial 

transcription may be influenced in a similar manner causing an abnormal increase in expression of 

cytotoxic molecules. In addition, the finding of microglial activation in presymptomatic HD gene 

carriers well before 15 years of predicted age of onset suggests that microglial activation is an early 

event associated with subclinical progression of HD. The neuroinflammation mediated by microglia 

seems to associate with other previously well-known putative pathogenic mechanisms of HD, and 

therefore is gradually becoming a topic of interest for many HD researchers. (Moller, 2010) 

Additionally, a recent study also reported a potential link between oxidative stress and 

neuroinflammation in HD, possibly via a peripheral immune response. In this study, the level of many 

biomarkers was measured from blood samples collected from 13 HD patients and 10 controls. Among 

many markers TrRd-1 and Trx-1 were shown to decrease in plasma and erythroctes, whereas the 
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MPO/WBC ratio increased. A positive correlation was also observed between global oxidative stress 

and MPO/WBC, suggesting that oxidative stress and inflammation may be correlated through a 

peripheral immune response (Sanchez-Lopez et al., 2012).  

Despite our knowledge about some aspects of HD, the precise molecular mechanisms of pathogenesis 

and its relation to the ordered and topographical pattern of cell death are yet to be identified. One 

study suggests that a protein called Receptor for Advanced Glycation end products (RAGE) may play a 

role in the pathogenesis of HD (Ma & Nicholson, 2004). The current study will focus on further 

investigating the role of this protein RAGE during the progression of HD.  

 

1.2 Receptor for Advanced Glycation End Products (RAGE)  

A receptor protein called RAGE has been shown to bind to a variety of ligands, and mediate a range of 

physiological and pathological functions during the progression of various diseases. RAGE was first 

characterised by Neeper et al. (1992), as a receptor for advances glycation end products (AGEs), which 

accumulate in aging and at an accelerating rate in diabetes. However it was later found that RAGE can 

interact with several other ligands and mediate a diverse range of physiological and pathological 

actions, including homeostatis, inflammation, neurodegeneration, development, neurite outgrowth and 

cell migration, all of which are known to play a pivotal role in the CNS (Ding & Keller, 2005a; Fages, 

Nolo, Huttunen, Eskelinen, & Rauvala, 2000; S. Yan, Ramasamy, & Schmidt, 2008) 

1.2.1 Structure of RAGE 

RAGE is a member of the immunoglobulin super family, and is structurally homologous to the neural 

cell adhesion molecules (NCAM) (Neeper et al., 1992). The human RAGE gene is located on 

chromosome 6 in the major histocompatibility complex class III region that contains 11 exons. RAGE 

consists of 404 amino acids (aa), with a variable molecular size between 40 to 60 kDa depending on the 

isoform and glycosylation state (Neeper et al., 1992; Sasaki et al., 2001). The full-length RAGE protein 

consists of an extracellular region containing an N-terminal signal peptide (1-22 aa), a single V-type 

(variable) immunoglobulin-like domain (23-116 aa), two tandem C-type (constant) immunoglobulin-

like domains (124-221 aa for C1; 227-317 aa for C2), and a single hydrophobic transmembrane-

spanning domain (343-363 aa) followed by a short and highly charged intracellular cytoplasmic 

domain (364-404 aa) (Figure 5, full-length RAGE) (H. Huttunen & H. Rauvala, 2004; Neeper et al., 

1992). The distal V-type domain is a potential binding site for ligands. The V-domain has a typical 

immunoglobulin domain structure composed of six anti-parallel β-sheets. Some studies suggest that 

receptor-ligand interaction at the V-domain is mediated by carboxylated N-glycans. RAGE is known to 

possess two N-glycosylation sites, one adjacent to the V-domain and the second one within the V-
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domain (Neeper et al., 1992; G Srikrishna et al., 2002). The ligands for RAGE compete with each other 

for receptor binding, suggesting that all the ligands bind to the same or overlapping binding site (H. 

Huttunen & H. Rauvala, 2004). The V-domain is the binding site for AGEs that interact with RAGE at the 

micromolar level (Matsumoto et al., 2008), although other domains also play a role in ligand binding. 

For example, S100B binds to both the V and C1 domains, whereas S100A6 binds to C1 and C2 domains 

(Leclerc, Fritz, Weibel, Heizmann, & Galichet, 2007). It was reported that the V and C1 domains are not 

independent, but rather form an integrated structural unit for ligand recognition and play a key role in 

stabilizing the V-type domain for ligand interactions (Dattilo et al., 2007; Ding & Keller, 2005a). 

Another type of modification to the RAGE structure that may cause changes to its ligand-binding 

property is the G82S polymorphism. This is a naturally occurring polymorphism that results in a 

glycine-to-serine substitution at position 82 within the V-domain. This polymorphism occurs with 

relatively high incidence compared with other RAGE polymorphisms (Hudson, Stickland, Futers, & 

Grant, 2001; Hudson, Stickland, & Grant, 1998). The G82S mutant RAGE displays enhanced ligand 

binding to S100A12 and AGE ligands. Consequently, this RAGE variant is associated with increased NF- 

κB activation and inflammatory gene expression (Hofmann et al., 2002; Osawa et al., 2007). In addition, 

the G82S polymorphism is associated with reduced levels of soluble RAGE (sRAGE) that magnifies the 

contribution from RAGE toward inflammation (Jang et al., 2007; M. Li et al., 2009; Pullerits, Bokarewa, 

Dahlberg, & Tarkowski, 2005). More recently, the G82S polymorphism was shown to promote N-linked 

glycosylation of Asn81 (Park, Kleffmann, & Hessian, 2011).  

Further structural analysis of the ligand-RAGE interaction has revealed that RAGE recognizes 3D 

structures, and the conformational determinants of the ligands are responsible for recognition of 

polypeptides with varied primary sequences. Amyloids form β-sheet fibrils, amphoterin and S100 

family proteins are folded in α-helical conformations and certain common RAGE-binding epitopes have 

also been characterized in AGEs (Bierhaus et al., 2005).  

The cytoplasmic domain of RAGE is thought to be responsible for activating the downstream signalling 

pathways upon ligand binding, though this sequence has no homology to any known protein-tyrosine 

or serine/threonine kinase motif. Despite the lack of any known phosphorylation sites (G-protein 

binding sites or kinase-binding sites) the cytoplasmic domain of RAGE is absolutely essential for the 

activation of intracellular signalling pathways. Mutant RAGE isoforms lacking cytoplasmic domains 

have been frequently used to investigate the functions of RAGE in a range of studies (Basta, Schmidt, & 

De Caterina, 2004; Taguchi et al., 2000b). The three-dimensional data demonstrating the structure of 

RAGE has not yet been published.  
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1.2.2 RAGE Isoforms 

There are many different RAGE isoforms in the CNS, that are known to have different molecular sizes, 

and are generated as a result of alternative splicing of a single gene coding for RAGE. These alternative 

splicing variants include full-length RAGE, sRAGE and ntRAGE (Figure 5). With a size of up to 47-50 

kDa, the full-length RAGE is the best characterized RAGE isoform (Sasaki et al., 2001), and is 

considered to be a direct mediator of cellular responses (Schmidt, Yan, Yan, & Stern, 2000). The soluble 

or secreted form of RAGE (sRAGE) or C-truncated RAGE contains the same extracellular domains found 

on the full-length RAGE, but lacks the transmembrane and cytoplasmic domains. As a result, it is 

smaller than full-length RAGE with a size of approximately 35 kDa (Sasaki et al., 2001), and serves as a 

vital inhibitor of full-length RAGE activation. In many cases, the ligand-binding to the full-length RAGE 

triggers the sustained cellular activation and receptor-dependant intracellular signalling that leads to 

inflammatory responses, cellular stress and ultimately the upregulation of RAGE expression. In 

contrast, the soluble form of RAGE can be generated either by alternative splicing or by proteolysis, 

and prevents the ligands from binding to the full-length RAGE. This in turn reduces the severity of the 

consequence of RAGE-ligand interaction, such as neurotoxic or proinflammatory responses involved in 

disease states.  

N-truncated RAGE or ntRAGE lacks the V-domain, and is therefore significantly impaired in its ability to 

bind RAGE ligands (Ding & Keller, 2005b). ntRAGE is a transmembrane protein with a size between 37 

and 39 kDa. Some researchers have also identified dominant negative RAGE (dnRAGE), that lacks the 

cytoplasmic domain, and is one of the splice variants of RAGE. Most of the data for dnRAGE is however 

obtained from transfection studies (Ding & Keller, 2005a). Apart from alternative splicing, RAGE can 

also exist as glycosylated or unglycosylated isoforms, both of which exhibit different binding actions in 

response to ligands: binding of ligands to unglycosylated RAGE isoforms is generally impaired (G 

Srikrishna et al., 2002).    
 

Figure 5 The structure of various alternate 

splicing RAGE isoforms  
The full-length RAGE contains both V-domain and 

cytoplasmic domain required for ligand binding and 

activation of signalling pathways, respectively. In 

contrast, ntRAGE lacks V-domain so its ability to 

bind ligands is significantly impaired. sRAGE 

contains V-domain, but it lacks cytoplasmic domain. 

Therefore binding of ligand to sRAGE does not lead 

to activation of signalling pathways. 
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RAGE is expressed in a variety of cell types including endothelial cells, vascular smooth muscle cells and 

mononuclear phagocytes, and it is also expressed in prominent CNS cells such as neurons, astrocytes and 

microglia (Hori et al., 1995; H. Huttunen & H. Rauvala, 2004). Although the spatiotemporal expression 

pattern of RAGE within the CNS has not been established in any detail, several reports suggest that RAGE 

is expressed in particular populations of cortical neurons, hippocampal cells, spinal motor neurons, 

ependymal cells, and in the microvasculature of the brain (Hori et al., 1995; H. Huttunen & H. Rauvala, 

2004). The expression of RAGE is maintained at a low basal level in normal homeostasis, but is up-

regulated during developmental and pathological periods. The rapid increase in the expression level of 

RAGE during developmental and pathological periods is thought to be due to the activation of a positive 

feedback loop. This positive feedback loop is thought to be mediated by the transcription factor NF-κB 

that is activated by RAGE-ligand binding, which then itself binds to the RAGE promoter (<2 kb) to 

enhance expression. This positive feedback loop results in greater and more sustained signalling enabling 

cells to respond at a faster rate (Ding & Keller, 2005a; H. Huttunen & H. Rauvala, 2004). Further, studies 

have revealed a reduction in methylation of cytosines in the transcription factor-binding site of the 

promoter region of RAGE, with age. As cytosine methylation in the promoter region of a gene decreases 

transcription activity, this observation suggests an increased demand for RAGE in aging brains. However, 

the identity of the role of RAGE during aging is still not fully understood.  

1.2.3 RAGE Homodimerisation and Cross-Talk  

Several studies have shown that RAGE may also function in oligomeric forms with another RAGE 

molecules or in different types of pattern recognition receptors such as Toll-like receptors (TLRs), rather 

than in its monomeric form exclusively. Protein-protein interaction studies involving Co-IP and surface 

plasmon resonance (SPR) demonstrated that the homodimerisation of RAGE occurs via the N-terminal V 

domain, which is an important region involved in ligand recognition. This suggests that binding of 

ligands, such as S100B and AGEs, at the V domain may further potentiate the dimerization of RAGE 

proteins. Blocking the ligation with sRAGE and RAGE V domain peptide inhibited RAGE dimerization as 

well as the activation of subsequent signalling pathways, indicating that dimerization of RAGE represents 

an important component of RAGE-mediated cell signalling (Zong et al., 2010). 

In addition to the RAGE-RAGE homodimerisation, RAGE dimerization with other types of pattern 

recognition receptors such as TLRs share elements in the signalling cascades triggered by common 

ligands. RAGE and TLRs may co-operate with each other as essential partners through the recruitment 

and assembly of hetero-oligomers. The dimerisation of RAGE with TLRs was studied mostly in 

inflammatory responses. Pattern recognition receptors recognize danger signals, such as pathogens and 

damage-associated molecular patterns also known as alarmins, and engages these molecules, triggering 
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signalling pathways leading to an inflammatory response. For RAGE, S100 proteins and HMGB1 induce 

the co-operation or cross-talk between the receptors (Ghavami et al., 2008; Nogueira-Machado, Volpe, 

Veloso, & Chaves, 2011; Rojas et al., 2013; Srikrishna et al., 2010; Turovskaya et al., 2008).  

1.2.4 Ligands for RAGE  

The full-length RAGE is a transmembrane multi-ligand receptor. The RAGE-dependent modulation of 

gene expression and cellular properties are reliant on the RAGE receptor binding different types of 

ligands. Each ligand activates distinct downstream signalling pathways and elicits cell-type specific 

effects (Ramasamy et al., 2005). Depending on the type of ligand, the activation of RAGE can evoke 

either physiological or pathological downstream cellular responses. This property of the RAGE 

receptor, ie the receptor’s ability to bind more than a single ligand and produce a wide range of cellular 

effects, provides a significant challenge for scientists investigating the role of this protein.  

Ligands that produce pathological effects when bound to RAGE include AGEs and β-amyloid. Other 

ligands such as S100 proteins, amphoterin and Mac-1 are known to play a role in various physiological, 

as well as pathological processes. Other molecules that bind to RAGE, in addition to these classic 

ligands (AGEs, β-amyloid, S100B, amphoterin and Mac-1), have also been recently discovered, but their 

properties and effects have been studied to a lesser extent. These new emerging ligands include 

bacterial lipopolysaccharide (LPS), danger signal molecules (HSP70, SPARC, C3a and CpGNDA oligos) 

and putative ligands at the surface of microorganisms (Rojas et al., 2013). These new emerging ligands 

were excluded from the current study in the context of HD, because LPS and microorganisms are 

mostly associated with infection by pathogens, and danger signals molecules act in the peripheral 

immune system. Infection is not a critical causative factor in HD, where most of the symptoms are 

associated with the dysfunctions in the central nervous system (CNS).  

1.2.4.1 Advanced Glycation End Products (AGEs) 

AGEs or advanced glycation end products were amongst the first RAGE-binding ligands to be identified 

(Neeper et al., 1992). AGEs are formed endogenously by non-enzymatic post-translational glycation of 

proteins, and the rate of formation is accelerated during the course of diabetes and with aging. Age-related 

neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease and HD are all characterized 

by the deposition of misfolded and/or aggregated proteins in the brain (J. Li et al., 2012; Yamamoto & 

Simonsen, 2011). The formation of AGEs promotes the deposition of the proteins by the protease resistant 

cross-linking between the peptides and proteins. AGE formation is irreversible and causes protease-

resistant cross-linking of peptides and proteins, leading to protein deposition and amyloidosis (Munch et al., 

2003). Cytotoxic ROS are produced as intermediates during the formation of AGEs. The formation of AGEs is 
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known to be an important consequence of oxidative stress in the brain. However, the formation of AGEs 

could also induce oxidative stress reversely, forming a positive feedback loop (Vicente Miranda & Outeiro, 

2010). The detrimental effects of AGEs in pathological processes were originally attributed to their protein 

cross-linking properties that cause intracellular damage and apoptosis (Shaikh & Nicholson, 2008). 

However, more recent studies increasingly emphasise the role of AGEs in cellular processes and signalling 

events, via interaction with receptor proteins such as RAGE. Following their formation, AGEs can be present 

both inside and outside the cell (Kasper, 2001). The formation and the action of AGEs are involved in the 

pathogenesis of a variety of chronic diseases, such as diabetes, arthritis, atherosclerosis, pulmonary fibrosis, 

renal failure and Alzheimer’s disease, by mediating oxidative stress and inflammation. AGEs can induce 

oxidative stress and inflammation by binding to RAGE and triggering ERK1/2 intrasignalling pathways that 

activate NADPH to produce ROS, and nuclear factor NF-κB.  NF-κB induces the overexpression of genes 

coding for cytokines, growth factors and adhesive molecules, thus, increasing vascular permeability and 

further toxic effects (Kalousov et al., 2005).  

1.2.4.2 β-amyloid 

β-amyloid is a pathological peptide molecule that accumulates in toxic extracellular deposits found in 

Alzheimer’s disease brains (senile plaques), and may also play a role in the pathogenesis of Parkinson’s 

disease (Masliah et al., 2001; S. Yan et al., 1996a). β-amyloid may produce its neurotoxic effects by either 

inducing oxidative stress directly, or indirectly by activating microglia in the CNS (S. Yan et al., 1996a). 

Interaction of β-amyloid with RAGE expressed on blood vessel walls has also been shown to mediate 

transport of toxic proteins across the blood brain barrier in Alzheimer’s disease brains. β-amyloid can be 

present in the nucleus, cytoplasm and extracellular environment of neurons (S. Yan et al., 1996a). β-amyloid 

is formed by sequential cleavage of the amyloid precursor protein (APP), a transmembrane glycoprotein of 

undetermined function, by successive action of the β and γ secretases. The most common isoforms of β-

amyloid are Aβ40 and Aβ42. While the Aβ40 form is the more common of the two, Aβ42 is more 

fibrillogenic, and is thus associated with disease states. (Busciglio, Gabuzda, Matsudaira, & Yankner, 1993). 

Mutations in APP associated with early-onset Alzheimer's have been noted to increase the relative 

production of Aβ42.  

RAGE has been implicated as a specific cell surface receptor for β-amyloid molecules, which lead to 

cytotoxic effects on target cells in the diseased brain by inducing cellular stress and mediating microglia 

activation. The interaction of RAGE with β-amyloid can occur on the surface of various cells in the CNS, 

including neurons, microglia, astrocytes and cells in the blood vessel wall. Increased expression of RAGE in 

the regions of the brain affected by Alzheimer’s disease leads to cell stress with the generation of ROS and 

activation of downstream signalling mechanisms including the MAPK pathway (S. Yan et al., 1996b; S. D. 

Yan, Bierhaus, Nawroth, & Stern, 2009).  
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1.2.4.3 S100 proteins 

The S100 proteins are a multigenic family of non-ubiquitous Ca2+-modulated proteins that are exclusively 

expressed in vertebrates (Rosario Donato, 2001). They are expressed in various types of cells, and are 

generally known to be implicated in Ca2+ homeostasis, inflammation (Esposito et al., 2007), cell 

proliferation, survival, and differentiation. Within cells, most of the S100 proteins exist as dimers in the 

form of anti-parallel packed homodimers, and in some cases heterodimers. They are capable of functionally 

cross-bridging two homologous or heterologous target proteins, in a Ca2+-dependent manner. S100 

oligomers can also form under the non-reducing conditions found in the extracellular space, or within cells. 

Certain S100 proteins, such as S100A and S100B can be released into the extracellular space by an 

unknown mechanism. From the extracellular space these proteins can stimulate neuronal survival, 

differentiation, astrocyte proliferation, and cause neuronal death via apoptosis. They can also stimulate (in 

some cases) or inhibit (in other cases) the activity of inflammatory cells. The functions of S100 proteins 

vary widely among members of the family (Rosario Donato, 2001). 

S10012 and S100B are members of S100 protein family that are known to be secreted and bind 

extracellularly to RAGE. S10012 is an endogenous ligand for RAGE that is expressed mostly outside the CNS, 

and is thought to be involved in both inflammatory responses and anti-inflammatory effects depending on 

cell types and signalling conditions (Rosario Donato, 2001). While S100B can be found in neurons, 

astrocytes and microglia, it is most abundant in astrocytes, and is thus used frequently as an astrocyte 

marker. S100B can be present both inside and outside the cells mediating differential effects. S100B is 

found associated with axonal microtubules, centrioles, basal bodies, the mitotic spindle and centrosomes, 

within cells. However, it does not appear to be concentrated in nuclei. S100B can also be secreted to the 

extracellular space, in a manner that is insensitive to the classic ER-Golgi trafficking inhibitor. This suggests 

that the active secretion mechanism may occur via non-classic protein export mechanisms, such as those 

described for IL-1 and FGF-2 (Davey, Murmann, & Heizmann, 2001; Nickel, 2003). S100B proteins are best 

characterised by their ability to exert either neurotrophic or neurotoxic effects in a concentration-

dependent manner. At nanomolar concentrations, S100B plays a neurotrophic role. S100B stimulates 

neurite outgrowth, enhances survival of neurons during development and after injury, and prevents motor 

neuron degeneration in newborn rats after sciatic nerve section. In contrast, micromolar levels of 

extracellular S100B can have deleterious effects. Elevated levels of S100B have been observed in brains 

from patients with Down's syndrome and Alzheimer’s disease, and in the temporal lobe from epileptic 

patients (Griffin et al., 1989).  
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1.2.4.4 Amphoterin (HMGB1) 

Amphoterin (HMGB1, High Mobility Group Box 1 protein) is a highly conserved ubiquitous protein, with a 

molecular weight of 30 kDa. (Rauvala & Pihlaskari, 1987). Amphoterin is expressed in almost all cell and 

tissue types, where it is an important nuclear protein with a very strong promoter (Lum & Lee, 2001). 

Activation of the binding sites for transcription factor sp1 in this promoter is mediated by RAGE-induced 

signalling. Thus, activation of RAGE may contribute to the up-regulation of the expression of amphoterin.  

Amphoterin belongs to a family of high mobility group (HMG) proteins, and is found in various subcellular 

locations including the nucleus, cytoplasm and membrane. It can also be secreted into the extracellular 

space through an unknown mechanism. The amphoterin protein lacks a classic signal peptide for secretion. 

The secreted amphoterin can bind to RAGE in either an autocrine or a paracrine manner, to induce various 

types of signalling pathways that in turn lead to diverse cellular responses (Fages et al., 2000). For example, 

it has been found that amphoterin inserted into the plasma membrane mediates adhesive interactions with 

the surrounding surface (Parkkinen & Rauvala, 1991). A significant amount of the secreted form of 

amphoterin is often found in the extracellular space and interacts with RAGE, and other amphoterin-

binding molecules as well. Binding of amphoterin to RAGE regulates various physiological processes such 

as cell migration, cell survival and differentiation, and is also implicated in inflammation and 

tumourogenesis (H. Huttunen & H. Rauvala, 2004). 

While amphoterin can exist in different subcellular locations, only membranous and secreted forms of 

amphoterin have been suggested to bind to RAGE. Binding of either S100B or amphoterin to RAGE can 

induce the same signalling pathways involving Ras/MAPK-dependent nuclear translocation of NF-κB, and 

activation of the Cdc42/Rac-dependent neurite outgrowth. Thus, it is suggested that these two proteins, 

(amphoterin and S100B) may exert an additive effect on neurons (Rosario Donato, 2001). In vitro, 

extracellular HMGB1 can activate macrophages/monocytes (Andersson et al., 2000) and dendritic cells 

(Dumitriu et al., 2005; Messmer et al., 2004; Rovere-Querini et al., 2004), and promote cell proliferation, 

migration, and differentiation (Degryse et al., 2001; Limana et al., 2005; Mitola et al., 2006; Palumbo et al., 

2004; Sparatore et al., 2002; Taguchi et al., 2000a). In vivo, HMGB1 causes acute lung inflammation, and 

derangement of the epithelial-cell barrier function (Abraham, Arcaroli, Carmody, Wang, & Tracey, 2000; 

Sappington et al., 2002; D. Tang, Y. Shi, et al., 2007).  

1.2.5 Signalling Pathways  

There are multiple intracellular downstream signalling cascades that can be activated in response to RAGE 

ligation. RAGE signalling leads to three main cellular responses:  oxidative stress, re-arrangement of the 

cytoskeleton, and expression of genes that are either harmful or beneficial to the cell (including genes that 

drive the inflammatory response). Figure 6 depicts a summary of the downstream signalling cascades 

activated upon RAGE ligation. The specific intermediate events in the cascade are still under active 
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investigation, but the multiple signalling pathways activated by RAGE ligation include: reactive oxygen 

species (ROS), Rho GTPases, p21Ras, Cdc42/Rac1, ERK1/2 (p41/p44), p38, SAPK/JNK MAPkinases, 

phosphoinositol-3 kinases (PI3K) and JAK/STAT pathways. Many of these pathways result in activation of 

transcription factors, and thus, regulation of specific gene expression.  

Multiple studies, both in vivo and in vitro, have shown that the cytoplasmic domain of RAGE is essential for 

RAGE-triggered signal transduction, as demonstrated by deletion of the cytoplasmic domain of RAGE, which 

in turn blocks ligands from inducing downstream signalling (Rojas et al., 2013). Diaphanous or mDia-1, which 

is a formin homology domain protein, has been identified as the key binding partner of RAGE at the 

cytoplasmic domain. This was demonstrated by the reduction of mDia-1 expression of cells treated with small 

interfering RNA (siRNA), which in turn blocks the effects of RAGE ligands on the activation of Rac1 and Cdc42 

(Rojas et al., 2013). In vitro binding studies using human RAGE mutants with various C-terminal deletions also 

showed that the cytoplasmic domain of RAGE contains a sequence similar to the D-domain, the ERK1/2 

docking site, which is conserved in some ERK substrates. Therefore ERK1/2 may play a role in RAGE 

signalling through direct RAGE-ERK1/2 interaction (Ishihara, Tsutsumi, Kawane, Nakajima, & Kasaoka, 2003) 

(Figure 6).  

Activation of small GTPases also occurs during RAGE signalling (Figure 6). RAGE-dependent neurite 

outgrowth requires functional Rho-family small GTPases, cdc42 and Rac1. Rho family GTPases are a 

molecular switch that controls the organization and dynamics of the actin cytoskeleton, and are thus 

important regulators of cell migration, neurite outgrowth and neuronal growth cone guidance. The ligation of 

RAGE with amphoterin and/or S100B is believed to co-regulate neurite outgrowth (Dickson, 2001; H. 

Huttunen, Fages, & Rauvala, 1999; Ridley, 2001). The RAGE-ligand interaction may directly induce generation 

of ROS by interacting with AGEs and activating intracellular NADPH oxidase. Over-expression or over-

activation of RAGE may result in the production of excessive amounts of ROS inducing oxidative stress (H. 

Huttunen & H. Rauvala, 2004; S. D. Yan et al., 1994). 

The importance of NADPH oxidase in RAGE-mediated signalling pathways has been reported frequently in 

various cell types (Figure 6). ROS generation and the enhancement of oxidative stress are potent factors 

initiating signal transduction and regulation of gene expression, since downstream effects mediated by RAGE-

AGEs interaction were shown to be inhibited in the presence of many antioxidants, such as N-acetylcysteine, 

probucol, vitamin E and pyrrolidine dithiocarbamate (Unoki et al., 2007; J. L. Wautier et al., 1996). The 

components of NADPH oxidase are dissociated in the resting state into cytoplasm and membrane-bound 

components. Phosphorylation of a cytoplasmic component p47phox, and the following translocation to the 

cell membrane, is an early event that leads to the full assembly of NADPH oxidase with consequent superoxide 

generation (Robinson, Ohira, & Badwey, 2004; Rojas et al., 2013).  

Previous studies have identified multiple MAPK pathways responsive to RAGE ligation (Figure 6). ERK1/2 

(p44/p44), SAPK/JNK and p38 MAPK pathways modulate the activity of a wide array of transcription factors, 
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and are thus the major MAP kinases linking extracellular signals to the regulation of gene expression. RAGE is 

capable of activating all three major members of the MAP kinase network. This suggests that RAGE activation 

can regulate cell behaviour across a wide spectrum. Furthermore, RAGE ligation also activates 

phosphoinositol-3-kinase and JAK/STAT pathways (Bierhaus et al., 2005; H. Huttunen & H. Rauvala, 2004).  

 

Figure 6 Summary of RAGE-mediated 

signalling pathways  
Binding of ligands leads to the activation of 

multiple signalling pathways that can 

result in either generation of ROS, 

regulation of cytoskeleton and gene 

expression that is implicated in 

inflammation, neuronal differentiation, 

survival and the expression of RAGE itself 

(positive feed-forward loop). 

 

 

Many of these signalling cascades result in the activation of the downstream effector NF-κB (Figure 6). All 

the ligands identified for RAGE are known to be capable of activating NF-κB, via MAPK pathways. In 

resting cells, NF-κB resides in the cytoplasm in its inactive form bound to the inhibitor molecule IκBα. 

IκBα rapidly becomes phosphorylated and degraded upon RAGE activation. The liberated NF-κB induces 

the transcription of target genes (Barnes & Karin, 1997). NF-κB can play either a proinflammatory role or 
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promote cell survival, depending on the type of target gene it activates. The genes that can be activated by 

RAGE-induced NF-κB include: cytokines, adhesion molecules, prothrombotic and vasoconstrictive gene 

products, IκBα, anti-apoptotic genes including Bcl-XL and Bcl-2, and RAGE itself. Binding of AGEs to cell 

surface RAGE results not only in ROS generation, but also activation of the NF-κB, which then enhances 

the expression of genes that are mostly involved in pro-inflammatory downstream effects. The binding of 

amphoterin and S100B can activate the same Ras/MAPK pathway and activate NF-κB, which in turn 

upregulates the expression Bcl-2 and promotes cell survival. Amphoterin and S100B are suggested to act 

in concert and co-regulate neurite outgrowth as well as cell survival by exerting additive effects (H. 

Huttunen, J. Kuja-Panula, & H. Rauvala, 2002). One of the unique features of RAGE-mediated NF-κB 

activation is the prolonged time course that dominates endogenous autoregulatory negative feedback 

loops. For example, in inflammation, the ligation of RAGE not only causes an inflammatory gene 

expression profile, but also initiates a positive feed-forward loop, in which inflammatory stimuli activate 

NF-κB that induces RAGE expression followed by sustained NF-κB activation (Bierhaus et al., 2001). This 

sustained activation is achieved by de novo synthesis of NF-κB, thus producing a constantly growing pool 

of the transcription factor that is central to the production of several mediators of gene regulation (Rojas 

et al., 2013). Ligation to RAGE can also up-regulate RAGE expression itself through a positive feedback 

loop, thereby increasing RAGE density at the cell surface, and consequently reinforcing the intensity and 

duration of RAGE signalling (Bierhaus et al., 2001). The NF-κB element in the promoter region of the gene 

for RAGE demonstrates that sustained activation of NF-κB drives RAGE transcription thus up-regulation 

of RAGE expression.  
 

Other transcription factors activated by RAGE-induced MAPK pathways include sp1 and CREB (Figure 6). 

These transcription factors have been studied in the context of the regulation of physiological processes, 

and cell survival induced by RAGE activation. The promoter region of the amphoterin gene has a binding 

site for sp1, indicating that RAGE-activation may lead to upregulation of amphoterin expression (H. 

Huttunen & H. Rauvala, 2004). The ligation of RAGE with amphoterin has been shown to activate yet 

another transcription factor, CREB, during in vitro neuronal differentiation. CREB activation leads to the 

over-expression of chromogranin, which is a structural protein of neuronal vesicles, and is thought to 

contribute to the secretory phenotype of mature neurons (H. Huttunen et al., 2002). AMIGO (amphoterin-

induced gene and ORF) is a family of novel leucine-rich proteins implicated in cell adhesion and axon 

tract development. RAGE ligation is also known to result in AMIGO expression by still unidentified 

signalling pathways (Kuja-Panula, Kiiltomaki, Yamashiro, Rouhiainen, & Rauvala, 2003). The neurite 

outgrowth mediated by RAGE, and expression of genes that are involved in neuronal differentiation such 

as chromogranin and AMIGO, along with precursor cells that expressing cytoplasmic mutant RAGE failing 

to differentiate into neurons, indicate that RAGE may play a significant role during neuronal 

differentiation, as well as in survival of neurons (H. Huttunen et al., 2002; L Wang, Li, & Firoze, 2008).   
27 

 



The diversity of signalling cascades identified in RAGE-mediated cellular signalling implies that different 

RAGE ligands might induce different pathways, thereby, further adding a level of complexity to the RAGE 

network. The consequences of such mechanisms may be critical in settings where endogenous negative 

feedback pathways, responsible for returning cellular behaviour to the quiescent state, are disturbed, and 

pathways leading to cellular activation escalated (Bierhaus et al., 2005; H. Huttunen & H. Rauvala, 2004).  

1.3 The role of RAGE in Huntington’s Disease  

The role of RAGE in HD has not been investigated in any detail. The expression pattern of RAGE in the 

CN of varying grades of HD human striatum determined in a previous study (Ma & Nicholson, 2004) 

suggests that RAGE may have significant functions during the progression of the disease. The dual 

nature of RAGE, and its heterogeneous expression pattern in the CN in HD, indicates that RAGE may 

play neurotoxic and/or neurotrophic roles during the pathogenesis of HD.  

1.3.1 Types of RAGE-positive cells in the CN in HD   

In a previous study conducted by Ma and Nicholson (2004), brain tissue, spanning the CN and adjacent 

SEL obtained from patients with varying grades of HD, was used to investigate RAGE expression in HD. 

Overall, the expression of RAGE was heterogeneous in terms of the type of cells and locations. Double-

labelling immunohistochemistry (IHC) showed at least two types of cells that express RAGE: the 

medium spiny projection neurons (identified by calbindin staining), and astrocytes (identified by GFAP 

staining) that expressed RAGE more strongly. Medium spiny projection neurons are vulnerable to the 

initial selective degeneration in the early course of HD, and astrocytes are implicated in the reactive 

gliosis. The fact that RAGE is expressed in both neurons and astrocytes indicates that RAGE may also 

play a role in the pathogenic process of HD. Quantification of the level of RAGE expression in the CN in 

HD has indicated that both the intensity of RAGE expression and the number of neurons expressing 

RAGE were significantly higher in HD, in comparison to controls. The mean percentage of the total 

number of RAGE-positive neurons in HD increased from grade 0 (G0) to grade 2 (G2), peaked in G2, 

then decreased with further pathological grade of HD (grade 3-4) (Ma & Nicholson, 2004). 

1.3.2 Heterogeneous Distribution of RAGE-positive cells across SEL and CN in HD brains 

Ma and Nicholson (2004) reported that IHC staining of RAGE expression showed a heterogeneous 

distribution across the CN, and the adjacent subependymal layer, in HD. In control cases, astrocytic 

RAGE staining was limited to the superficial layer of SEL. However, widespread staining of RAGE in 

astrocytes was found in both SEL and CN of the HD brains, indicating the reactive gliosis in CN, with the 

strongest staining in the most advanced HD cases (G4). Astrocytes in the SEL were more strongly 
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stained for RAGE than in the CN. In contrast to astrocytes, RAGE-positive neurons were found in both 

the SEL and CN of normal tissue. In control cases, RAGE-expressing neurons were mainly located in the 

SEL and medial region of the CN just underneath the SEL. In HD cases, staining for RAGE was seen 

throughout the entire width of the SEL, but it extended into the lateral CN with the progression of the 

disease. The SEL is the region where stem cells divide and differentiate to produce new neurons, and 

the CN is found adjacent to the SEL, and is the site of extensive cell death in HD. The difference in the 

distribution of RAGE in control and disease brains suggests that RAGE may play distinct roles in HD 

brains, depending on the precise location of the neurons (and astrocytes), where they are possibly 

binding to distinct ligands (Ma & Nicholson, 2004).  

1.3.3 Possible Ligands for RAGE in the Caudate Nucleus in Huntington’s Disease  

The neurotoxic effects that can be mediated by RAGE in HD brain include the induction of oxidative stress 

via excessive generation of ROS, and the chronic expression of proinflammatory genes. On the other hand, 

RAGE may induce a neurotrophic effect by promoting cell survival, neuronal differentiation and migration 

of new neurons from the SEL to CN in HD brains. Over-expression of the receptor has always been 

associated with the accumulation of the ligand, which in turn leads to sustained receptor expression 

through positive feedback and prolonged cell activation, in the tissues described so far in the literature. 

Therefore, the elevated neuronal and astrocytic expression of RAGE in HD SEL and CN could indicate the 

involvement of ligands that bind to RAGE, and mediate either neurotrophic or neurotoxic functions in SEL 

and CN, respectively.  

A previous study suggested that expression of RAGE is likely to be secondary to the neuronal death in the 

CN in HD (Ma & Nicholson, 2004). The functional role of an elevated level of RAGE expression in response to 

earlier cell death is an interesting question. One possible function of RAGE is its involvement in a rescue 

mechanism in cells that are already programmed to die. The ligands, S100B and amphoterin, can upregulate 

the expression of anti-apoptotic molecules in cells upon interaction with RAGE. The expression of S100B is 

likely to increase in HD brain. Fibrillary astrogliosis is a characteristic feature of HD, and since S100B is 

abundantly expressed in astrocytes, increased number of astrocytes will result in elevated levels of S100B 

present in HD brain. Activated astrocytes are capable of secreting elevated levels of S100B, which can then 

bind to RAGE, affecting astrocytes in an autocrine manner, and neurons in a paracrine manner. An 

increased level of S100B may result in upregulation of anti-apoptotic molecules and the expression of RAGE 

itself (via a positive feedback loop), thus, increased RAGE-S100B interaction may promote cell survival. 

Amphoterin is produced in all types of cells, and its downstream effects are similar to S100B as they can 

both activate the same signalling pathways (R. Donato, 2001; H. J. Huttunen, J. Kuja-Panula, & H. Rauvala, 

2002; H. J. Huttunen & H. Rauvala, 2004).  
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In contrast, elevated levels of RAGE expression in the CN in HD may mediate neurotoxic effects and 

contribute to apoptotic cell death. A previous finding, in an injury model of infant rats with hypoxic-

ischemic injury, that RAGE expression does not precede cell death, but accompanies it,  supports this 

hypothesis (Ma, Carter, Morton, & Nicholson, 2003). Moreover, there are no reported studies suggesting a 

neuroprotective role for RAGE in human neurological disorders. The ‘candidate’ ligands that may activate 

increased levels of RAGE and downstream signalling pathways that lead to neurotoxicity in the brain are 

AGEs, S100B and amphoterin. AGEs-RAGE interaction is involved in a wide range of chronic inflammatory 

conditions. AGEs may contribute to the cell death in the CN in HD by mediating oxidative stress and 

inflammation, or by mediating the interaction of RAGE with other ligands through AGE-mediated 

modification that allows other molecules to be available for interaction with RAGE. For example, 

carboxymethyl lysine (CML) is a type of AGE that modifies proteins that can then be recognized by RAGE. 

Furthermore, the expression of both AGEs and RAGE is known to be elevated with aging. S100B at 

micromolar concentrations has an opposing cytotoxic effect that counters its neurotrophic functions. S100B 

stimulates neurons to secrete the proinflammatory cytokine IL-6, and activates astrocytes and microglia to 

release nitric oxide (NO), which in turn increases the production of inducible nitric oxide synthase (iNOS). 

The amphoterin interaction is also able to induce inflammation, and the positive feedback loop activated by 

ligation of RAGE may sustain the production of proinflammatory molecules, thus, leading to chronic 

inflammation within the CN in HD.  

An elevated level of RAGE was observed in the SEL, in addition to the CN of HD brains (Ma & Nicholson, 

2004). The SEL is the germinal zone in the adult brain where stem cell division and the generation of 

neurons and astrocytes occur. Therefore, it would be interesting to know if the high level of RAGE 

expression in the SEL is associated with the neurogenesis that occurs during the course of HD. Amphoterin 

is an important ligand for RAGE in multiple physiological conditions, such as neurite outgrowth, cell 

survival, development and cell migration. Amphoterin, produced by either neurons or astrocytes in the SEL, 

may mediate survival, differentiation, proliferation and migration of stem cells from the SEL to the damaged 

region of CN, through RAGE activation. S100B can also stimulate neuronal differentiation and neurite 

outgrowth and may interact with RAGE, in concert with amphoterin, to exert additive effects. Progenitor 

cell proliferation and neurogenesis seen in the SEL (ie. generation of both neurons and astrocytes) in 

response to neuronal loss in HD has also been reported (Curtis et al., 2003). There is no known function of 

AGEs in neurogenesis.  

It is also important to determine if Htt actually binds to RAGE and produces harmful effects in HD, as is the 

case with β-amyloid in Alzheimer’s disease. RAGE is a pattern recognition receptor (PRR) and recognizes 

certain conformational determinants in the ligands rather than their primary amino acid sequence 

(Bierhaus et al., 2005). The mutant Htt found in HD brain aggregates through polar zipper interaction 

between proteins, and forms stable β-sheets during their aggregation (Perutz, Johnson, Suzuki, & Finch, 
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1994). As mutant Htt aggregates possess an amyloid-like structure similar to the determinant of β-amyloid, 

it is possible that Htt may be a ligand for RAGE in the HD brain (McGowan et al., 2000). However, the 

aggregates of Htt have been found mainly in intracellular regions, and therefore it is unlikely that Htt can 

bind to the cell-surface receptor RAGE. However, the initial cell death caused by the mutant Htt protein, 

through some unknown mechanism, may lead to cell death and release of the intracellular or intranuclear 

aggregated Htt protein into the extracellular milieu. This hypothesis is supported by the previous finding 

that the increased level of neuronal RAGE observed is secondary to the initial cell death (Ma & Nicholson, 

2004). Once released, the Htt protein could then bind to the RAGE receptor, triggering signal pathways that 

contribute to either protection of neurons or, more likely, further cell death.  

1.3.4 Pattern of Cell Death and RAGE Expression in Huntington’s Disease Caudate Nucleus  

Gradual neuronal degeneration is the pathological hallmark of HD, and it is well known that the striatal 

degeneration has a characteristic ordered and topographic pattern. The tail of the CN degenerates earlier 

than the body, which in turn is more involved than the head. With the progression of the disease, the 

striatal degeneration appears to simultaneously move in a caudo-rostral direction and in a dorsoventral 

and medio (ventricular side)-lateral (internal capsule side) direction (Vonsattel & DiFiglia, 1998). The 

study by Ma and Nicholson (2004) reports that the RAGE expression in projection neurons correlated 

with the dorso-ventral and medio-lateral direction of sequential cell loss. Neurons on the ventricular side 

of the CN closer to SEL, were more strongly labelled for RAGE than the neurons in the central and lateral 

part of the CN in control and early stage of HD. A significantly larger number of RAGE-positive neurons 

were observed in the dorsal part of CN than in the ventral part in all HD cases. Therefore, further 

research is required to establish more precisely the correlation between the pattern of cell death, and the 

expression of RAGE and its ligands, in neurons and glial cells in the CN of the HD brain. 

1.4 Aims of the Research   

Based on findings that RAGE expression is increased in the CN and SEL in HD, and that the pattern of 

expression appears to correlate with the pattern of cell death in HD, RAGE is thought to be involved in 

the pathogenesis of HD. In addition, the pathological processes contributing to cell death in HD, such as 

neuroinflammation and oxidative stress, can be mediated by RAGE activation. However, the functional 

role of RAGE in the HD brain has not been determined, and therefore, requires further investigation.  

In the current study, it was hypothesized that the activation of RAGE by the binding of specific ligands 

mediates distinct cell type-specific functions in the CN and the SEL in HD brains. Additionally, the 

immunostaining patterns of RAGE and its ligands were also hypothesized to follow the same medio-

lateral extension pattern as the pattern of neurodegeneration seen in the CN and the SEL in HD brains.  
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In order to test the hypothesis, the aims of this study were:  

1.  To identify ligands for RAGE in the SEL and CN of HD brains  

2. To correlate the expression of RAGE and its ligands with the known pattern of cell death in HD  

3. To determine the pathways activated following ligand binding to RAGE in HD brains 

4. To clarify the role of RAGE, especially its effects in the survival of neurons, in HD 
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Chapter 2. General Methods and Materials 

In the current study, several techniques using antibodies targeting specific antigens were used to 

investigate the changes in the expression pattern and the abundance of target proteins, in control and 

HD brains. Immunohistochemistry (IHC) was used to localize proteins in situ and western blot (WB) to 

determine the relative levels of protein expression. IHC and WB can be used for quantitative analysis 

when applied as a part of the manual cell counting method and the semi-quantitative WB analysis, 

respectively. Co-immunoprecipitation (Co-IP) is a type of pull-down assay of intact protein complexes, 

which was used to study protein-protein interactions.  

A list of all the antibodies used in both western blot and IHC is summarized in Table 1 and 2 on page 

44-45. A list of brain cases used in the study is listed in Table 3, page 45. The standard recipes for 

making reagents have been outlined in Appendix A, page 149. 

2.1 Western Blot 

The western blot separates proteins according to their weight by electrophoresis. The blot is probed by 

a specific antibody to allow visualization of the location of the protein in the blot, which is then 

compared to a reference standard protein ladder run on the same gel. The overall workflow of the 

standard WB protocol is summarized in Figure 7 below.  

 

Figure 7 Overall workflow of Standard Western blot Protocol  
The proteins are prepared in loading buffer and run through the gel in the electric field. The proteins are then transferred 

on the nitrocellulose membrane, and then blocked and incubated with antibodies. The protein band at the specific 

molecular weight position can be visualized by a chemical method using horse radish peroxidise (HRP) and ECL detection 

kit. (Image obtained and modified from http://www.licor.com/bio/applications/quantitative_western_blots/workflows.html) 
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2.1.1 Sample Preparation 

The proteome from the tissue of interest was homogenized in radioimmunoprecipitation assay (RIPA) 

lysis buffer using a bullet blender. RIPA buffer is highly denaturing, and is thus appropriate for the total 

protein extraction, as it can isolate all cytosolic, nuclear and membrane-bound proteins. For 

homogenization, tissues were prepared by slicing them into smaller pieces (approximately 1mm x 

1mm cubes), or scraping fresh frozen human brains from the glass slides onto which they had been 

mounted after cryostat sectioning (30µm thick). The tissues were immersed in 100-200 µl of RIPA 

buffer in microcentrifuge tubes. A volume of beads equivalent to the mass of the tissue were added to 

the tubes. 1mm metal beads were used to homogenize small pieces of tissue blocks, whereas 0.5mm 

glass beads were used for the thin tissue sections scraped from slides to achieve gentle 

homogenization. The tubes were placed into the bullet blender, and the tissues were homogenized for 

3 minutes at speed 8. The samples were then vortexed every 10 minutes for 1 hour to ensure the even 

mixing of proteins. After 1 hour, the tubes were centrifuged for 10 minutes at 4°C at the speed of 10600 

rcf. The supernatant (excluding beads and debris) was collected, and the concentration of total 

proteins in the supernatant of each sample was determined by a colourmetric assay using a DC Biorad 

Protein Assay kit. It was essential to measure the concentration of total proteins in each sample prior 

to western blot, in order to ensure equal loading that would produce comparable results. In order to 

generate a calibration curve, a standard bovine serum albumin (BSA) solution was prepared by 

dissolving appropriate amounts of BSA in RIPA buffer with concentrations ranging from 0 to 2µg/µl. 

For consistency, 5µl of each standard and sample was loaded in a 96 well plate in triplicate. The 

amount of protein in the samples was estimated by change in the intensity of colour in relation to the 

standard BSA solutions, and absorbancy was measured using a plate reader. 

2.1.2 Gel Electrophoresis 

Following protein estimation, an appropriate amount of protein was mixed with the loading buffer 

(NuPAGE® LDS Sample buffer 4x, Invitrogen), and a reducing agent (Dithiothreitol or DTT, 1M). The 

amount of protein loaded into each well varied from between 10µg-30µg depending on the aim of each 

experiment, and the antibody used. The protein samples were loaded into the wells of pre-cast gels 

(NuPAGE® Novex 4-12% Bis-Tris, Invitrogen) and run for approximately 45 minutes at 200V, until the 

indicator dye reached the bottom of the gel. NuPAGE® MOPS SDS Running Buffer (and antioxidant; 

Invitrogen cat#NP0005) was used as a media. The proteins separated in the electric field and migrated 

at different speeds based on their molecular weights. A pre-stained protein ladder (Precision Plus 

Protein™ Dual Color Standards, Biorad), was also run alongside the protein samples as a reference.  
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2.1.3 Protein Transfer and Blocking 

The gel was removed from the cassette, and the proteins transferred from the gel onto the 

nitrocellulose membrane using the wet-transfer method. For the transfer, the gel and membrane were 

sandwiched between sponge pads and filter papers, and submerged in NuPAGE® Transfer Buffer (with 

20% methanol and 0.1% antioxidant). The proteins were transferred at 30V for 2 hours, while the 

whole tank was submerged in a bucket of ice to keep the transfer module cold. The success of protein 

transfer was determined by the transfer of pre-stained ladder onto the membrane. The membrane was 

then blocked for 1 hour at room temperature with 5% milk powder prepared in TBS-T (Tween 20, 

0.05%) to reduce non-specific background staining.  

2.1.4 Incubation with Antibodies and Visualisation 

The membranes were incubated with primary antibodies diluted in 1% BSA/TBS-T overnight at 4°C. 

Following TBS-T washes, the membranes were incubated with secondary antibodies conjugated with 

Horse Radish Peroxidase (HRP) for 2 hours at room temperature. The proteins labelled with the 

primary and secondary antibodies were then visualized by activating the HRP enzyme with 

chemiluminescent Pierce ECL-Plus Western Blotting Substrate. The proteins were images using the 

ChemiDoc™ MP System (Biorad). Membranes were then stored in TBS-T at 4°C, until further analysis 

was required. The antibodies bound to membranes were removed using stripping buffer (Appendix B, 

page 150), within 7 days of imaging, and the membrane was blocked with 5% milk powder for 1 hour 

at room temperature. The membrane was then incubated with the anti-glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) primary and the appropriate secondary antibodies, as a loading control.    

2.1.5 Semi-quantification of Protein Bands obtained from Western blot Analysis  

For the quantification of target proteins, the images of protein bands were analysed semi-

quantitatively using Image J.  The integrated density, which is a measure of both the area and the 

density of each protein band, was used as a parameter for comparing the expression levels. The 

integrated density values of protein bands were detected, processed and normalized against the 

corresponding GAPDH (a housekeeping protein) levels. The resulting normalized values were used as 

the final quantitative data for the comparative analysis between control and HD.  
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2.2 Immunohistochemistry (IHC) 

While WB estimates the presence and the abundance of target proteins in homogenized samples, 

immunohistochemistry (IHC) detects the location of the target proteins on fixed tissues in situ by 

exploiting the specific binding property of antibodies to antigens.  

2.2.1 Brain Fixation, Storage and Sectioning 

Human brain tissue was obtained from the New Zealand Neurological Foundation Human Brain Bank at 

the University of Auckland. The full consent of all families was given at the time of autopsy, and approval 

for the study was obtained through the University of Auckland Human Subjects Ethics Committee. The 

human brain was fixed by cerebral artery perfusion of phosphate buffered saline (PBS) and 1% sodium 

nitrite to wash out blood and any external contamination, which was followed by fixation in 15% 

formalin for 1 hour. Brains were dissected into functional areas, cut into small tissue blocks, and stored in 

the formalin fixative for 24 hours. Cryoprotection of tissues was carried out by immersing tissue blocks in 

20%, then 30% sucrose solution, for approximately 7 days each. Blocks were then frozen and stored at -

80°C, until required. A freezing microtome was used to cut 70µm-thick sections, which were then stored 

as free floating sections in PBS and 0.1% sodium azide, at 4°C, until required for immunohistochemical 

processing.  A detailed protocol about handling post-mortem human brain tissues for IHC can be found in 

‘Immunohistochemical staining of post-mortem adult human brain sections’ by Waldvogel et al., published 

in 2006 (Waldvogel, Curtis, Baer, Rees, & Faull, 2006).  

2.2.2 Antigen Retrieval  

To improve the quality of staining, the immunoreactivity of target proteins, which could be masked due to the 

formation of protein-protein cross-links during fixation, was recovered by processing the tissues with antigen 

retrieval methods (Bogen, Vani, & Sompuram, 2009; Fowler, Evers, O'Leary, & Mason, 2011; Leong & Leong, 

2007). In the present study, either citrate buffer or formic acid was used for the antigen retrieval procedure. 

For the former method, the tissue was soaked in citrate buffer (pH4.5) at 4°C overnight, and heated in fresh 

citrate buffer for 30 seconds in a microwave, to break the protein cross-links. For the latter method, the tissue 

was immersed in PBS-T at 4°C overnight, and treated with 99% formic acid for 20 minutes at room 

temperature. The method using formic acid was more effective in dissociating proteins that form aggregates, 

such as mutant Htt and CML-modified proteins. 
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2.2.3 Antibody Incubation and Mounting: DAB and Fluorescent IHC  

IHC visualizes the protein of interest in tissues by utilising the strong affinity of antibody for antigen. In the 

current study, two different visualisation methods were used: diaminobenzidine (DAB) and fluorescent 

IHC. The overall principle and the methods for DAB and fluorescent IHC are summarized in Figure 8.  

 

Figure 8 DAB and Fluorescent IHC  

The target protein was first labelled with the appropriate 

primary antibody for both DAB and fluorescent IHC. The 

following methodological steps diverged depending on if  

the tissues were being processed for DAB or fluorescent 

immunostaining.  For the DAB method, the signal from the 

target protein was visualised by the action of HRP enzyme 

(conjugated with the tertiary antibody), catalysing the 

reaction of DAB with peroxidase (H2O2), to produce an 

insoluble brown precipitate that can be viewed under the 

microscope. For fluorescent IHC, secondary antibodies 

conjugated with various fluorophores, which emitted 

signals upon excitation. These signals were detected under 

the fluorescent/confocal microscopes.  

 

2.2.3.1 DAB IHC Method    

The DAB staining method exploits the chemical reaction of H2O2 (peroxide) and DAB, which produces a 

brown insoluble precipitate via the catalytic activity of the enzyme Horse Radish Peroxidase (HRP). Prior to 

the antibody incubation, the tissue was incubated in 1% H2O2 and 50% methanol solution for 20min at 

room temperature, to block the activity of endogenous peroxidase, which could produce non-specific 

signals if left untreated. The tissue was then incubated with primary antibody that was diluted at the 

appropriate concentrations in normal animal serum-based immunobuffer (PBS-T +1 % normal animal 

serum + 0.04% Merthiolate) at 4°C for 72 hours. The species of the animal used to make the immunobuffer 

was identical to the host species of the secondary antibody. The sections were incubated with biotin-

conjugated secondary antibodies for 24 hours, followed by incubation with avidin-HRP tertiary antibodies 

for 4 hours at room temperature. The dilution of secondary antibodies varied depending on the host species 

of primary antibody used. The dilution factor of 1:1000 was used for the tertiary antibody on all occasions. 

Following the antibody incubation, the PO4-based solution containing substrates for the chemical reaction, 

DAB and H2O2, was added to the tissues to produce a brown precipitate. The sections were then air-dried 

overnight at room temperature, and dehydrated in a series of increasing concentrations of alcohols 
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followed by 100% xylene. The air-dried tissues were re-hydrated through alcohol and distilled water to 

reduce fat (de-fat step), as required. Further, some tissue sections were immersed in the Nissl stain for 5-10 

minutes, rinsed and dehydrated in a series of increasing concentration of alcohol and xylene, as needed. The 

dehydrated sections were mounted on slides and coverslipped with DPX. The sections were left at room 

temperature to allow the DPX to solidify before imaging.  

2.2.3.2 Fluorescent IHC Method 

The secondary antibodies used for fluorescent IHC staining are conjugated with fluorophores, which emits 

light upon excitation at the appropriate wavelength on a fluorescent or confocal microscope. Following 72 

hours of incubation with the primary antibody, at 4°C, the tissue was incubated with secondary antibodies 

conjugated with Alexa fluorophores (1:500). A cocktail of primary and secondary antibodies originating 

from varying species was used when multi-labelling was required. The sections were then washed, 

incubated with Hoechst 33258 that labels nuclei. The sections were also treated with 0.2% Sudan Black B 

(SBB) to reduce background and autofluorescent signals emitted mostly from lipofuscin. The optimization 

of SBB will be described further in the following section. The tissues treated for the autofluorescence were 

then mounted and coverslipped with the anti-fade mounting reagent prolong Gold (Invitrogen). The slides 

were dried at 4°C for at least 24 hours, till being viewed and imaged under the confocal microscope.  

2.2.3.3 Confocal Microscopy 

Following the fluorescent immunostaining, the tissue was imaged using the Olympus FV1000 confocal 

microscope. Confocal microscopy is an advanced imaging technique for analysing fluorophore-labelled 

proteins in tissue.  It enables optical sectioning of thick samples, while eliminating out-of-focus 

emission light in a specimen that is outside the focal plane. Double-labelled tissue was scanned 

sequentially for three different dyes, using three different channels: two fluorophores (A488 and A594) 

and Hoechst 33258 nuclear stain (UV). Single z-sections were taken at a magnification of x400.  

2.3 Manual Cell Counting for Immunofluorescently Double-labelled Tissue  

In the present study, double-labelling IHC followed by manual cell counting was used to quantify the 

level of expression and the degree of in situ colocalisation of two target proteins (RAGE and a ligand) in 

the same tissue. Although manual cell counting is much more laborious and time-consuming, in 

comparison to automatic means, it produces accurate results when the morphology of cells and their 

distribution is not uniform. For the manual cell counting, diverse patterns of staining observed in the 

double-labelled tissues were categorized based on the type of fluorophores. The images were then 

processed, via thresholding, to make them more suitable for manual counting. The cells in each of the 

images were then counted and categorized.   
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This methodology was used in preference to unbiased stereology since the aim of the cell counting was 

to highlight relative changes only in the number of RAGE- and ligand-positive cells and to identify their 

colocalisation, and not to acquire quantitative information on the precise number of cells in the SEL 

and the CN. For the SEL the region is not always definable by physical boundaries that are required for 

stereology, but rather is defined by where proliferative cell markers are abundant. In addition, an in-

depth quantitative study requires a significant amount of human tissues. Since sections of the CN are in 

high demand, the present method as described above was deemed to meet this purpose.  

2.3.1 Manual Cell Counting: Categories and Nomenclature based on Colours 

For all double-labelled tissues used in the cell counting analysis, RAGE was labelled with A488 (green) 

and ligands with A594 (red) fluorophores for consistency. Cells with diverse staining patterns fell into 

either of three categories, depending on the type of fluorophores they were labelled with:  

(1) RAGE-only-positive cells (which appear green in the images) 

(2) ligand-only-positive cells (which appear red in the images) 

(3) RAGE & ligand-positive cells (colocalising; which appear yellow in the images) 
 

(1)+(3) and (2)+(3) were referred to as (4) all-RAGE-positive and (5) all-ligand-positive cells, 

respectively. Only those with >50% yellow cellular staining were regarded as RAGE & ligand-positive 

cells to reduce the error of picking up randomly-overlapping staining that would be irrelevant to the 

actual receptor-ligand interaction. The (6) total number of cells was based on the total number of nuclei 

in each image (Figure 9). This categorisation and nomenclature, summarised in Figure 9, will be used 

continually in the following Results and Discussion sections to discriminate between different parameters.  
 

Figure 9 Categories and Nomenclature for cell counting analysis  
(1) RAGE-only-positive cells 

(2) Ligand-only-positive cells 

(3) RAGE&ligand-positive cells 

(4) All-RAGE-positive cells (1+3) 

(5) All-ligand-positive cells (2+3) 

(6) Total number of cells in an image (nuclei) 
 

2.3.2 Image Processing for Manual Cell Counting 

One of the main disadvantages of manual cell counting is the subjectivity that can result in 

inconsistency and miscounting. As cells of various morphologies express multiple types of proteins, it 

can be hard to discriminate them into different categories (Figure 10). In order to improve the 
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consistency and the accuracy of categorisation, it was critical to process the ‘raw’ images to make them 

less obscure. 

For manual cell counting, fluorescently labelled tissues were imaged using an objective of 40x/1.3NA, 

which produced images of size 317µm x 317µm. Image J software was used to process these images, 

and cells were counted using a manual cell-counter plug-in. The total number of cells in each image 

was tallied by a semi-automatic means of counting the total number of nuclei, which are relatively 

uniform in shape and distribution.  

To make the original images more suitable for manual counting, the images were split into three 

different channels (red, green, blue), to separate each of the two target proteins and nuclei staining. 

Then, a threshold was applied to each channel to reduce the error of miscategorising cells for varying 

intensity. Setting the threshold also helped remove background, which interfered with the true staining. 

The threshold for each channel was adjusted so that the resulting image reflected the staining pattern 

of the original image as closely as possible. In other words, the threshold setting was adjusted so that 

the level was sensitive enough to detect even weak positive true staining, but so that it was not too 

sensitive to detect background staining (Figure 10, small arrows). In Figure 10, the arrowheads 

indicate cells that are only single-labelled for either RAGE (green) or ligand (red; S100B in this case), 

and the big arrow indicates a cell that co-expresses RAGE and ligand (yellow). A good threshold setting 

should enable one to discriminate all these different types of staining.    
 

 

Figure 10 Types of cells to be discriminated by applying Threshold setting  
There are three cell types to be discriminated with threshold setting: RAGE-only-positive cells (green), ligand-only-

positive cells (red) and RAGE&ligand positive cells (yellow). The arrowheads indicate cells that express either RAGE 

or ligand (S100B) and the big arrow indicates a cell that expresses both proteins. The cells with weak RAGE staining 

are indicated with small arrows. A good threshold enables discrimination of these three cell types, so that they can be 

counted separately and correctly into different categories (Grade 2 HC120).  
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In order to determine the optimal threshold, three out of 16 different threshold settings provided in 

Image J programme were selected and compared (Figure 11). All three settings successfully detected 

strong signals such as ligand-only-positive nucleus (Figure 11, small arrow in the original image), and 

strong RAGE staining (Figure 11, arrowhead in the original image). The Default setting accurately 

labelled a strong RAGE-only-positive cell (Figure 11A, arrowhead). However, it did not detect a weak 

RAGE-only-positive cell and its nuclear signal (Figure 11A, arrow). The Huang threshold setting was 

more sensitive and picked up signals from weakly stained RAGE-positive cells and their nuclei (Figure 

11B, arrow). However, this setting also exaggerated the weak ligand signal and miscounted RAGE-only-

positive cell as RAGE&ligand-positive (Figure 11B, arrowhead). The Li setting was the intermediate 

between Default and Huang methods, as it accurately labelled RAGE-only-positive cells (Figure 11C, 

arrowhead), while concurrently detecting weak RAGE staining (Figure 11C, arrow). Therefore, the Li 

setting was selected to set the threshold for the images. After setting the threshold, the three channels 

were combined to form a complete image, and the cells were counted manually for each category. The 

process of thresholding and processing images for the manual cell counting is summarised in Figure 12. 

Figure 11 Examination of Threshold Settings provided by Image J 
The Huang threshold was too 

sensitive and mislabelled a RAGE-

only-positive cell as RAGE & 

ligand-positive (arrowhead). The 

default setting failed to detect 

weak positive RAGE staining (big 

arrow). Therefore, the Li setting, 

which seemed to have an 

intermediate sensitivity was 

selected as the most appropriate 

threshold method for the current 

study.  
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Figure 12 Processing images for manual cell counting 
The original image was 

split into three channels 

and the Li threshold was 

applied to each of three 

channels. The blue channel 

showing nuclei was used for 

counting the total number 

of cells, via automatic 

means. Following 

application of the threshold 

setting, all three channels 

were combined to form a 

composite image used for 

cell counting.  

 

2.4 Co-Immunoprecipitation (Co-IP) 

Co-IP can be used to assess the physical interaction between proteins by exploiting the ability of antibodies 

to bind specifically to their target antigens, and beads that precipitate the antibody-antigen complexes. In 

Co-IP, the preservation of native protein-protein interaction is critical for the accurate analysis.  

2.4.1 Co-IP: Principles and Specific methods  

Immunoprecipitation (IP) is one of the most widely used methods for protein detection and 

purification (Figure 13A). It is used to isolate and concentrate a particular type of protein from a mixed 

sample. The basic principle of IP is very simple. An antibody that binds a specific target protein is 

incubated with beads. The antibody then becomes insolubilized on the beads by the action of protein G, 

which recognizes and captures the constant domain of the antibody. The bead-antibody complex is 

then incubated with the homogenised protein sample. There are various kinds of proteins in the 

sample, but only a specific target protein can form immune complexes with the antibody, thus 

becoming precipitated. Other proteins that are not precipitated on the beads are washed away. Finally, 

the protein is eluted from the beads, and analysed by western blot detection to verify the identity of the 

precipitated antigen. 

Co-IP was derived from the standard IP (Figure 13B). However, in order to perform Co-IP, two 

different antibodies, ideally raised in different species, are required to recognize a pair of proteins that 
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are thought to be the binding partners to each other. The precipitation protocol is identical to the 

standard IP, except for the fact that it requires more caution during the homogenizing and washing 

steps in order to preserve the weak protein-protein interaction. The basic protocol of homogenizing 

human brain is identical to the previous description (page 33), except that a PBS-based non-denaturing 

lysis buffer containing NP40 was used in place of the usual denaturing RIPA lysis buffer (Appendix A, 

page 149). The non-denaturing lysis buffer preserves the native conformation of the protein, and thus 

the interaction between protein partners in the homogenized sample, enabling the detection of protein 

partners. During the precipitation, the antibodies are first bound and fixed on the beads, and then the 

antigen from mixed sample is precipitated by the beads-antibody complex. The remnants are then 

washed, and the precipitated complexes are eluted to be identified by western blot. For the western 

blot analysis, instead of using an antibody for the precipitated target protein, an antibody that 

recognizes its partner protein is used. If two proteins are actually bound to each other as protein 

partners, they will still be present together in the same sample, following precipitation. Thus, the 

partner protein can be detected on the western blot membrane, along with the precipitated target 

protein.   
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Figure 13 The  summary of the basic principles of IP and Co-IP 
A Immunoprecipitation (IP). The 

beads are first incubated with the 

antibody that recognizes the 

target protein (A1), and the 

antibody-bead complex is then 

incubated with the total tissue 

homogenate, so that the antibody 

binds to the target protein. The 

remaining non-target proteins 

are then washed away (A2). The 

target protein bound to the 

antibody is then eluted from the 

antibody-bead complex (A3), and 

is run on the gel by western blot, 

alongside the total homogenate 

as a control (A4)  

B Co-Immunoprecipitation (Co-

IP). The basic principle is similar 

to IP, except that two different 

antibodies are used for the 

precipitation of protein complex 

(B1-B3; antibody for Protein A) 

and detection of the protein 

partner (B4; antibody for Protein 

B).  As a result, the bands 

detected by western blot 

correspond to Protein B rather 

than Protein A.  
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2.4.2 Co-IP: Standard Protocol  

Following homogenization of human brain tissue spanning both CN and SEL regions, the 

immunoprecipitation of protein complexes was performed with dynabeads conjugated with protein G 

(Dynabeads® magnetic beads; Invitrogen). Protein G was selected over Protein A, as it had a better 

compatibility with the particular antibody species in use. The combination of magnetic dynabeads and 

magnetic rack reduced washing time and produced more accurate outcomes. 50μl (1.5mg) of 

dynabeads were washed with PBS-T (0.05% Tween-20), and incubated with the given antibody 

prepared at appropriate dilutions in 200μl of PBS-T, for 1 hour at room temperature, on a gentle 

rocker. In an attempt to avoid co-elution of the antibody, the antibodies were cross-linked on the beads 

using BS3 prior to the antigen-binding. The beads-antibody complexes were washed to prevent 

aggregation, and then incubated for an hour at room temperature with 200μl of tissue homogenate, 

which contained approximately 100μg of protein. The beads-antibody-protein complexes were then 

washed and transferred to clean tubes to avoid co-elution of non-specific proteins bound to the tube 

wall. The elution buffer was then added to the beads complex in a new tube. The elution buffer was 

either a denaturing elution buffer (2% SDS, 1M DTT, 50% glycerol and bromophenol blue), or a more 

gentle 0.05M glycine buffer (pH 2-3). In the case of an elution with glycine buffer, a loading buffer 

(NuPAGE® LDS Sample Buffer) was mixed with the eluted target protein. The purified protein 

complexes were then run alongside the total homogenate and negative controls on the gel. The 

proteins were processed using the standard western blot procedures as described earlier (page 32).  
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2.5 List of Antibodies and Brain cases used in the Current Study  

2.5.1 List of Antibodies 

2.5.1.1 Primary Antibodies 

Category Target Host Sp. Resource *Application (dilution) Chapter 

RAGE & 
Ligands 

RAGE 

Goat Meridian Life Science 
(Cat# Q2B710G) 

WB (1:2000) 

3-7 
F-IHC (1:2000) 

D-IHC (1:2000) 

Co-IP (failed) 

Goat Santa Cruz 
(cat# sc-8230 aka N16) 

WB (1:1000) 

6 
Co-IP (failed) 

Rabbit Santa Cruz 
(cat# sc-5563 aka H-300) 

WB (1:1000) 
Co-IP (failed) 

Goat Santa Cruz 
(cat# sc-8229 aka C-20) 

WB (failed) 
Co-IP (failed) 

S100B 
Rabbit Millipore 

(Cat# 04-1054) 

WB (1:2000) 
3, 5, 6 F-IHC (1:5000) 

D-IHC (1:20000) 

Mouse Santa Cruz 
(Cat# sc-81709) F-IHC (1:100) 4 

CML Mouse Transgenic Inc. 
(Cat #KAL-KH011) 

WB (1:500) 
3, 4, 5 F-IHC (1:100) 

D-IHC (1:100) 

HMGB1 Rabbit Abcam 
(Cat# Ab18256) 

WB (1:1000) 
3 F-IHC (1:200) 

D-IHC (1:500) 

polyQ Mouse Millipore 
(Cat# MAB1574 aka 1C2) 

WB (1:500) 
3 F-IHC (1:50000) 

D-IHC (1:50000) 

Cell Type 
Markers 

Calbindin Rabbit Swant 
(Cat# CB38a) F-IHC (1:200) 

4 
GFAP Rabbit Dako 

(Cat# Z0334) F-IHC (1:2000) 

GFAPδ Rabbit Abcam 
(Cat# ab28926) F-IHC (1:2000) 

Iba-1 Rabbit Wako 
(Cat# 019-19741) F-IHC (1:500) 

Signalling 
Molecules 

NF-κB p65 Rabbit Santa Cruz 
(Cat# sc-372) F-IHC (1:500) 

7 
Total ERK1/2 Mouse Millipore 

(Cat# 05-1152) WB (1:500) 

Phosho ERK1/2 Rabbit Cell Signaling Technology 
(Cat# 4370) WB (1:1000) 

mDia-1 Mouse BD Biosciences 
(Cat# 610848) WB (1:500) 

Table 1 List of Primary Antibodies  
*F-IHC = fluorescent IHC; D-IHC = DAB IHC 
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2.5.1.2 Secondary Antibodies 

Application Host Sp. Target Sp. Resource Dilution Chapter 

WB 
(HRP-conjugated) 

Rabbit Goat Sigma (Cat #A5420) 1:8000 3-6 
Rabbit Mouse Sigma (Cat #A9044) 1:8000 3, 4, 5, 7 
Goat Rabbit Sigma (Cat #A0545) 1:16000 3-7 

DAB IHC 
Rabbit Goat Sigma (Cat #B7024) 1:2000 3 
Goat Mouse Sigma (Cat #B7264) 1:2000 3 
Goat Rabbit Sigma (Cat #B7389) 1:2500 3 

Fluorescent 
IHC Donkey 

Goat 

Invitrogen 
Life 
Science 

A488 (Green) 
(Cat# A-11055) 

1:500 

2-5 

Rabbit 

A594 (Red) 
(Cat# A-21207) 2-5 

A647 (Far Red) 
(Cat# A-31573) 2 

Mouse 

A594 (Red) 
(Cat# A-21203) 2, 3, 5 

A647 (Far Red) 
(Cat# A-31571) 2, 4 

Table 2 List of Secondary Antibodies  
 

2.5.2 List of Brain cases 
Category Case No. Age Gender PM delay (hr) 

Control 

H198 67 F 27 
H191 77 M 20 
H237 81 M 17 
H169 81 M 24 
H194 68 M 22.5 
H200 56 M 23 
H124 49 M 13 

Grade 1 HC81 71 F 8 
HC132 32 M 14 
HC108 85 M 10.5 

Grade 2 

HC120 50 M 15 
HC113 58 M 14 
HC114 53 F 12 
HC76 71 M 16 
HC120 50 M 15 
HC134 62 M 8 
HC127 69 M N/A 

Grade 3 

HC140 62 M 22 
HC139 65 F 5 
HC137 83 M 13 
HC78 48 M 18 
HC85 61 F 19 
HC107 75 M 3 

Grade 4 
HC106 58 M 26 
HC116 54 M 8 
HC87 45 M 18 

Table 3 List of Human Brain Cases  
*Bold and Italic = cases used for fluorescent IHC and cell counting (Chapter 4) 
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Chapter 3. Ligand Assessment for RAGE in HD Brains 

3.1 Introduction 
As previously reported, there was an increase in the level of RAGE in HD and its distribution of 

expression was heterogeneous across the SEL and CN, the sites of cell proliferation and cell death in 

HD, respectively (Ma & Nicholson, 2004). RAGE is a multi-ligand receptor that is capable of activating 

various signalling pathways depending on the ligand. The end result of the signalling pathways can be 

either detrimental or beneficial to the survival and normal functioning of the cells, under either 

pathological or physiological conditions, depending on the type of ligand it binds to. However, the 

ligand for RAGE during the pathogenesis of HD remains unknown. As different ligands can activate 

different signalling pathways that produce diverse cellular effects, identifying each ligand will aid in 

studying the role of RAGE in HD.  

Many different molecules, such as S100B, AGEs (CML) and HMGB1, have been identified as ligands for 

RAGE.  The polyQ mutant huntingtin (Htt) protein was also selected to be examined as a ‘candidate’ 

ligand in the current study. S100B, when secreted into the extracellular space, behaves like a 

neurotrophic factor (nanomolar level) or causes neurotoxicity (micromolar level) in a concentration-

dependent manner. Due to the dual functions of S100B, and the expression of RAGE in the SEL and CN, 

S100B was selected to be examined as a potential ligand for RAGE in the HD striatum. Additionally, as 

S100B is abundantly expressed in the CNS, particularly in astrocytes which also strongly expresses 

RAGE (Ma & Nicholson, 2004), these proteins might interact with each other to produce cellular effects 

in astrocytes or nearby neurons. AGEs are the proteins or lipids that become glycated by a non-

enzymatic reaction after exposure to carbohydrates. AGEs are known to accumulate with aging, and 

since HD is a late-onset disease, the elevated level of AGEs may induce oxidative stress and 

inflammation, via RAGE, producing harmful effects that could result in neurodegeneration in HD. One 

of the most common binding sites for RAGE expressed on proteins or lipids modified by non-enzymatic 

glycation is N-carboxymethyllysine (CML; the terms AGEs and CML will be used interchangeably). 

HMGB1 is also a candidate ligand for RAGE in HD because of its role in many physiological processes 

such as proliferation, migration and differentiation, in addition to pathological processes such as 

inflammation. It will be interesting to study if HMGB1, frequently found only in nuclei, is released from 

cells into the extracellular space under the pathological conditions of HD, which would enable it to freely 

bind to RAGE. Studies have shown that HMGB1 can be passively released from cells undergoing necrosis, 

and from apoptotic cells (Kazama et al., 2008; Rovere-Querini et al., 2004; Yamada et al., 2011). In 

addition to the classic ligands selected for the investigation, the possibility of the mutant huntingtin 

(polyQ) protein being a ligand for RAGE in HD was also examined, based on the findings described in 
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Chapter 1: Introduction, page 30. As the mutation for the huntingtin protein is often referred as polyQ 

expansion, the terms huntingtin (Htt) and polyQ proteins will be used interchangeably. The β-amyloid, 

Mac-1 and other emerging ligands for RAGE (as listed in page 21) were not investigated in this study 

because they are not thought to be directly relevant to the molecular mechanisms of HD. To assess the 

receptor-ligand interaction of RAGE, double-labelling IHC was performed on post-mortem fixed HD 

brain tissues. Double-labelling IHC, analysed using confocal laser scanning, is a common method for 

estimating the proximity of two different proteins present in the same tissue. It exploits the property of 

receptor and ligand proteins being located in close proximity, therefore, displaying a similar pattern of 

distribution or so-called ‘colocalisation’ of staining within cells. Colocalisation is defined as the 

presence of two or more different molecules residing at the same physical location in a cell, most likely 

interacting with one another (Berggard, Linse, & James, 2007; Caballero et al., 2002). Other methods 

that are often used for examining protein-protein interaction such as Co-IP and pull-down assays 

require the preparation of cell extracts, which may not preserve the physiological conditions under 

which proteins may interact in a true cellular environment. Therefore, colocalisation study is 

frequently used in conjunction with other techniques to characterize protein-protein interactions in a 

true mammalian environment (Promega). Previously Perrone and his colleagues (2008) showed that 

the immunostainings for RAGE and S100B in Schwann cells overlapped, which was confirmed  by Co-IP 

indicating the binding of RAGE with extracellular S100B (Perrone, Peluso, & Melone, 2008). The 

colocalisation of RAGE and CML was also reported in the subfoveal membranes, and their interaction 

was thought to contribute to the age-related macular degeneration (Hammes et al., 1999). Moreover, 

the close interaction of RAGE and β-amyloid peptides shown by colocalisation as well as Co-IP studies 

led to the neuronal internalization in hippocampal pyramidal cells in the brains of Alzheimer’s disease 

transgenic mice (Takuma et al., 2009). The colocalisation of RAGE with CML and HMGB1 was also 

reported in human sural nerve in an investigation of human peripheral neurophathies (Juranek et al., 

2013).  

Since the receptor-ligand interaction of RAGE with S100B, AGEs, and HMGB, has previously been 

confirmed by a number of studies, the present study focused on the simple assessment of the likelihood 

of their interaction taking place in HD brains, based on the degree of their colocalisation. Also, it aimed 

to provide indirect evidence of the probability of polyQ proteins being a ligand for RAGE in HD brains, 

in the same way that β-amyloid peptide binds RAGE in AD brains. 

Validating the specificity of antibodies targeting RAGE and its ligands, prior to the double-labelling IHC, 

was an absolute necessity as the reliability of the IHC is primarily dependent upon the specificity of 

antibodies. The validation of antibodies was tested by western blot and single-labelling DAB IHC 

methods.  
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3.2 Validation of Antibodies  
The specificity of the antibodies to be used for the double-labelling IHC study was examined by performing 

a series of western blot and single-labelling IHC using appropriate positive and negative controls. The result 

from the single-labelling DAB IHC was useful for determining the optimum experimental conditions of each 

antibody to be used for fluorescent double-labelling IHC. The target proteins for antibodies that were 

subjected to validation were RAGE (Meridian Life Science, Q2B710G), S100B (Millipore, 04-1054), CML 

(Transgenic Inc., KAL-KH011), HMGB1 (Abcam, Ab18256) and polyQ (Millipore, MAB1574). The details of 

these antibodies are summarized in Table 1, page 44 in Chapter 2: General Methods and Materials.   

3.2.1 Specific Methods and Materials 

3.2.1.1 Western Blot 

The basic workflow and the materials required for western blot are described in Chapter 2: General 

Methods and Materials on page 32. The protocol used was identical for all target proteins, with the 

exception for the investigation of polyQ protein with a high molecular weight (>350 kDa) using 

alternative reagents to produce more accurate results (Table 4). 

 

Proteins RAGE, S100B, CML and HMGB1 polyQ 

Gel 
NuPAGE® Novex 4-12% Bis-Tris Gels 
(Invitrogen) 

NuPAGE® 3-8% Tris-acetate gels 
(Invitrogen) 

Running 
Buffer 

NuPAGE® MOPS SDS Running Buffer 
(Invitrogen) 

NuPAGE® Tris-acetate Running Buffer 
(Invitrogen) 

Standard 
Precision Plus ProteinTM Standards -  Dual 
Colour (Biorad) 

Hi-Mark™ Pre-Stained Protein Standard 
(Invitrogen) 

Table 4 Reagents used in the western blot for detecting different target proteins 
 

Tissue samples were prepared by homogenizing them using a bullet blender as described earlier in 

Chapter 2: General Methods and Materials. The control samples used for validating the specificity of each 

target protein is given in Table 5. A number of human brain cases were also required to test the reliability 

of results produced by IgG with human brain samples. The protein homogenates collected from human 

brain were also run alongside the control samples in the western blot.  The list of human brain cases and 

their details are summarized in Table 3, page 45 in Chapter 2: General Methods and Materials.  
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Target Positive Control Negative Control 

RAGE Rat Lung 
(wistar rat; lysed with RIPA buffer as described in page 33) 

Human Putamen from a control case 
(lysed with RIPA buffer as described in page 33) 

S100B Human Spinal Cord 
(Adult; lysed with RIPA buffer as described in page 33 ) 

Rat Lung 
(wistar rat, lysed with RIPA buffer as described in page 33) 

CML BSA-AGEs 
(prepared as described in Shaikh et al., (2008)) 

BSA 
(0.75 mM, prepared as described in Shaikh(2008)) 

HMGB1 NT2/D1 cells 
(undifferentiated, lysed with RIPA buffer) 

Human Spinal Cord 
(Adult; lysed with RIPA buffer as described in page 33 ) 

polyQ Motor Cortex from a HD case 
(lysed with RIPA buffer as described in page 33) 

Motor Cortex from a control case 
(lysed with RIPA buffer as described in page 33) 

Table 5 Summary of Control Samples used for IgG validation by western blot  
 

3.2.1.2 DAB Immunohistochemistry  

The immunoreactivity of the selected antibodies used in the IHC application with human brain tissues 

was also assessed by performing simple single-labelling DAB IHC. The protocol for staining human 

brain tissues with DAB method has been described in Chapter 2: General Methods and Material on page 

36. The human brain cases used for the staining are also listed in Chapter 2, Table 3 (page 45).  

3.2.2 Results & Discussion  

3.2.2.1 Validation of anti-RAGE IgG 

The control samples and the human brain homogenates were processed using the standard western 

blot protocol to assess the quality of the given anti-RAGE antibody. For the assessment of the antibody 

specificity, positive and negative controls were run to confirm the presence and the absence of specific 

protein bands (Figure 14A, first two columns). For RAGE, the rat lung tissue and putamen were used as 

positive and negative controls respectively. As shown in Figure 14A, multiple bands of various 

molecular weights were detected. The abundant expression of RAGE in rat lungs was shown previously 

(Song et al., 2011). The rat lung showed a major band at 45 kDa, and two more protein bands at 55 kDa 

and 73 kDa (Figure 14A). The human brain homogenates were also run alongside the positive and 

negative controls to confirm if the antibody was suitable for human brain tissue, and did not produce 

any non-specific binding or interfere with the true immunostaining. Additional supplement evidence of 

the specificity of anti-RAGE antibody shown using the blocking peptide can be found in Appendix B, 

page 150. The human brain homogenates also produced multiple bands detected by anti-RAGE 

antibody, but at slightly different molecular sizes relative to the rat lung samples. In human brain 

samples two protein bands were observed between 45-55 kDa, with two more protein bands at higher 

molecular weights, 105 kDa and 125 kDa, respectively (Figure 14A, arrows). RAGE was not expressed 

as highly in the putamen as in rat lungs. However, a faint band at 49 kDa was observed in the putamen 
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(Figure 14A). When the reducing agent DTT was removed from the sample buffer during preparation 

of samples, RAGE bands at higher molecular weight of 120 kDa were detected from human brain 

samples (Figure 14B).   

The multiplicity of the RAGE protein bands is thought to be due to the existence of many alternatively 

spliced transcript variants encoding multiple isoforms and glycosylated forms of RAGE, with a 

molecular size ranging between 30 and 60 kDa. The full-length RAGE, capable of activating 

downstream signalling pathways upon the binding of ligands, has a molecular weight of approximately 

50 kDa, but this size may vary with glycosylation. The RAGE antibody tested for specificity recognises 

and binds extracellular N-terminal domain of RAGE proteins. Since the full-length and soluble RAGE 

proteins express N-terminal domains, the antibody was capable of detecting both forms of RAGE in the 

given samples.  

RAGE is known to be expressed abundantly by the alveolar epithelial cell types in lung tissues even 

after maturation post-development. Fresh lung tissue was dissected out from mature wistar rats and 

homogenized with lysis buffer as per the standard sample preparation protocol described in Chapter 2: 

General Methods and Materials (page 33). As shown in Figure 14, two strong bands with a molecular 

size of 50 kDa corresponding to two variants of glycosylated full-length RAGE were observed. The faint 

band observed at the size of 73 kDa (Figure 14A, arrowhead) is thought to be either glycosylated full-

length RAGE or a dimeric form of soluble RAGE (Wei et al., 2012). With the exception of lung, the 

expression level of RAGE is down-regulated in most other tissues of homeostatic adults. In this study, 

therefore, the putamen from a control brain was used as negative control from which the level of RAGE 

was expected to be less abundant compared to the rat lung.  
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Figure 14 Validation of anti-RAGE 

antibody  
A Multiple bands were detected in the rat 

lung (positive control) and human motor 

cortices, indicating the presence of multiple 

RAGE isoforms in the given samples. No 

strong band was detected in the putamen B 

Removing DTT from the loading buffer 

increased the intensity of the bands at high 

molecular weights, suggesting that these 

bands correspond to the non-dissociated 

dimeric forms of RAGE. *MtCx = motor 

cortex 

 

 

In addition to the control cases, the motor cortices from two HD human brain samples were also tested. 

RAGE is present in various species, with a high degree of inter-species homology (Neeper et al., 1992; 

Renard et al., 1999; Schmidt et al., 1995). The results showed that HD human brains expressed full-

length RAGE, with a molecular weight varying slightly from the RAGE expressed in rat lung. This 

variation is thought to be due to the difference in species and tissue types. A different type of anti-

RAGE antibody targeting the N-terminus also produced varying sizes of protein bands for RAGE from 

lung tissue samples extracted from different species (Cell Signalling; Cat #4679, image provided on the 

website) The faint band observed at 49 kDa in the putamen was also detected in both motor cortical 

samples from human brain, but the intensity was much stronger. Overall the intensity and the number 

of protein bands were shown to increase in HC85 and HC107, in comparison to the putamen. This 

could be either due to the regional difference, or the pathological state. For example, the increase in the 

number of RAGE-positive bands in the Alzhemer’s disease brains relative to the control case has also 

been reported previously (Pamplona et al., 2005).  Findings are also consistent with common 

knowledge that the expression of RAGE is elevated not only during development, but also in many 

pathological conditions.    

The bands for RAGE observed at higher-than-normal molecular weights between 100-150 kDa (Figure 

14A, arrows) were thought to be dimeric forms of RAGE that were not completely dissociated during the 

lysis and western blot procedures. To confirm this, the western blot analysis was performed with the 

same human motor cortex tissues, with the omission of the reducing agent dithiothreitol (DTT) from the 
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loading buffer. DTT is usually added to the samples to keep the proteins in a reduced state by 

quantitatively reducing disulfide bonds. As the disulfide bond at extracellular C2 domain of RAGE is an 

important chemical structure that stabilizes the dimers, it was hypothesized that omitting DTT from the 

loading buffer may ‘save’ a larger portion of RAGE proteins from becoming reduced, preserving them in 

their natural dimeric state. As a result, the protein bands of higher molecular weights of 100-150 kDa 

were stronger after removing DTT suggesting that the faint bands shown in Figure 14A may actually be 

RAGE dimers (Figure 14B). 

In many cases, specific immunoreactivity of an antibody in one application such as western blot does 

not necessarily guarantee good quality results in other immuno-procedures. Therefore, following 

western blot, the validity of the RAGE antibody in IHC was also assessed by immunostaining of post-

mortem fixed human brain tissues. Consistent with previous results (Ma & Nicholson, 2004), the DAB 

IHC analysis showed the abundant expression of RAGE in the caudate nucleus (CN) of control and HD 

brains (Figure 15). The staining was strongest in the subependymal layer (SEL) and the medial CN, 

with the number of cells, as well as the intensity of the staining, reduced in more lateral CN regions. In 

comparison with a control case (H198; Table 3, page 45), increased numbers of cells were observed in 

the Grade 4 HD case (HC 116; Table 3, page 45)as seen in Figure 15 (small arrows). The medio-lateral 

regional staining pattern of the human CN and the increase in the number of RAGE-positive cells from 

control to HD case were consistent with observations reported previously by Ma&Nicholson (2004).    

Figure 15 Human control and HD CN stained 

with anti-RAGE IgG  
The black arrowhead indicates the myelin layer 

that separates the SEL from the CN. The RAGE-

positive cells in the CN are indicated with small 

arrows. IHC with the given anti-RAGE IgG showed 

that the number of RAGE-positive cells and the 

intensity of RAGE staining increased in the G4 HD 

case (HC116), in comparison with the control 

(H198). The immunostaining for RAGE was most 

extensive in SEL and the adjacent medial CN.    
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3.2.2.2 Validation of anti-S100B IgG 

In order to assess the specificity of the given S100B antibody, the human spinal cord was used as a 

positive control, and the rat lung was used as a negative control. The capability of the antibody to bind 

S100B in human brain samples was also tested by running two human brain samples: human cingulate 

gyrus from control and HD cases. A single specific band at 10 kDa was detected in the spinal cord and 

the human cingulate gyri. However, no S100B-specific band was observed in the rat lung. The 

background was clean, with no sign of non-specific binding (Figure 16).  

 

Figure 16 Validation of anti-S100B antibody  
A single specific strong band was detected in each of the positive 

control and human brain cases. No such band was detected in the rat 

lung (negative control).  *CG = cingulate gyrus 

 

A single band at 10 kDa for S100B was detected by western blot. This band corresponds to the 

monomeric S100B protein, with a variable molecular weight between 9-14 kDa. While, endogenous 

S100B acts on RAGE more effectively in multimeric forms such as tetramers, due to the denaturing and 

dissociative heating conditions of western blot, the bonds forming multimeric forms – either disulfide or 

non-covalent bonds – were broken, and thus, only monomeric S100B was detected. Since S100B is a 

marker used to study astrocytes (although, it is expressed in other cell types in the CNS such as neurons 

and microglia), the abundant expression of S100B in spinal cord and human brains samples was as 

expected. In contrast, S100B could not be detected by western blot in rat lung samples, in agreement with 

a previous study (Zimmer, Chessher, Wilson, & Zimmer, 1997). The immunoreactivity of the given S100B 

antibody for S100B proteins in human brain tissues was also investigated in human cingulate gyrus 

obtained from a control and a HD case. These human brain samples also showed high levels of expression 

similar to that of spinal cord. However, there was no observable difference in the level of S100B between 

the control and HD. Overall, the western blot results showed that the given S100B antibody produced 

clean blots with single specific bands at 10 kDa, corresponding to the known molecular size of S100B 

protein. Following the western blot analysis, IHC using the DAB protocol was performed in order to 

validate the use of S100B for IHC with human tissues.  The S100B antibody that labelled the correct 

bands in western blot also labelled cells in IHC procedures as shown in Figure 17. The majority of S100B-
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positive cells exhibited star-shaped astorocytic morphology (Figure 17, arrow heads) in human tissue. In 

both control and grade 4 HD CN, the expression of S100B was strong and specific to cells, and the 

background clean with low levels of non-specific staining. The S100B-positive star-shaped cells, thought 

to be astrocytes, were often observed as clusters around blood vessels (Figure 17, arrows). The intensity 

of S100B staining appeared to increase in a grade dependent manner, from control to grade 4 HD 

(HC116, Table 3, page 45). 

 
Figure 17 DAB immuno-staining of human CN with anti-S100B IgG 
The anti-S100B antibody showed clean and specific binding to S100B proteins in human brains. S100B staining was 

found mostly in cells of astrocytic morphology. Moreover the intensity of staining appeared to increase from control 

(H198) to grade 4 HD (HC116).  

3.2.2.3 Validation of anti-CML IgG 

In the current study, BSA was glycated and modified to express AGEs epitopes. The modification and 

the purification of BSA-AGEs were carried out as per the protocol described in Shaikh et al., (2008). 

Unmodified BSA was used as a negative control. Western blotting with AGEs resulted in smear-like 

staining of proteins above 60 kDa as previously shown (Howes et al., 2004) with major bands at 60 kDa 

and 150-200 kDa (Figure 18, arrowheads). The molecular weight of BSA is 66 kDa. The BSA-only 

negative control, by contrast, did not show any specific protein staining. The quality of the same anti-

CML antibody for the endogenous CML-modified proteins was also examined in the human cingulate 

gyrus samples prepared from two control cases of the same sex (female), but different ages. Tissue 

from the more aged brain (H137) showed a strong and clear single band at 65 kDa (Figure 18, arrow), 

whereas, the younger case (H127) showed no protein labelling. The overexpression of CML-modified 

proteins in the more aged brain is consistent the accumulation of AGEs with age. The detection of 

single bands for CML-modified proteins has also been previously reported in a study analysing protein 

samples from the CNS of different age groups. In this study, the antibody specifically binding CML, 

showed reduced multiplicity in the protein bands, in comparison to the antibody binding to all types of 

AGEs in CNS brain samples (Freixes, Rodriguez, Dalfo, & Ferrer, 2006; Shang et al., 2010).  
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The given anti-CML antibody recognizes the epitope presented on the protein that has been post-

translationally modified by the non-enzymatic glycation process. Therefore, the assessment of 

antibody specificity based on the molecular size of protein is not applicable for the given anti-CML 

antibody, as it recognizes any type of protein of any molecular size that has been modified. Therefore, 

the pattern of protein staining may vary depending on the protein sample: it can appear as either 

specific single/multiple bands, or a big smear. Many studies have previously shown that when proteins, 

such as RAGE and AGEs,  are glycosylated, the western blot bands may appear as a smear, or a broad 

band of multiple bands, due to the heterogeneous nature of glycosylation, and oligomer cross-linking.  

Figure 18 Validation of anti-CML antibody 
The BSA-AGEs was detected as a smear with the given anti-CML antibody 

with two major bands at 60 kDa and 150-200 kDa. No CML-specific 

staining was found in BSA alone. A single specific band at 65 kDa was 

found in one out of two human cingulate gyrus samples tested.  The age 

of the case from which the CML-positive sample was taken was 77 years 

old, whereas the sample that did not show any CML-specific band was 

taken from a 59-year-old. Both brains were from females.  *CG = 

cingulate gyrus 

 

 

 

The DAB IHC with human tissues and the given anti-CML antibody showed strong and specific staining 

of cells with astrocytic morphology. The level of staining increased between the control and HD, and 

was stronger in the SEL and the medial CN, in comparison to the lateral regions. Overall, the staining 

pattern of CML was similar to that of RAGE (Figure 19). 
 

Figure 19 DAB staining of 

human CN tissues for CML  
Most of CML-positive cells had 

astrocytic morphology, and the level 

of staining increased from control to 

HD CN. (scale bar = 20µm) (Control 

H214; Grade 1 HC113) 
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3.2.2.4 Validation of anti-HMGB1 IgG 

For the assessment of anti-HMGB1 antibody, protein homogenates collected from undifferentiated NT2/D1 

cells and adult spinal cord were used as a positive and a negative control, respectively. As shown in Figure 

20, a strong specific protein band at 32 kDa was detected from the undifferentiated NT2/D1 cells. The 

quantity of HMGB1 is considerably lower in the spinal cord and brain homogenates. HMGB1 is highly 

conserved across various species, and expressed at a constantly low level in most types of cells under 

physiological conditions. However, the HMGB1 expression is known to be upregulated during development, 

as well as in tumorigenic cells. NT2/D1 cells originate from the embryonic teratocarcinoma cell line, and 

have the potential to differentiate into neurons following treatment with retinoic acid and mitotic 

inhibitors. A strong, single specific band at the size of 32 kDa was observed, in proteins extracted from 

undifferentiated NT2/D1 cells, corresponding to the known molecular weight of HMGB1 (Figure 20).  In 

contrast, the expression of HMGB1 in the CNS of human adult tissues, such as spinal cord and the cingulate 

gyri, was maintained at low basal levels, relative to the embryonic cell line (shown as faint bands in Figure 

20). There was no observable difference in the level of expression of the HMGB1 proteins between the 

cingulate gyri of control and HD cases.  
 

Figure 20 Validation of anti-HMGB1 antibody 
A strong specific protein band at 32 kDa was detected from the 

undifferentiated NT2/D1 cells with anti-HMGB1 IgG. However, the 

expression was considerably lower in the homogenates collected 

from adult spinal cord and human brains. *NT2/D1 = 

undifferentiated NT2/D1 cell line; CG = cingulate gyrus 

 
 

 

Moreover, DAB staining with the HMGB1 antibody showed high expression of HMGB1 in nuclei across 

control and HD brains (Figure 21). This is consistent with our knowledge of HMGB1, since HMGB1 is the 

DNA-associated non-histone nuclear protein that participates in transcription regulation.  

Figure 21 DAB staining of human HD CN with anti-

HMGB1 antibody  
The staining for HMGB1 with the given anti-HMGB1 antibody 

is mostly nuclear. The immunostaining pattern was observed 

to be similar for both control and HD cases.   
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3.2.2.5  Validation of anti-polyQ IgG 

In order to validate the specificity of the anti-polyQ (or anti-huntingtin) antibody, the human motor 

cortex from a control and a HD case were homogenized and prepared as a negative and a positive 

control, respectively. A large quantity of mutant htt with a molecular size above 250 kDa was detected 

from HD brain. No band was seen in the normal case. There was also a faint band seen at 

approximately 150 kDa in the HD motor cortex, and is thought to correspond to a fragment of mutant 

htt (arrowhead, Figure 22A). The size of normal length of huntingtin protein is 350 kDa. Therefore, the 

mutant huntingtin protein with expanded CAG repeats has a molecular size greater than 350 kDa. The 

exact molecular weight of the mutant protein is dependent on the length of the repeats.  

Figure 22 Validation of anti-polyQ antibody 
The motor cortex from HD and normal brains was used as a 

positive and a negative control, respectively, for the 1C2 anti-polyQ 

antibody. A A strong protein band above 250 kDa was detected. A 

smaller band around at 150 kDa, which is thought to correspond to 

the fragment of mutant htt, was also detected. B An additional 

western blot trial with altered experimental conditions showed 

that the exact size of the mutant htt detected in the given sample is 

within the range of 400-500 kDa.   *MtCx = motor cortex 

 

 

The protein standard used as a reference for the molecular weight has the maximum of 250 kDa. Thus, it was 

necessary to run an additional western blot with alternative conditions to more accurately determine the size 

of the polyQ proteins detected. The running conditions for the protein were modified to accommodate 

proteins of large molecular size. These altered experimental conditions are described in Table 4 (page 48). 

The results showed that the size of mutant proteins expressed in HC85 is between 400-500 kDa. The band 

was not a single sharp band, but a smear with strong intensity within the range above 400 kDa (Figure 22B).  

Since the first discovery of mutant htt, a diverse array of anti-mutant htt antibodies has been developed. It is 

important to consider the objective of each study, prior to making a decision on the most appropriate anti-

htt antibody to be used: to detect either mutant or natural htt, or both, and if one wants to detect mutant htt 

in its soluble form, or in inclusions. For the purpose of the current experiment, the 1C2 antibody was 

selected for its ability to recognize and bind the expanded CAG repeats. It binds preferentially to an 

expanded CAG repeat sequences against the expanded repeat of TBP (TATA binding box protein), but it is 

also capable of recognising inclusions that contain mutant htt. Considering that the β-sheet structure, 

formed through ‘polar zipper’ interactions between proteins during aggregation, can be a binding site for 
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RAGE, the ability of 1C2  to recognize and bind mutant htt in inclusions was considered to be most 

appropriate in meeting the aims of the current study. The comparative data of various anti-htt antibodies 

(1C2, P1874, HN1/675, EM48) that recognize mutant inclusion htt proteins were summarized by Carolyn 

Mitchell (Centre for Brain Research, University of Auckland; unpublished). Of these antibodies that have 

been listed, 1C2 worked most effectively, producing the most accurate staining results. The 1C2 antibody, 

used for mutant htt or polyQ antibody detection, recognizes the epitope formed from the expansion, 

therefore, binding to the mutant form of the htt protein alone. The specificity of 1C2 antibody for mutant htt 

over TBP was confirmed when the western staining of the 1C2 antibody and TBP-specific antibody 

produced no overlapping protein bands (data not shown). The 1C2 antibody was raised against the N-

terminus of TBP that contains the CAG repeats, if the repeat number is greater than 38. The structure of the 

mutant htt protein and the binding site of 1C2 are depicted in Figure 23. The control brain tissue also 

expressed the htt protein, but since it does not have the mutant expansion repeats that act as the binding 

epitope for the given 1C2 antibody, no protein band was detected in the western blot analysis (Figure 22).  

 

 
Figure 23 Structure of a huntingtin protein and a binding site of 1C2 antibody 
1C2 antibody recognizes the polyQ region of mutant htt that originates from the TATA-box binding protein. 
 

The DAB IHC staining of the human HD brains showed a similar pattern of mutant polyQ expression as 

previously reported. As shown in Figure 24, which summarizes the staining pattern of grade 4 HD 

striatum (HC116, Table 3, page 45 in Chapter 2) and the nearby cortical area (basal portion of the frontal 

lobe), various types of cells were positively immunostained with the IC2 antibody, showing intracellular 

accumulation of mutant polyQ. Nuclear, cytoplasmic and dendritic staining was evident in many cells, and 

a number of different cell types were identified. The most abundant positively stained cell type seen in 

the cortical area was typical of pyramidal projection neurons, with a triangular shaped cell body and a 

prominent apical dendrite, in addition to two to three processes emerging from the basal surface (Figure 

24 arrowheads). A bipolar cell morphology that is commonly displayed by interneurons (Figure 24, 

arrows) was also seen. Combinations of various nuclear and cytoplasmic staining patterns were also 

observed (diffuse/aggregate/diffuse and aggregated staining patterns in nuclei/cytoplasm) in the cortex 

(Figure 24), as reported previously by Herndon (2009). As indicated with small arrows ( ) in Figure 24, 

many small, dense ‘speckles’ were observed within or outside the nucleus of the cells. The striatum is the 
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site of initial cell death in HD, and therefore constitutes one of the key areas of research focus in 

understanding the pathology of HD. The caudate nucleus demonstrated a considerable number of 1C2-

immunoreactive neurons, but this was not as abundant as in the cortical area. This is thought to be due to 

extensive neurodegeneration of neurons, containing polyQ inclusions, which has already occurred with 

the progression of the disease in the grade 4 HD brain CN. While various combinations of nuclear and 

cytoplasmic staining patterns were observed, overall the cytoplasmic staining tended to be more 

aggregated than diffuse. All the observations made following immunostaining with 1C2 antibody in 

cortex and striatum were consistent with the previous summary reported in 2009 (Herndon et al., 2009). 

 
Figure 24 Immunostaining pattern of grade 4 human HD brains with 1C2 anti-polyQ antibody  

The basal portion of the frontal lobe and the striatum from grade 4 (HC116) HD brain was positively immunostained 

with the 1C2 antibody is shown. Numerous types of polyQ-positive neurons were observed in both regions, but the 

level of staining was higher in the cortical region. Not only were different cell types positively stained, but a diverse 

pattern of staining was also found in the cells. The cells were labelled according to the following denotation:  
 

Arrowhead:     pyramidal neurons (projection neurons) 

Big Arrow:       bipolar neurons  

Small arrow:  neuropil/nuclear small inclusions 

         *                 diffuse nuclear/diffuse cytoplasmic 

                       diffuse&aggregated nuclear/diffuse cytoplasm 

                      diffuse&aggregated nuclear/aggregated cytoplasm 
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3.2.3 Conclusion 

In conclusion, all the antibodies examined for their specificity, RAGE, CML, HMGB1, S100B and polyQ, 

showed specific immunoblotting results with protein bands at the size that was expected from 

previous observations/general knowledge about the proteins. The multiplicity and the smearing of 

bands for RAGE and CML could be explained by the glycosylation of the protein, and the presence of 

multiple isoforms in the samples. All the antibodies produced minimal non-specific background. The 

positive and negative controls selected for each antibody produced strong and weak/no bands, 

respectively, as anticipated. The staining was also reliable with human brain samples. The IHC with 

DAB staining produced specific cellular staining with clean background. Therefore, all the antibodies 

were considered to be appropriate for further use in double-labelling IHC. 

 

3.3 Assessment of Potential Ligands for RAGE in Huntington’s Disease 

Following antibody validation, double-labelling fluorescent IHC was performed on post-mortem fixed 

HD brain tissues to identify the ligands for RAGE based on the degree of similarity of their staining 

patterns.  

For the fluorescent IHC, the optimization of the dilution of sudan black B (SBB), as well as the negative 

control staining trials excluding the primary antibody incubation, were necessary to improve the quality of 

the results by diminishing non-specific background staining,  enabling discrimination of true staining. 

Autofluorescence is the natural light emitted from endogenous biological structures. Interference by 

autofluorescence is one of the major issues of immunofluorescence analysis of in situ hybridization-based 

diagnostic assays. It is critical to eliminate autofluorescence as it can be mistaken for the specific antibody-

produced signals. One of the most abundant sources of autofluorescence in human brain tissue is the 

formation of lipofuscin. Lipofuscin, also known as age-pigments, is the fine granular yellow-brown pigment 

granules composed of intracellular secondary lysosomes. They have a yellow autofluorescent emission 

when excited by near ultraviolet or blue light (Katz & Robison, 2002). Lipofuscin is membrane-bound 

cellular waste that can be neither degraded nor ejected from the cells, but can only be diluted through cell 

division. All the postmitotic cells are known accumulate lipofuscin, and therefore it has been considered as a 

reliable biomarker for estimating the age of neurons. The prevailing hypothesis is that the major source of 

lipofuscin is incomplete lysosomal degradation of damaged mitochondria. Accumulating evidence suggests 

that lipofuscin is not benign, and that it can impair the functioning of seemingly unrelated cellular systems, 

including the ubiquitin/proteasome pathway. A damaging feedback loop of lysosomal and proteasomal 

inhibition may occur as lipofuscin accumulates, leading to what has been appropriately named a ‘garbage 

catastrophe’ (Gray & Woulfe, 2005). Other than lipofuscin, red blood cells are also known to emit 
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autofluorescent signals. However, since the location of blood cells is restricted to the blood vessel, the 

probability of autofluorescent blood cells interfering with immunofluorescent signals of target proteins is 

negligible. In the current study, appropriate dilution of SBB was determined, and used to treat 

immunofluorescently-labelled tissues to reduce autofluorescence, thus, improving the quality of staining.  

In addition to autofluorescence, non-specific binding of secondary antibodies to non-target proteins can 

also be mistaken as true signals. The background staining from the secondary antibodies can originate 

from the insufficient blocking, cross-reactivity of the secondary antibodies with endogenous 

immunoglobulins, inadequate washing, or inadequate dilution of secondary antibodies. To examine if the 

given IHC protocol successfully reduces the background from random secondary antibody binding, 

tissues were processed as per the standard IHC procedure, but without the binding of any primary 

antibody. The results from these negative staining trials were used as a negative reference to 

discriminate the positive immunofluorescent staining from the false secondary antibody binding signals.  

3.3.1 Specific Methods and Materials 

3.3.1.1 Double-labelling Fluorescent IHC  

A total of 5 cases (one case per grade from control to grade 4) was selected and used for studying the 

similarity of staining patterns between RAGE and its potential ligands. The cases used for the double-

labelling IHC were: H191 (control), HC132 (Grade 1), HC120 (Grade2), HC139 (G3), and HC116 (G4). 

Details of each case are summarized in Chapter 2: General Methods and Materials on Table 3, page 45. 

The tissues were prepared and processed according to the standard fluorescent IHC protocol as 

described in Chapter 2, page 35. The list of antibodies used is summarized in Table 1 and 2, page 44-45  

For antigen retrieval, the tissues used to detect S100B and HMGB1 were treated with citrate or citric 

acid buffer, and formic acid was used for tissues used to detect CML and polyQ. Neither of the antigen 

retrieval methods made a difference to the specificity and the intensity of RAGE staining, so the tissues 

were treated with either citric acid or formic acid, according to the ligand with which RAGE was co-

labelled. The specificity of all four primary antibodies was confirmed using the previous ligand 

validation assessment. For consistency, the RAGE protein was labelled green (Alexa fluoro ® 488) and 

the ligands were labelled red (Alexa fluoro ® 594). The primary and the secondary antibodies were 

diluted in the same immunobuffer, and were incubated with tissues in a cocktail as their host species 

were not the same.  
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3.3.1.2 Confocal Microscopy 

Following IHC, the tissues were imaged using the Olympus FV1000 confocal microscope. Detailed 

methodology of using confocal microscope for imaging fluorescently labelled tissues is described in 

Chapter 2: General Methods and Materials, page 37.  

3.3.1.3 Reducing the Autofluorescence and Discrimination of Background 

The fluorescent immunostaining proteins in fixed tissues in situ are often associated with background 

signals, and therefore, it is important to eliminate or reduce the non-specific staining to an extent that it 

does not interfere with the true staining. There are two major factors that may cause background staining 

in fluorescent IHC on human tissues: autofluorescence, and non-specific secondary antibody binding.  

3.3.1.3.1 Determining the optimum concentration of Sudan Black B for autofluorescence treatment 

Treating tissues with Sudan Black B (SBB) is considered as a useful technique that reduces 

autofluorescent background without affecting the tissue integrity, or direct immunofluorescent signals in 

brain sections. Oliveira et al. (2010), reported that out of 6 different protocols tested, SBB was the best 

approach to reduce and eliminate autofluorescence and background staining, while preserving the 

specific fluorescent hybridization signals. A commonly applied solution is 0.1% of SBB diluted in 70% 

ethanol. However, the ideal concentration may vary depending on the condition of each experiment. It 

was important to find the dilution that reduces autofluorescence maximally, while maintaining the 

brightness of the true signals. Therefore, in order to optimize the concentration of Sudan Black, a series of 

SBB concentration was applied on human brain tissues: 0%, 0.1%, 0.2%, 0.5% and 1% (all diluted in 70% 

ethanol). The tissues were processed as per the standard IHC protocol, with anti-S100B antibody and 

anti-rabbit A594 secondary antibodies. Therefore, red staining in the tissues indicated the true signal 

originating from anti-S100B antibody, and any green and yellow signals were regarded as 

autofluorescent emission.  

3.3.1.3.2 Discriminating Non-specific Background Signal from Secondary Antibody Staining 

For the negative control staining, a control and a grade 2 HD case were used, and images from both SEL 

and CN regions were taken. Tissues were treated with either citric acid or formic acid to examine any 

effect of the antigen retrieval method on the non-specific binding of secondary antibodies. All tissues 

were treated with SBB 0.2% before mounting.  
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3.3.2 Results 

3.3.2.1 Dilution of SBB was optimized to be 0.2%  

As shown in Figure 25, there was an overall decrease in the level of autofluorescent signals (mostly 

emitted from lipofuscin) in tissues that were treated with increasing concentrations of SBB. The tissues 

treated with no SBB showed strong staining of cells, but also showed a high level of lipofuscins (and red 

blood cells; arrowheads, Figure 25A).  When tissues were treated with increasing dilutions of SBB, while 

the true signals became relatively weak, the level of lipofuscin autofluorescence was also reduced, as 

shown by tissues treated with 0.5% and 1% SBB (Figure 25C). Based on the results in Figure 25, 0.2% 

SBB was determined to be the most appropriate concentration for the current study, as it retained 

specific and strong signals, while also significantly reducing the level of autofluorescene (lipofuscin 

within cells indicated with arrowheads, Figure 25B). The staining patterns produced by 0.1% and 0.2% 

SBB were similar, but the level of lipofuscin was higher in 0.1% SBB-treated tissues. Autofluorescence 

was significantly reduced with >0.2% SBB, however, this also decreased true staining.  

3.3.2.2 Negative Control Immunostaining confirmed the Specificity of Primary Antibodies  

As shown in Figure 26, except for a few random non-specific signals from lipofuscins and blood cells, the 

tissues were generally clean, without any significant background staining. Therefore, it was determined 

that any non-specific staining due to the random binding of secondary antibodies was negligible.  
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Figure 25 Dilution Series of Sudan Black B for Optimization 

Grade 2 HD Human brain tissues treated with varying dilutions of SBB are shown. Anti-S100B primary antibody and 

A594-conjugated secondary antibody were used. A Tissues treated with no SBB displayed not only a strong 

immunostaining, but also a high level of autofluorescence emitted from lipofuscins. In a tissue double-labelled for 

S100B (red) and GFAP (green), shown in the orange box, the level of true immunostaining was strong, but a large 

amount of lipofuscin was also observed around the cells. Tissues treated with 0.1% SBB showed strong signals. 

However, the prevalence and the intensity of lipofuscin were still high. B The signals from lipofuscin were greatly 

reduced in tissues treated with 0.2% SBB, and the immunostaining for S100B still appeared specific and strong. C 

Tissues that were treated with >0.2% SBB dilutions (0.5% and 1%) showed reduced autofluorescence, but also 

weaker immunostaining signals. (arrowheads = lipofuscin / arrows = blood cells) (Grade 1 HC132) 
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Figure 26 Negative Controls to discriminate secondary antibody-mediated background staining  
A The specificity of donkey-α-Goat A488 (green) secondary antibody was assessed by labelling the tissues with 

secondary antibody only. The staining was clean with no obvious level of cellular staining except for a few regions of 

lipofuscin stainings that were observed more frequently in citrate buffer-treated tissues. B The tissues with either 

A594 (red) or A647 (far red) secondary antibody-only staining were clean except for a few regions of lipofuscin 

stainings, which were seen more frequently with citrate buffer treatment. (abbreviation: A.R = Antigen Retrieval) 

(Grade 1 HC132) 
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3.3.2.3 RAGE-positive cells in the CN and the SEL 

The expansion of the SEL in HD was observed, as previously described in a study investigating the 

histochemical changes in the HD SEL in relation to normal brains (Figure 27) (Curtis et al., 2007). The 

yellow arrow in Figure 27 indicates the putative location of the myelin layer that delineates the SEL 

and CN. In addition to the width of SEL, the region occupied by RAGE-positive cells also changed in HD. 

In control and early grades, RAGE-positive cells were found mainly in the SEL and medial CN (adjacent 

to SEL). However, with increasing grade, the region occupied by RAGE-positive cells expanded more 

laterally into the CN. As shown in Figure 27, in both SEL and CN, the number of RAGE-positive cells, in 

addition to the intensity of RAGE staining, increased with the pathological grade (Figure 27). Moreover, 

the RAGE-positive cells were observed more frequently in the ependymal layer, in brains with higher 

pathological grades, relative to controls (Figure 27). RAGE was also expressed more dominantly in cells 

with astrocytic morphology. The identity of the cells expressing RAGE, however, needs to be confirmed 

by further studies using cell type specific markers (discussed further in Chapter 4). Finally, RAGE-

positive speckles were observed frequently outside the cell bodies that could not be eliminated with 

autofluorescent blocking or other background control treatments (Figure 27, arrow heads) 

 
Figure 27 Lateral expansion of SEL and the staining of RAGE in HD   
The width of SEL expanded more medially with increasing HD grade, as indicated by the change of the location of 

myelin layer highlighted with yellow arrows. The RAGE-positive speckles could not be removed by background 

control treatment, and therefore, its identity remains unknown. RAGE-positive cells are labelled green, and nuclei are 

labelled blue with Hoechst stainings (white arrows).  (Control H198; Grade 2 HC120; Grade 4 HC106) 
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3.3.2.4 Double-labelling IHC for RAGE and S100B  

Double-labelling IHC for RAGE and S100B demonstrated a high degree of similarity in their pattern of 

staining in both SEL and CN. This suggests that S100B is likely to be an important ligand for RAGE in 

HD brains. Both proteins were strongly expressed in cells with astrocytic morphology (Figure 28A). 

However, while S100B was expressed constantly in astrocytic cells throughout the entire SEL and CN 

area, the frequency and the intensity of RAGE staining decreased in the medio-lateral direction. S100B 

was expressed in various subcellular locations such as nuclei, cell bodies and processes, whereas RAGE 

was not present in the nuclei of most cells (Figure 28A, arrowheads). Although their expression 

overlapped considerably, not all RAGE-positive cells were S100B-positive. S100B was absent in 

endothelial cells, and a large number of cells that were weakly RAGE-positive were S100B-negative 

(Figure 28B, arrows). These cells with weak RAGE expression and large nuclei were thought to be 

neurons, whereas the strong RAGE- and S100B-positive cells with numerous processes and relatively 

small nuclei were thought to be astrocytes. The RAGE+S100B-positive astrocytic cells (arrowheads) 

surrounding RAGE-positive endothelial cells (small arrows) are shown in Figure 28B.   

S100B was expressed by many ependymal cells, but the intensity and the frequency of S100B-positive 

ependymal cells, unlike RAGE, did not show any significant change with increasing HD grade. Moreover, 

cells expressing only RAGE and not S100B were also observed, as indicated by a small arrow in Figure 

28C. Cells co-expressing RAGE and S100B are labelled with arrowheads (Figure 28C).   
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Figure 28 Human HD CN double-labelled for RAGE (green) and S100B (red)  
A In the human CN in HD, most cells with the star-like astrocytic morphology were strongly positive for RAGE and 

S100B. Both RAGE and S100B are expressed in cell bodies and processes.  S100B was also expressed in the cell nuclei, 

but RAGE was absent (merged view). B  Various types of cells were shown to be RAGE-positive, such as astrocytes 

(arrowheads), neurons (big arrows), and endothelial cells (small arrows).  C Ependymal cells that are both RAGE- 

and S100B-positive cells are indicated with arrowheads, whereas some cells expressed only RAGE and not S100B 

(small arrow). (Grade 4 HC106) 
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3.3.2.5 Double-labelling of RAGE and CML 

Similar to RAGE-S100B double-labelling, the staining pattern of CML closely resembled that of RAGE. 

CML was expressed mostly by astrocytic cells (arrowheads), but rarely observed in other cell types 

such as endothelial (small arrows) and neuronal cells (arrows) (Figure 29). Though both CML and 

S100B showed a high degree of similarity with the pattern of RAGE staining, the level of CML was 

weaker and less uniform within the cells than S100B. Moreover, unlike S100B, CML was absent in 

nuclei and ependymal cells.  

Figure 29 Human HD CN double-labelled for RAGE (green) and CML (red)  
The pattern of staining of CML in human CN in HD is similar to that of S100B with high level of colocalisation with 

RAGE in cells with astrocytic morphology. However, CML was absent from nuclei and ependymal cells and its overall 

level of expression was weaker. (Grade 4 HC106) 

 

3.3.2.6 Double-labelling of RAGE and HMGB1 

The majority of cells expressed HMGB1 in the SEL and CN in HD. As shown in Figure 30 by arrowheads, 

a large portion of those HMGB1-positve cells also expressed RAGE. However, despite the number of 

cells co-expressing RAGE and HMGB1, the staining patterns of two proteins were dissimilar, as HMGB1 

was expressed exclusively in the nuclei of all HMGB1-positve cells, whereas RAGE was mainly 

expressed outside the nucleus. HMGB1 was absent in extra-nuclear subcellular locations such as cell 

bodies, dendrites and axons. Additionally, though HMGB1 is a highly conserved protein across all cell 

types, not all cells in the SEL and CN were HMGB1-positive, and some cells lacked nuclear expression of 

HMGB1 (Figure 30, small arrows). A few ependymal cells also expressed HMGB1, but their expression 

did not seem to be related to the RAGE staining, as shown in the small white box labelled with an 

asterisk in Figure 30, showing cells that are only RAGE-positive (small arrow) or HMGB1-positive 

(arrowheads). Ependymal cells that co-expressed both proteins were seldom observed. There was no 

observable difference in the immunostaining pattern of HMGB1 between SEL and CN, and between 

control and HD cases.  
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Figure 30 Human HD CN double-labelled for RAGE (green) and HMGB1 (red) 
The immunostaining of HMGB1 was mostly nuclear, and the level of colocalisation with RAGE was very low. There 

was no difference in the staining pattern observed between two regions (SEL and CN,) and between control and HD 

cases.  The small box shown in the upper corner showed that there was no clear pattern of RAGE and HMGB1 

staining in ependymal cells. (LV = lateral ventricle; SEL = subependymal layer; CN = caudate nucleus) (Grade 4 

HC106) 
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3.3.2.7 Double-labelling of RAGE and mutant htt  

PolyQ-positive cells were frequently observed in the CN of HD brains, as expected. The immunostaining 

for htt or polyQ was found mostly in the nuclei (Figure 31, arrowheads), and occasionally also in cell 

bodies (Figure 31, arrows). The mutant huntingtin inclusions in aggregated forms were seen 

occasionally in the cytoplasm (  in Figure 31). Nuclear foci of high intensity staining were also 

observed in many polyQ-positive cells (Figure 31, small arrow). Although a considerable number of 

cells expressed polyQ, the co-expression of RAGE and polyQ was very rare. RAGE-positive cells lacking 

the polyQ staining are indicated with asterisks in Figure 31. Therefore, though the expression level of 

both proteins was high in the CN in HD, the pattern of their immunostaining was not similar. Thus, 

there was a low level of colocalisation. Additionally, very few polyQ-positive cells were found in the 

SEL, with polyQ expression in found, almost exclusively, in cells in the CN. 

Figure 31 Human CN in HD: 

various examples from sections 

double-labelled for RAGE and 

polyQ  

 

Many cells were strongly 

immunostained for polyQ, especially 

in the nuclei (arrowheads), and also 

the cytoplasm, though with a weaker 

expression (arrows). Mutant 

huntingtin inclusions in the 

aggregated form found in the 

cytoplasm are shown in the bottom 

panel ( ). Most RAGE-positive cells 

did not express polyQ (asterisks), and 

therefore, the level of their 

colocalisation was very low. 

Additionally, the polyQ-labelled 

nuclear foci (small arrow) of strong 

intensity were frequently observed in 

polyQ-positive cells. (Grade 4 HC 106) 
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3.3.3 Discussion  

3.3.3.1 Expression Pattern of RAGE in the SEL and CN in HD brains 

The staining pattern for RAGE in the HD CN was consistent with previous observations reported in a 

study by Ma and Nicholson (2004), where DAB IHC was used to identify RAGE-positive cells. The study 

reported that a distinct population of astrocytes and neurons were found in the SEL and the medial CN, 

in addition to very faint RAGE immunostaining identified in neurons in the lateral CN. The width of the 

SEL expanded with increasing HD grades, and the number of cells occupying the SEL also appeared to 

increase, as previously reported. The expression of RAGE was stronger in astrocytic cells, but the focus 

of the previous study by Ma and Nicholson (2004) was solely on the change in neuronal expression of 

RAGE. Here, RAGE was shown to be present in various subcellular locations, including cell bodies, 

processes, membrane, and to some extent nuclei in a few cells. The presence of RAGE (and ligands) in the 

cytoplasm is thought to be due to either the production of RAGE via gene expression, or the 

internalization of RAGE-ligand complex as a part of the activation of signalling pathways initiated by the 

ligand-binding (Sevillano et al., 2009).  

Overall, despite different types of cells expressing RAGE, the RAGE-positive cells showed a 

heterogeneous distribution across the SEL and the CN. The RAGE staining was seen initially in the 

superficial layer of SEL, but it extended into more lateral CN with increasing HD grades. In summary, 

the double-labelling IHC confirmed previous observations on the expression pattern of RAGE in HD. 

The increase in the intensity and the frequency of immunostaining, in association with the possible 

functions of RAGE, and its associated ligands in HD, have been investigated, and will be discussed 

further in the following chapters.   

3.3.3.2 Expression of RAGE in Endothelial and Ependymal Cells  

Most RAGE-positive cells had an astrocytic morphology. However, a few other cell types such as 

endothelial and neuronal cells were also immunostained for RAGE. The possible functions of RAGE in 

each cell type in HD brains are currently unknown, but previous studies suggest that RAGE expressed 

in endothelial cells mediates pathological functions affecting multiple disorders in the nervous system. 

This has been reported in numerous studies, such as stroke, vascular dementia, hypertension and 

diabetes (Lambrechts et al., 2003; Rahman et al., 2013). One of the best known functions of RAGE in 

neurodegenerative diseases is mediated by the interaction of toxic β-amyloid with RAGE on the 

vascular endothelial cells in Alzheimer’s disease. The exposure of brain endothelial cells to β-amyloid is 

known to evoke a diverse array of pro-inflammatory responses, such as up-regulation of CCR5, 

endothelin-1 (ET1) and other proinflammatory cytokines, and promote the migration of T-cells and 

monocytes across the blood brain barrier (BBB) (Deane et al., 2003; Giri et al., 2000; M. Li et al., 2009). 
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Moreover, accumulating evidence from patients and animal models of Alzheimer’s disease suggest that 

the influx of soluble toxic β-amyloid across the BBB is mediated by RAGE expressed on the vascular 

endothelial cells. This has led researchers to conclude that endothelial expression of RAGE may be an 

important target for inhibiting pathogenic consequences of β-amyloid-vascular interactions, including 

the development of cerebral amyloidosis (Bell & Zlokovic, 2009; Deane et al., 2003; Grammas, 2011). 

RAGE also contributes to other disorders associated with inflammatory conditions such as diabetic 

complications by interfering with normal F-actin remodeling and endothelial cell membrane repair 

(Xiong et al., 2011).  

A study using a transgenic mouse model of HD showed an age-dependent impairment of arterial 

contractility due to reduced mitochondrial support using R6/1 transgenic mice (Rahman et al., 2013). 

The YAC128 mouse model of HD has also demonstrated that the chronic peripheral inflammation 

induced by the lipopolysaccharide-RAGE interaction in endothelial cells (LPS) resulted in the age-

dependent increase in microglial activation and angiogenesis associated with neurovascular disruption 

(Franciosi et al., 2012). However, this did not influence the HD phenotype in mice. In particular, the study 

of neurovascular changes in the 3, 6 and 12 month old YAC128 and wild-type mouse striatum, using 

standard IHC, indicated a significant increase in perturbed vasculature in YAC128, in comparison to the 

basal increase observed in the WT with normal aging (Franciosi et al., 2012). Another study showed that 

sustained delivery of vascular endothelial growth factor (VEGF) into the striatum of adult rats prevented 

the degeneration of striatal neurons that are typically observed following intrastriatal injections of 

quinolinic acid (QA) (Emerich, Mooney, Storrie, Babu, & Kordower, 2010). 

Therefore, in summary, endothelial cells are believed to have important functions in causing 

inflammatory effects in multiple disorders including neurodegenerative diseases. As RAGE is expressed 

strongly in endothelial cells in HD brains, as in other neurodegenerative diseases, this may suggest that 

RAGE, in turn, also has an important role in the endothelial functions in HD. However, all the possible 

ligands in the current study (S100B, CML, HMGB1 and polyQ) showed no significant immunostaining in 

endothelial cells, indicating that RAGE may participate in the change in endothelial cells in HD via 

interaction with other unidentified ligands. Binding of AGEs and S100B to endothelial RAGE has however, 

been previously reported in non-neurological disorders (Basta et al., 2002; Takeichi et al., 2011). 

Additionally, since the level of endothelial RAGE staining in control brains was comparable to staining in 

the HD brains, it is also possible that RAGE may not be involved in the vascular changes in HD at all.  

In addition to endothelial cells, ependymal cells lining the lateral ventricle also expressed RAGE. The 

ependymal layer, or ependyma, is the thin lining of cells of the ventricular system that produces 

cerebrospinal fluid (CSF). Studies have found that the ependymal cells can act as a reservoir of stem 

cells. The proliferation of these stem cells can be activated upon damage. However, there is still 

controversy over the proliferative potential of ependymal cells, and their protective role, in 
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neurodegeneration (Chiasson, Tropepe, Morshead, & van der Kooy, 1999; Chojnacki, Mak, & Weiss, 

2009; Gleason, Fallon, Guerra, Liu, & Bryant, 2008; Johansson et al., 1999). The distribution of RAGE in 

the choroid plexus and ependyma of resuscitated Alzheimer’s disease patients has been studied 

previously, with the results demonstrating that ependymal cells equipped with RAGE may participate 

in the influx transport of β-amyloid in Alzheimer’s disease (Maslinska, Laure-Kamionowska, 

Taraszewska, Deregowski, & Maslinski, 2011). The participation of RAGE in the neurogenesis of 

ependymal cells is unknown. Among the ligands, S100B is known to be present in the ependymal layer, 

and S100B-positive ependymal cells were frequently observed. However, unlike RAGE, the level and 

the staining pattern of ependymal S100B expression remained unaltered in different HD grades. 

Therefore, as with endothelial cells, RAGE may have independent functions in the ependymal layer in 

HD, via interaction with ligands other than S100B. Recently it has also been reported that mutations in 

the htt protein affects the normal ciliogenesis of the ependymal cells, thus affecting signalling and 

neuroblast migration dysregulating brain homeostasis and exacerbating disease progression (Keryer et 

al., 2011). Although HD mutations affect the normal functioning of ependymal cells, which express RAGE, 

any involvement of RAGE in the ciliogenesis of ependymal layer is unknown.  

3.3.3.3 The level of RAGE-ligand co-localisation was the highest for S100B and CML  

The immunostaining of RAGE showed a high level of colocalisation with two potential ligands: S100B and 

CML. Such high level of colocalisation, presumably on the membrane as well as within the cytoplasm, 

suggests a possible receptor-ligand interaction between the two proteins in the co-stained cells. Despite 

the similarity in staining patterns, RAGE and S100B immunostaining was not exactly identical. Firstly, not 

all RAGE-positive cells were S100B-positive. Endothelial cells and the weak RAGE-positive cells with 

large nuclei (regarded as neurons) lacked S100B expression. In addition, RAGE was expressed in all 

subcellular locations except nuclei, whereas S100B was expressed throughout the entire cell bodies, 

processes and nuclei. The functions of nuclear S100B still remain unclear, but the role of nuclear S100B 

in differentiation and maturation of oligodendrocyte progenitor cells has been previously reported 

(Deloulme et al., 2004). The staining of CML showed a similar pattern when compared with S100B. CML 

was expressed in most RAGE-positive cells, especially in those with astrocytic morphology, but the 

intensity varied from cell to cell, and the expression was less uniform within each cell. Additionally, 

unlike S100B , nuclear expression of CML was very weak. The staining patterns of S100B and CML also 

showed medial extension from control to HD brains. There was a distinct population of S100B-positive 

cells found in the lateral CN, whereas the immunostaining of CML, like RAGE, showed a more dramatic 

decrease in the level of staining from medial-lateral CN. The altered expression patterns of S100B and 

CML in HD brains and their putative functions in association with RAGE will be investigated and 

discussed further in the following chapters.  
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3.3.3.4 HMGB1 and polyQ did not colocalise with RAGE in HD SEL and CN  

Most HMGB1-positive cells, if not all, in the SEL and CN of control and HD brains showed nuclear 

immunostaining. Cytoplasmic staining or expression of HMGB1 in the cell processes was rarely 

observed. Cytoplasmic staining and secretion into the extracellular space are essential for any molecule 

to be considered as a ligand for the membranous receptor protein RAGE. However, in SEL and CN, the 

expression of HMGB1 was restricted almost exclusively to the nuclei. The nuclear expression of HMGB1 

in various cell types is not so surprising considering HMGB1 is a highly conserved chromatin-

associated non-histone nuclear protein, with ubiquitous expression across diverse tissue types (H. J. 

Huttunen, Fages, Kuja-Panula, Ridley, & Rauvala, 2002). The restricted expression of HMGB1 in the 

nuclei suggests that it is unlikely that HMGB1 binds to the extracellular binding domain of RAGE. 

Firstly, this is because HMGB1 needs to be present in the cytoplasm in order to be secreted and then 

bind to the extracellular domain of RAGE. Secondly, binding of a ligand to RAGE is known to induce 

internalization of the receptor-ligand complex into the cell. 

However, we cannot neglect the fact that HMGB1 protein lacks the classical secretion signal, and thus, 

may bypass the normal ER-Golgi secretion process that would enable HMGB1 to move through a 

secretion pathway without being detected in the cytoplasm. For example, the local translation of 

HMGB1 in cell processes close to the site of secretion from the accumulated mRNA upon signalling has 

been previously reported (H. Huttunen et al., 2002). However, the secretion mechanism of HMGB1, 

which has been recently identified, does not support this. The secretion of HMGB1 has long been 

observed in many cells and was thought to trigger inflammation in multiple disorders, including sepsis 

(Oh et al., 2009; Scaffidi, Misteli, & Bianchi, 2002; S. Wang, Rosengren, Franlund, Hamberger, & Haglid, 

1999). Although predominantly located in the nuclei of quiescent cells, HMGB1 can be passively 

released from necrotic cells, but not by apoptotic cells, and actively secreted by activated monocytes 

and macrophages, upon proinflammatory stimuli such as endotoxin, TNF- α, IL-1 and H2O2 (Bonaldi et 

al., 2003; Oh et al., 2009; Rendon-Mitchell et al., 2003; D. Tang et al., 2005; D. Tang, Y. Shi, et al., 2007; S. 

Wang et al., 1999). The secretion of HMGB1 is known to occur only during certain physiological 

processes such as inflammation, and its export competence appears to be a special property of a 

limited number of cell types, such as monocytes and macrophages (S. Wang et al., 1999). As stated in a 

previous study, HMGB1 must first be phosphorylated in the nucleus, to translocate into the cytoplasm 

for the eventual secretion into the extracellular space, upon stimulation (Oh et al., 2009). 

Phosphorylation, and thus, the secretion of HMGB1 from monocytes can be primarily mediated by the 

protein kinase C (cPKC) in a calcium-dependent manner, involving the import into the intracellular 

vesicles thought to be endosomal subcompartments (Nickel, 2003; Oh et al., 2009). Additionally, it was 

also suggested that the nuclear translocation of cytoplasmic heat shock protein 72 (Hsp72) on 

oxidative stress prevents the translocation and secretion of nuclear HMGB1 protein (D. Tang, R. Kang, 
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et al., 2007). Because oxidative stress is recognized as an important part of HD pathology, it can be 

speculated that inhibition of HMGB1 release into the cytoplasm upon the nuclear translocation of 

Hsp72 might have resulted in the poor colocalisation of HMGB1 and RAGE as shown by the double-

immunostaining.  

Another possibility concerning the nature of the interaction between RAGE and HMGB1 is that HMGB1 

may bind to RAGE for a very short period of time only. A short interaction cannot be detected by the 

imaging method used in this study. However, considering that HMGB1 is the ligand with the highest 

binding affinity for RAGE, followed by CML, it seems unlikely that the degree of its co-staining with 

RAGE was affected by the brevity of their interaction (Lorenzi et al., 2014). In summary, the possibility 

that HMGB1 can still be the ligand for RAGE, despite a low level of colocalisation, is very unlikely and 

thus, the RAGE-HMGB1 interaction was not considered a candidate for further investigation.   

Both nuclear and cytoplasmic mutant htt protein was observed as diffuse and aggregated forms in the 

CN in HD. There was a variety of staining patterns seen in the HD brains as previously reported 

(Herndon et al., 2009). However, the intranuclear accumulation was seen most frequently in neuronal 

type cells with large nuclei. The preferential accumulation of mutant htt in the nuclei of striatal 

neurons has been often reported, however, the exact mechanisms underlying the nuclear accumulation 

remains unknown. Studies have reported that GAPDH (and Siah) proteins facilitate nuclear 

translocation of mutant htt (Bae et al., 2006). A more recent study found that the phosphorylation of 

serine 16 (S16) in htt proteins promotes the nuclear localization and aggregation of N-terminal mutant 

htt, by reducing the association of N-terminal mutant huntingtin with TPr, a nuclear pore complex 

protein involved in the export of proteins (Bangs et al., 1998; Ben-Efraim, Frosst, & Gerace, 2009; 

Cornett et al., 2005; Frosst, Guan, Subauste, Hahn, & Gerace, 2002; Havel et al., 2011). Additionally, the 

nuclear foci of strong immunostained intensity with the anti-polyQ antibody were observed in a 

considerable number of cells. This is a type of nuclear inclusions that can either be dispersed 

aggregates, or smaller concentrated foci of staining (Herndon et al., 2009). A few other cells also 

exhibited cytoplasmic polyQ-positive immunostaining, both in diffuse and aggregated forms.   

The polyQ immunoreactivity was seldom observed in the SEL. This is consistent with previous 

observations in R6/2 mice, where mutant htt protein was not detected in double-cortin (DCX)-

expressing neuroblasts in the SEL (Kohl et al., 2010).  Since mutant htt accumulates and forms 

inclusions within cells in an age-dependent manner, it is not surprising that ‘young’ neurons in the SEL 

would not show mutant htt immunoreactivity (Zhou et al., 2003). 

Although different types of polyQ-positive labelling were present in the CN in HD, only a few RAGE-

positive cells were also polyQ-positive. It was unlikely that the mutant htt would be secreted into the 

extracellular space to bind RAGE, as polyQ immunoreactivity was expressed primarily in nuclei,. 

However, unlike HMGB1 whose expression was strictly restricted to the nuclei, polyQ staining was 
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found in the cytoplasm, as well as in the nuclei, but mostly as aggregates. As described earlier, since the 

putative binding motif for RAGE can be expressed by the aggregated form of mutant htt, these 

aggregates may be released from the cells and serve as a ligand for RAGE. Moreover, unlike HMGB1, 

there is evidence of extracellular polyQ seen as ‘speckles’ or granular staining outside the cells. These 

may be aggregates of mutant htt in the neuropil, which has been released from the dying neurons 

(Herndon et al., 2009). However, polyQ-positive speckles were rarely found in fluorescently-labelled 

HD brain tissues in the current study and the level of RAGE-polyQ colocalisation was neglectable in any 

cell. Therefore the suggested mechanisms for RAGE-polyQ interaction are all very speculative, and 

stronger evidence obtained from a protein-protein interaction study is required to produce a definitive 

conclusion.  

However, unlike other ligands for RAGE, such as S100B and CML, there was no significant level of 

colocalisation between RAGE and polyQ immunoreactivity. The polyQ staining was found mostly in the 

neuronal type cells where RAGE was seldom expressed, and polyQ was absent in astrocytic cells in 

which the level of RAGE was high. The polyQ and RAGE staining also did not overlap on the membrane, 

suggesting a lack of receptor-ligand interaction. Therefore, it was unlikely for the mutant polyQ to be a 

ligand for RAGE. 

3.3.4 Conclusion 

In summary, double-labelling IHC identified S100B and CML as ligands for RAGE in the SEL and CN in 

HD, based on their relatively high level of colocalisation with RAGE staining. HMGB1 and polyQ were 

excluded from further study as the staining of HMGB1 was restricted to the nuclei, and the staining of 

polyQ did not overlap with RAGE.  
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Chapter 4. Analysis of Cell Types Expressing RAGE and Ligands 

Double-labelling IHC showed similar patterns for RAGE, S100B and CML. The majority of RAGE and 

ligand-positive cells had astrocytic morphology. However, there were also subpopulations of RAGE- or 

ligand-positive non-astrocytic cells, as well as other cell types that did not express any of the target 

proteins. These variable staining patterns could be attributed to the presence of multiple cell types in HD 

brains, and the current study was aimed at identifying the types of cells that express RAGE and ligands 

in the CN and SEL in HD. 

Many different types of cells can be found in the SEL and the CN of HD brains. Medium spiny neurons 

(MSN) are the principal cell type representing 75-80% of cells in the striatum of primates (95% in 

rodents)(Conn, 2008). MSNs are a special type of inhibitory neuron, that are most vulnerable to 

neurodegeneration in HD. They can be identified by the neuronal marker calbindin-D28K or calbindin. 

Calbindin is a highly conserved cytosolic calcium-binding protein, and its expression in MSNs in both 

the human and rat striatum have been reported in several studies (Bennett & Bolam, 1993; DiFiglia, 

Christakos, & Aronin, 1989; Selden, Geula, Hersh, & Mesulam, 1994; Vonsattel & DiFiglia, 1998). 

Evidence from a number of studies suggest that calbindin may play an important role in the regulation 

of intracellular Ca2+ in striatal spiny neurons, and protect neurons against the excess intracellular Ca2+, 

and thus, excitotoxicity (Huang et al., 1995; Mattson, Rychlik, Chu, & Christakos, 1991; Roberts, 1993). 

Neurologically normal brains seem to have a high density of calbindin-positive neurons in the dorso-

medial, and preferentially the rostral, CN (De las Heras, Hontanilla, Mengual, & Gimenez-Amaya, 1994; 

Selden et al., 1994). The neuronal expression of calbindin is often used as a marker for neuronal 

degeneration, and the dramatic loss of calbindin-immunoreactive neurons in the CN is demonstrated in 

HD (Kiyama, Seto-Ohshima, & Emson, 1990).  

Astrocytes are a subtype of glial cell, and are the most abundant cell type in the human brain. The classic 

view on the astrocytes focussed on their structural function of holding neurons together. However, more 

studies found that astrocytes serve many housekeeping functions, such as maintenance of the 

extracellular environment, stabilization of cell-cell communications, regulation of cerebral blood flow, 

maintenance of the synaptic functions, neuronal metabolism, and neurotransmitter synthesis and release 

(Hamilton & Attwell, 2010; Maragakis & Rothstein, 2006; Song, Stevens, & Gage, 2002). Pathology and 

physiology studies have elucidated a major role for astrocytes in in the brain (Maragakis & Rothstein, 

2006). The function of astrocytes in neuroinflammation may represent either protective mechanisms, by 

which astrocytes control inflammatory processes and the spread of further cellular damage to 

neighbouring tissue, or they may contribute to neuronal damage in pathological conditions (Cerbai et al., 

2012). Astrocytes may also play an important role by being actively involved in scar-forming process in 
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the CNS often referred to as astrogliosis (also known as astrocytosis by reactive astrocytes). Astrogliosis 

is characterized by the abnormal proliferation and increase in the number of astrocytes in response to 

the destruction of neurons in neurological disorders. Glial fibrillary acidic protein (GFAP) is an 

intermediate filament protein known to localize specifically in astrocytes of the CNS, and not necessarily 

in protoplasmic astrocytes. GFAP also plays a role in mitosis, cell-cell communication and some injuries, 

but its precise contributions to the astroglial physiology and functions are still unclear. GFAP has 8 

different alternately-spliced isoforms that exist as distinct subpopulations in the rodent as well as human 

brains  (Middeldorp et al., 2010). GFAPα is the most abundant isoform, and it is the only isoform that can 

assemble homomerically. The second most well-known isoform is GFAPδ, which differs from the 

predominant GFAPα isoform by its C-terminal protein sequence. GFAPδ is expressed specifically by a 

ribbon of astrocytes in the SEL (or SVZ). There are indications that a subpopulation of astrocytes in this 

ribbon, the neurogenic astrocytes, proliferate in vivo and behave as multipotent precursor cells in vitro 

(Sanai et al., 2004). In the SEL, GFAPδ specifically marks these proliferative astrocytes, and is thought to 

be linked with the modulation of intermediate filament cytoskeletal properties, possibly facilitating 

astrocyte mobility and cell migration (Roelofs et al., 2005). Within the SEL, three major astrocytic cell 

types exist: Type A, B and C cells (Figure 2, page 5). Type B cells are the quiescent and slowly 

proliferating cells that divide asymmetrically to form a pool of fast-dividing neural progenitor Type C 

cells (Doetsch et al., 1997). Type C cells are mitotically active, and are developmentally intermediate. 

Type C cells in turn differentiate into type A cells, known as neuroblasts, which migrate through the 

rostral migratory stream (RMS) into the olfactory bulb (OB), where they differentiate into new 

interneurons (Curtis et al., 2007; Doetsch et al., 1999; Doetsch et al., 1997; Imura et al., 2003; Luskin, 

1993). GFAPδ is expressed mainly in Type B cells, but the presence of GFAPδ in some C- and A-cells and 

young astrocytes may represent a transitional stage between the stem cells and their differentiated 

progeny (Middeldorp et al., 2010). The Type B SEL astrocytes actively splice GFAPδ transcripts, in 

contrast to the other astrocytes adjacent to the layer. GFAPδ protein, unlike GFAPα, is not upregulated 

in astrogliosis.  

Microglia are the resident immune cells of the CNS that become activated in response to inflammatory 

stimulation. They are the primary mediators of neuroinflammation, and studies in the last two decades 

have demonstrated the involvement of microglia in many neurological diseases (Hanisch & Kettenmann, 

2007; Moller, 2010; Ransohoff & Perry, 2009; Sugama et al., 2009; van Rossum & Hanisch, 2004). In the 

homeostatic adult brain, microglia exist as resting forms characterized by a small cell body with fine, 

ramified processes. Upon injury, the microglial cells become activated and transform to a less ramified 

morphology. Cell death further activates microglia to become phagocytes. This transformation is thought 

to be induced by substance release from damaged cells in the brain that consequently leads to the long-

term changes of gene expression and reorganization of the cells (Hanisch & Kettenmann, 2007; van 
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Rossum & Hanisch, 2004). Activated microglia can exert effects on various cell types such as neurons, 

astrocytes, oligodendrocytes, and even microglia themselves, by releasing cytotoxic substances such as 

proinflammtory molecules, oxygen radicals, nitric oxide, glutamate, proteases and neurotoxic cytokines. 

Activated microglia also release cytoprotective agents such as growth factors, plasminogen and 

neuroprotective cytokines (Hanisch, 2002; Moller, 2010; van Rossum & Hanisch, 2004). The neurons and 

astrocytes themselves again can influence microglia through cytokines and neurotransmitters, and such 

complex interactions between different cells give rise to the neuroinflammation, a process thought to be 

important in many neurological disorders, including HD. Ionized calcium-binding adapter molecule, or 

Iba-1, is a 17kDa EF-hand protein whose gene expression is restricted specifically to microglia (Imai, 

Ibata, Ito, Ohsawa, & Kohsaka, 1996; Ohsawa, Imai, Sasaki, & Kohsaka, 2004). Iba-1 colocalises with 

filamentous actin in membrane ruffles and is involved in phagocytosis (Ohsawa, Imai, Kanazawa, Sasaki, 

& Kohsaka, 2000). The expression of Iba-1 is upregulated upon activation of microglia during 

inflammation following facial nerve axotomy, ischemia and several neurological diseases (Ito et al., 1998; 

Ito, Tanaka, Suzuki, Dembo, & Fukuuchi, 2001; I. Mori, Imai, Kohsaka, & Kimura, 2000; Ohsawa et al., 

2004; v Eitzen et al., 1998).  

Different types of cells, such as neurons, astrocytes and microglia, participate in pathophysiological 

functions of the brain in different ways. The summary of various cellular effects induced by RAGE-ligand 

binding in different cell types is shown in Figure 32. The cellular effects produced as a result of RAGE-

ligand interaction are often cell-type specific, but at the same time are co-dependent of each other. 

Therefore, studying the cell types that are immunostained for RAGE, S100B and CML is important, as it 

would help identify the relevance of RAGE-ligand interaction to the pathological process of HD. In order 

to confirm the type of cells that express RAGE and ligands, human brain tissues spanning the CN and SEL 

regions were triple-labelled for RAGE, ligand (S100B or CML), and a cell type specific marker. Four types 

of cells were identified in the present triple-labelling IHC study: MSNs (calbindin), all types of astrocytes 

(GFAP), proliferative astrocytes (GFAP-δ), and microglia in both resting and activated status (Iba-1).  

The triple-labelling IHC identified the majority of RAGE- and ligand-positive cells as astrocytic cells, 

with a subpopulation of neuronal cells expressing RAGE. This is consistent with a previous observation 

that RAGE was expressed in calbindin-positive neurons and GFAP-positive astrocytes (Ma & Nicholson, 

2004). The highest level of expression and colocalisation of RAGE and ligands was in the GFAP-positive 

astrocytes. A considerable number of neurons were also RAGE-positive, but the level of S100B and CML 

expression were low in these neuronal cells, and thus, the level of colocalisaiton was also low. RAGE 

and S100B were detected in both GFAPδ-positive cells with proliferative potentials, but CML was not 

present in GFAPδ-positive cells. Microglia did not express any of the target proteins.  
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Figure 32 Summary of the downstream 

outcomes from the ligation of RAGE in different 

cell types in the CNS  

Binding of ligands to RAGE can produce various 

downstream effects depending on cell type. However 

the resulting cellular functions are often co-

dependent of other cell types, and the results can be 

either beneficial (eg. proliferation, neurite outgrowth, 

growth factor production etc), or harmful (eg. 

inflammation, apoptosis, oxidative stress etc), to the 

survival of cells. (See Ding et al., 2005 for the original 

image) 

 

 

 

 

4.1 Specific Methods and Materials 

4.1.1 Triple-labelling IHC for RAGE, Ligands and Cell Markers 

The basic principle and the standard procedures of the IHC immunostaining methodology is described 

in Chapter 2: General Methods and Materials, page 35. In the current chapter, three antibodies were 

used in a cocktail to co-label RAGE, ligand (S100B or CML), and a cell marker (calbindin, GFAP, GFAPδ 

or Iba-1), in human brain tissue. Three control and three HD cases were used for the analysis (Table 6). 

The antibodies used for each triple-labelling trial are also listed in Table 6. The details of antibodies 

and the cases used for each immunostaining are listed in Table 1-3, on page 44-45, in Chapter 2. For 

consistency, RAGE was immunolabelled with green, cell markers with red, and ligands with far-red 

fluorophores.   
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RAGE Ligand Cell Marker Cell Type *A.R Completed Cases 

Goat-α-

RAGE 

Merdian 

Q2B710G 

 

Mouse-α-CML 

Transgenic Inc 

KAL-KH011 

(1:100) 

Rabbit-α-Calbindin 

(Swant, CB38a) 
Neurons 

F.A 

HD HC120 HC139 HC140 

Ctrl H191 H198 H237 

Rb-α-GFAP 

(Dako, Z0334) 
All Astrocytes 

HD HC120 HC139 HC140 

Ctrl H191 H198 H237 

Rabbit-α-GFAPδ 

(Abcam, ab28926) 

Astrocytes with 

proliferative 

potential 

HD HC113 HC120 HC139 

Ctrl H191 H198 H237 

Rabbit-α-Iba-1 

(Wako, 019-19741) 
Microglia 

HD HC120 HC139 HC140 

Ctrl H191 H198 H237 

Mouse-α-S100B 

Santa Cruz 

(Cat# sc-81709) 

(1:100) 

Rabbit-α-Calbindin 

(Swant, CB38a) 
Neurons 

C.A 

HD HC113 HC139 HC140 

Ctrl H191 H198 H237 

Rb-α-GFAP 

(Dako, Z0324) 
All Astrocytes 

HD HC113 HC139 HC140 

Ctrl H191 H198 H237 

Rabbit-α-GFAPδ 

(Abcam, ab28926) 

Astrocytes with 

proliferative 

potential 

HD HC113 HC139 HC140 

Ctrl H191 H198 H237 

Rabbit-α-Iba-1 

(Wako, 019-19741) 
Microglia 

HD HC113 HC139 HC140 

Ctrl H191 H198 H237 

Table 6 List of antibodies and human brain cases used for cell type analysis using triple-labelling IHC 
*A.R = antigen retrieval method (FA = formic acid; CA = citric acid) 

4.2 Results  

4.2.1 RAGE-ligand Interaction in Calbindin-positive Neurons  

Various staining patterns were observed in the tissues co-labelled with anti-RAGE, S100B, CML and 

calbindin antibodies. The majority of RAGE-positive cells had astrocytic morphology, and were 

calbindin-negative (Figure 33A, small arrows). However, there was also a population of neuronal cells 

expressing both calbindin and RAGE (Figure 33A, arrowheads). These RAGE-positive neurons had 

reduced cytoplasm, with relatively large nuclei. RAGE-positive neurons were found more frequently in 

the SEL and the medial CN, and in agreement with a previous study (Ma, 2004), an increase in the 

number of RAGE-positive neurons in HD was seen. Other neuronal subtypes, with neuronal 

morphology, also expressed RAGE, but were calbindin-negative (Figure 33A, asterisk). While RAGE was 

expressed in many calbindin-positive neurons, the ligands were only expressed by a relatively fewer 

neuronal cells. Although more strongly expressed in astrocytes, S100B was found to be expressed in a 

small number of neurons, whereas CML was rarely expressed in calbindin-positive cells (Figure 33C, 

arrowheads). Due to the low ligand expression in neurons, the level of RAGE-ligand colocalisation was 

also low in calbindin-positive neurons. The neuronal S100B staining was observed more frequently in 

control tissues than HD brains (Figure 33B, arrowhead), but CML-positive neurons were rarely found 

in control brains.  
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Figure 33 The neuronal expression of RAGE and S100B in HD CN  
The RAGE-and-S100B-positive calbindin-negative non-neuronal cells (A, small arrows) were most frequently 

observed in the RAGE-S100B-calbindin triple-labelled tissues. Among calbindin-positive neurons, many cells were 

RAGE-only-positive (A, arrowheads). A small number of neuronal cells expressing both RAGE and S100B were also 

observed, more frequently in control than in HD cases (A, HD brain, arrowhead; B, control brain, arrowheads). A 

different neuronal subtype (calbindin-negative) also expressed RAGE (A, asterisk). The expression of CML was very 

low in calbindin-positive neuronal cells (C, arrowheads), and therefore neuronal RAGE-CML co-labelling was less 

frequent than non-neuronal cells (C, small arrows). (A Grade 3 HC139; B Control H198; C Grade 2 HC120)  

4.2.2  RAGE-ligand Interaction in GFAP-positive Astrocytes  

The anti-GFAP antibody used in this study labels all GFAP isoforms expressed by all types of astrocytes 

(Table 1, page 44) (Lim, Maubach, & Zhuo, 2008; van den Berge et al., 2010). The number of GFAP-positive 

astrocytic cells appeared to increase in HD brains, relative to controls. All three target proteins, RAGE, 

S100B and CML, were abundantly expressed in the GFAP-positive astrocytes. Thus, the level of both RAGE-

S100B and RAGE-CML colocalisation in astrocytes was very high (Figure 34, arrowheads). This suggests 

that both RAGE-S100B and RAGE-CML interaction may have some relevance to the functions of astrocytes 

in HD brains. S100B is known to be abundantly expressed in astrocytes, and therefore, most GFAP-positive 

cells expressed S100B (Figure 34A, arrowheads). The expression of CML in HD brains was almost restricted 

to the GFAP-positive astrocytic cell types, and the staining patterns of CML and GFAP demonstrated a high 

level of similarity. Some GFAP-negative cells were also RAGE-positive, but in most cases, these cells lacked 

the ligand staining (small arrows, Figure 34).  
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Figure 34 The expression of RAGE and ligands in GFAP-positive astrocytes  
There was a large group of GFAP-positive astrocytes found in control and HD brains, most of which expressed RAGE, 

S100B and CML. RAGE-S100B (A, arrowheads), as well as RAGE-CML (B, arrowheads), showed a high level of 

colocalisation. Some GFAP-negative cells also expressed RAGE, but most of those cells lacked the co-expression of 

ligands (A and B, small arrows).  (scale bar = 30µm) (A Grade 3 HC139; B Grade 3 HC139 and Grade 2 HC120)  

4.2.3 Not all S100B-positive cells were Astrocytes  

Since a large proportion S100B-positive cells showed an astrocytic morphology, and S100B is a cell 

type marker frequently used for labelling astrocytes, double-labelling IHC using anti-S100B and GFAP 

antibodies was performed to examine if S100B expression was restricted to the astrocytes, or if there 

were other cell types that expressed S100B.  

As shown in Figure 35, the staining patterns of S100B and GFAP were not entirely identical. GFAP was 

expressed strongly in processes and cell bodies, but was absent in the nuclei. In contrast, nuclear 

expression of S100B was frequently observed. A large proportion of cells co-expressed GFAP and 

S100B (Figure 35, arrowheads). However, there were also subpopulations of cells that expressed only 

S100B (Figure 35, big arrow), or GFAP (Figure 35, small arrow). There was also a regional difference in 

the staining of S100B and GFAP between the SEL and the CN. In the SEL, S100B-only-positive cells were 

dominant, but the staining pattern was reversed in the adjacent CN, in which the level of GFAP 

expression was higher than S100B expression.  
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Figure 35 The SEL and CN stained for GFAP 

(red) and S100B (green)  
S100B and GFAP are both astrocytic markers, but their 

staining patterns were not completely identical in the 

SEL and CN. S100B was expressed in all subcellular 

locations including nuclei, whereas GFAP was 

expressed mainly in processes. S100B was expressed at 

a high level in the SEL, relative to the adjacent CN. In 

contrast, GFAP was expressed more strongly in the CN. 

In summary, different groups of cells that were S100B-

only-positive, GFAP-only-positive, and S100B&GFAP-

positive found in the human SEL and CN. (Grade 2 

HC120) 

 

4.2.4 RAGE-ligand Interaction in GFAPδ-positive Proliferative Astrocytes  

In the SEL, GFAPδ marks the population of astrocytes, which have the potential to undergo neurogenesis 

in adult human brains (Doetsch et al., 1999; Quinones-Hinojosa et al., 2006; Sanai et al., 2004). Triple-

labelling IHC of the human SEL for RAGE, S100B and GFAPδ produced varying staining patterns. Most 

GFAPδ-positive cells, if not all, expressed both RAGE and S100B in the SEL (arrowheads, Figure 36). Some 

GFAPδ-positive cells expressed RAGE but not S100B, indicating that RAGE may have other functions that 

are independent of S100B-binding in proliferative astrocytes (asterisk, Figure 36). Some GFAPδ-negative 

cells in the SEL also expressed RAGE (small arrow, Figure 36), or both RAGE and S100B (big arrows, 

Figure 36). There was no observable difference in the triple-staining pattern of RAGE, S100B and GFAPδ, 

between control and HD cases, except for the overall elevated level of staining intensity in HD brains.  

Earlier immunostaining results showed that CML was expressed abundantly in GFAP-positive 

astrocytes (Figure 37, arrowheads). However, the triple-labelling with anti-RAGE, CML and GFAPδ 

antibodies showed that GFAPδ-positive cells lacked CML staining in the SEL (arrowheads, Figure 37). 

RAGE was found in both GFAPδ-positive (big arrow, Figure 37) and GFAPδ–negative cells (small arrow, 

Figure 37). However, because of the low expression of CML, RAGE-CML colocalisation in GFAPδ-

positive cells was rarely observed. 
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Figure 36 Triple-labelling of RAGE with S100B and GFAPδ 
A variety of staining patterns were identified in the SEL. Many GFAPδ-positive cells were also RAGE- and S100B-

positive (arrowheads), and the others expressed only RAGE (asterisk). Most GFAPδ-negative cells lacked the RAGE 

and S100B expression, but some GFAPδ-negative cells expressed both RAGE and S100B. These cells were thought to 

be either Type A or C cells in the SEL (big arrows). Some non-astrocytic cells that were positive for RAGE were also 

identified (small arrows). (Grade 3 HC139) 

 

 
Figure 37 Triple-labelling for RAGE, CML and GFAPδ in the SEL of HD brains 
In the SEL, GFAPδ-positive proliferative astrocytes lacked CML staining (arrowheads). RAGE was expressed in both 

GFAPδ-positive (big arrow) and GFAPδ-negative (small arrow) cells in the SEL, but RAGE-CML colocalisation in 

GFAPδ-positive cells was rarely observed. (scale bar = 30 µm) (a Grade 3 HC140; b Grade 3 HC139; c Grade 2 HC120) 
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4.2.5 RAGE-ligand Interaction in Iba-1-positive Microglia  

Microglia are the resident macrophages of the CNS that participate in the inflammatory response. In 

adult brains, microglia can mainly exist as either ramified (resting) or activated forms. The ramified 

microglia were more frequently observed in triple-labelled control tissues, and the activated microglia 

with enlarged nuclei, and fewer branches, were found increasingly in HD brains (Figure 38).  The 

ramified microglia had small cell bodies and numerous long branches that could be used for surveying 

the nearby environment. In contrast, activated microglia could be distinguished from the ramified 

microglia by their thick branches and oval-shaped nuclei. The Iba-1-positive cells were observed more 

frequently in HD cases, in comparison to the controls. In the tissue, triple-labelled for RAGE, ligand 

(either S100B or CML) and Iba-1, microglia that were Iba-1-positive never expressed RAGE, S100B, or 

CML (Figure 39A&B, arrowheads). This suggests that the interaction of RAGE-S100B (Figure 39A) and 

RAGE-CML (Figure 39B) may not have significant relevance to the functions of microglia in HD.  

Figure 38 Ramified and activated microglia 
Microglia were either ramified, or found in their 

activated form in the CN in HD. Activated 

microglia were more frequently found in HD 

brains (Grade 2 HC120 shown) than in control 

brains (H198 shown). (Scale bar = 20µm) 

 

 
Figure 39 The expression of RAGE and ligands is very low in microglia 

The level of staining for all receptor and ligand proteins, RAGE, S100B and CML, was very low in almost all Iba-1-

positive microglial cells in the HD brains (arrowheads). (scale bar = 30µm) (A Grade 3 HC140; B Grade 2 HC120) 
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4.3 Discussion  

The expression of RAGE by various cell types in the CNS has been previously reported (Brett et al., 

1993; J. J. Li, Dickson, Hof, & Vlassara, 1998). RAGE was present in both neurons and astrocytes of 

control and HD cases, in consistence with earlier findings,. The triple-labelling study also showed that 

S100B was expressed strongly in astrocytes, but less frequently in neurons. CML immunostaining was 

strictly restricted to the astrocytes. Neither RAGE nor its ligands were expressed in microglia. Such 

varying staining patterns of RAGE and its ligands in different types of cells indicate that RAGE-ligand 

interactions may play specific cell type-dependent functions in the HD brains.  

4.3.1 The level of RAGE-ligand interaction is high in GFAP-positive astrocytes  

Immunostaining human tissue for RAGE, its ligands and GFAP showed that the majority of RAGE- and 

ligand-positive cells were GFAP-positive astrocytes. The astrocytic expression of RAGE was reported in 

previous studies for both normal reported (Brett et al., 1993; J. J. Li et al., 1998), and HD brains 

(Anzilotti et al., 2012; Ma & Nicholson, 2004). In the present study, the level of intensity and the 

frequency of staining for both RAGE and ligands were highest in GFAP-positive cells. Due to the 

similarity of staining patterns, the levels of both RAGE-S100B and RAGE-CML colocalisation in these 

cells were also very high. Moreover, since the pattern of astrogliosis parallels the pattern of 

neurodegeneration in HD (medio-lateral, caudo-rostral and dorso-ventral gradients of decreasing 

severity) (Kowall, 1987; Vonsattel & DiFiglia, 1998), the similar pattern of RAGE and ligand staining 

may be relevant to astrogliosis, and not just to neurodegeneration alone, as previously thought (Ma & 

Nicholson, 2004). Overall these observations suggest that RAGE-ligand interaction may have a strong 

relevance to the functions of astrocytes in the HD pathology. 

The classical view on HD has focussed on the changes in neurons. However, more recently the 

importance of astrocytes has also emerged. The importance of astrocytes in the pathogenesis of HD has 

been demonstrated in studies with humans. As in other neurodegenerative disorders, astrogliosis was 

observed in the affected regions of the brain of HD patients (Maragakis & Rothstein, 2006). Astrogliosis 

alters the normal molecular expression and the functions of astrocytes, and affects nearby cells. 

Accumulating evidence from earlier studies suggest that reactive astrogliosis is not a single all-or-none 

response, but rather is a complex and multifaceted process. This process can involve a continuum of 

changes ranging from subtle and reversible alterations in gene expression and morphology, to 

pronounced and long-lasting changes associated with scar formation (Sofroniew, 2009). The effects of 

astrogliosis may vary in a context-dependent manner. It may mediate numerous essential beneficial 

functions (mainly associated with normal astrocytic functions as well as the specific neuroprotective 
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effect). However, under certain circumstances astrogliosis can also lead to detrimental effects by 

complex and combinatorial inter- and intracellular signalling mechanisms (Sofroniew, 2009). 

Astrogliosis may exert its effects via both loss of normal functions and gain of abnormal functions, 

which can feature prominently in a variety of disease processes (Sofroniew, 2009). In HD, mutant 

huntingtin (htt) protein aggregates were found in the nuclei of reactive astrocytes in specific regions, 

suggesting that astrocytes may have more direct relevance to the pathology of HD than previously 

thought (Singhrao et al., 1998). In a neuron-glial co-culture, the wild type glial cells protected neurons 

against mutant htt-mediated neurotoxicity. However, the abnormal accumulation of mutant htt 

proteins in glial cells disrupted the normal physiological functions of astrocytes, resulting in increased 

neuronal vulnerability (Shin et al., 2005). Several suggestions can be made about possible mechanisms 

by which mutant htt aggregates affect astrocytes and neuronal survival. The impaired glutamate 

transport, and thus, the resultant excitotoxicity is also an important pathological mechanism in the HD 

brains. As glutamate transporters (EAAT1 and EAAT2) expressed by astrocytes regulate the uptake of 

synaptically released glutamate, the glutamate excitotoxicity in HD has been hypothesised to result 

from the failure of astrocytic functions (Arzberger, Krampfl, Leimgruber, & Weindl, 1997; Bradford et 

al., 2009; Maragakis & Rothstein, 2006). Also in transgenic animal models of HD, a reduction in the 

mRNA levels of glutamate transporter GLT1 in the striatum (prior to the neurodegeneration), 

accompanied by a decrease in glutamate uptake, was observed (Behrens, Franz, Woodman, Lindenberg, 

& Landwehrmeyer, 2002; Lievens et al., 2001). Moreover, the alterations in gap junction expression or 

uncoupling of gap junctions in HD between astrocytes would cause astrocytes to lose their ability to 

maintain a proper neuronal environment (Ye, Wyeth, Baltan-Tekkok, & Ransom, 2003). Such 

observations indicate that, in HD, the loss-of-normal-functions of astrocytes due to the accumulation of 

mutant htt may affect other neurons that are close, thus, enhancing the neurotoxic effects. However, 

the accumulation of mutant htt in astrocytes in relation to the expression of RAGE has not been 

investigated in the current study, due to the low level of RAGE-polyQ colocalisation shown by double-

labelling IHC.  

While astrocytes may lose their normal functions in HD, due to the accumulation of mutant htt protein, 

they may also gain new functions during pathogenesis that can be either detrimental, or beneficial, to 

the survival of neuronal cells. Previous studies showed that reactive astrogliosis can exert both 

beneficial and detrimental effects in a context-dependent manner determined by the activation of 

specific molecular signalling cascades (Sofroniew, 2009). There is evidence from both clinical and 

experimental studies that, under specific circumstances such as neurodegenerative conditions, 

astrocytes, or reactive astrocytes, have the potential to exert detrimental effects (Sofroniew, 2009). The 

detrimental effects demonstrated for reactive astrocytes include the production of pro-inflammatory 
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cytokines (Brambilla et al., 2005; Brambilla et al., 2009) and ROS (Hamby, Hewett, & Hewett, 2006; 

Swanson, Ying, & Kauppinen, 2004), release of potentially excitotoxic glutamate (Takano et al., 2005), 

cytotoxic oedema, and chronic cytokine activation (Milligan & Watkins, 2009; Sofroniew, 2009). In 

addition to detrimental functions, gain-of-function by reactive astrocytes may also result in protective 

effects (Sofroniew, 2009). Reactive astrocytes can protect cells in the CNS in a variety of ways including 

uptake of excessive glutamate (Bush et al., 1999; Rothstein et al., 1996; Swanson et al., 2004), 

production of glutathione as a means to protect cells from oxidative stress (Y. Chen et al., 2001; Shih et 

al., 2003; Swanson et al., 2004; Vargas, Johnson, Sirkis, Messing, & Johnson, 2008), and stabilizing 

extracellular environment such as ion balance (Zador, Stiver, Wang, & Manley, 2009). Moreover, the 

capacity of astrocytes to produce many types of molecules with either pro- or anti-inflammatory 

potential in response to different type of stimuli has been demonstrated in vitro (Eddleston & Mucke, 

1993). Astrocytes can also interact extensively with microglia to exert both pro- and anti-inflammatory 

effects (Farina, Aloisi, & Meinl, 2007; Min, Yang, Kim, Jou, & Joe, 2006). These findings indicate that 

reactive astrocytes may play regulatory functions during neuroinflammation by exerting both pro- and 

anti-inflammatory functions in vivo (Sofroniew, 2009). 

While reactive astrocytes in HD may induce either beneficial or harmful effects to the survival of 

nearby neurons, the elevation in expression levels RAGE, S100B, and CML, in astrocytes, with 

increasing HD grade, poses an interesting question. The function of RAGE expressed by astrocytes has 

been studied in several neurodegenerative diseases.  However, the involvement of RAGE in HD is still 

not fully understood (Choi et al., 2014; Sasaki et al., 2001; Sathe et al., 2012; Teismann et al., 2012). The 

expression level of RAGE is usually maintained at very low basal level in adult tissues under normal 

physiological conditions, with an exception of lungs. Therefore, it is unlikely that RAGE would actively 

participate in the housekeeping functions of astrocytes, thus, the change in RAGE expression would be 

irrelevant to the loss-of-function of astrocytes in HD. The increase in RAGE expression in HD, and thus, 

the microglial activation, is therefore likely to be linked to a gain of new functions, that may either be 

neurotoxic or neurotrophic depending on ligands.  

S100B is a calcium-binding molecule that is abundantly expressed in astrocytes, and is often used as an 

astrocytic cell marker. Tissues co-stained with anti-S100B and anti-GFAP antibodies showed that 

S100B-only-positive cells were more frequent, than cells that were GFAP-only-positive. This suggests 

that  a broader spectrum of cell types express S100B. Thus, GFAP is a more specific astrocytic marker 

than S100B (Steiner et al., 2007; Vives, Alonso, Solal, Joubert, & Legraverend, 2003). Although S100B 

was expressed in a small population of neurons, its colocalisation with RAGE in non-astrocytic cells 

was less compelling. The involvement of S100B in the pathogenesis of neurodegenerative diseases in 

association with its expression in astrocytes has been studied for Alzheimer’s and Parkinson’s diseases, 
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most of which are associated with cytotoxic effects produced by astrocytes (Griffin et al., 1989; Mrak, 

Sheng, & Griffin, 1996; Sheng, Mrak, & Griffin, 1994; Teismann et al., 2012). However, the involvement 

of astrocytic S100B in HD has not been investigated in detail. In the current study, in HD, S100B was 

expressed in the cytoplasm and cell membrane of astrocytes. This finding suggests that S100B may 

exert both intracellular and extracellular effects. The intracellular actions of S100B have been 

identified in vitro from cell culture studies. S100B is involved in the regulation of energy metabolism 

(Landar, Caddell, Chessher, & Zimmer, 1996; Zimmer & Van Eldik, 1986), and influences the integrity of 

cytoskeleton by inhibiting the assembly of microtubules and type III intermediate filaments, such as 

GFAP (Bianchi, Giambanco, & Donato, 1993; Donato, 1985, 1988; Garbuglia, Verzini, Giambanco, 

Spreca, & Donato, 1996; Rothermundt, Peters, Prehn, & Arolt, 2003; Sorci, Agneletti, Bianchi, & Donato, 

1998). Intracellular S100B may also have a role in signal transduction by linking the elevation of the 

intracellular calcium concentration to the phosphorylation state of the target proteins, such as PKC, 

GFAP, and p53 (Baudier, Delphin, Grunwald, Khochbin, & Lawrence, 1992; Johnsson, Nguyen Van, 

Soling, & Weber, 1986; Rothermundt et al., 2003; Rustandi, Drohat, Baldisseri, Wilder, & Weber, 1998). 

Overall, these observations indicate that when S100B is maintained at a physiologically normal level in 

cells, it exerts protective effects and helps with the normal functions of cells, independent of binding to 

RAGE. However, once secreted, the binding of S100B to RAGE produces gain-of-function effects, and 

can either enhance the cell survival, or produce harmful effects to the cells, dependent upon the 

extracellular concentrations. The exact mechanism for the secretion of S100B is still unidentified, but it 

is thought to be released via a mechanism similar to that governing the secretion of ciliary 

neurotrophic factor, IL-1, and human endothelial growth factor (Davey et al., 2001; Nickel, 2003). At 

nanomolar concentrations, the autocrine stimulation of astrocytes by S100B can exert many 

neurotrophic functions, such as glial proliferation via phosphorylation of ERK1/2, as shown in vitro (R. 

Donato, 2001; Goncalves, Lenz, Karl, Goncalves, & Rodnight, 2000; Rothermundt et al., 2003; 

Selinfreund, Barger, Pledger, & Van Eldik, 1991). However, transgenic mice overexpressing S100B at 

the micromolar level accelerated Alzheimer’s disease-like pathology, with enhanced astrogliosis and 

microgliosis, upregulated IL-1β expression in astrocytes, enhanced β-amyloid-induced glial activation, 

and stimulated the release of IL-6 and TNF-α (Donato et al., 2009; Hu & Van Eldik, 1999; Koppal, Lam, 

Guo, & Van Eldik, 2001; T. Mori et al., 2010; Ponath et al., 2007; Wainwright et al., 2004). Moreover, the 

treatment of astrocytes with excessive S100B was shown to result in the upregulation of expression of 

inducible nitric oxide synthase (iNOS), stimulation of iNOS activity, NO release, and NO-dependent 

killing of astrocytes and co-cultured neurons via activation of NF-κB (Donato et al., 2009; Hu, Ferreira, 

& Van Eldik, 1997; Hu & Van Eldik, 1996; Lam et al., 2001). Thus, S100B produced and secreted by 

astrocytes can interact with RAGE, inducing changes that are potentially harmful, or beneficial, to 

various cell types, including astrocytes themselves. The majority of studies report a pathogenic role in 
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neurodegenerative diseases for RAGE-S100B binding. The neuroprotective effects of this interaction 

are  less frequently reported. The high level of RAGE-S100B colocalisation implies the significance of 

their interaction in astrocytes in HD brains. However, more specific investigation is required to identify 

the nature of their binding in HD. Additionally, S100B can activate astrocytes, thus, it may take part in 

the process that switches astrocytes from neurotrophic cells to the neurotoxic cells, which may play a 

role in the brain inflammatory response. However, the fact that S100B-induced apoptosis of astrocytes 

may contribute to the reduction in the number of activated astrocytes during the course of brain 

inflammatory processes, cannot be neglected. Therefore, S100B may play a role in resolving 

inflammation (Donato et al., 2009). 

In addition to S100B, the staining pattern of CML was also similar to that of RAGE in HD brains. Its 

expression was restricted almost entirely to GFAP-positive astrocytes. The abundance of AGEs proteins 

in astrocytes, and the increased percentage of AGE-positive astroglial cells, have been previously 

reported in Alzheimer’s brains (Luth et al., 2005; Sasaki et al., 2001; Takeda et al., 1998). The co-

expression of RAGE and CML in astrocytes was also observed in some neurodegenerative cases (G. Li, 

Xu, & Li, 2012). For example, in AD, most astrocytes were shown to contain both AGE-and RAGE-

positive granules, with similar distributions. In contrast, AGE-and RAGE-positive astrocytes were very 

rare in diabetes mellitus patients and control cases (Sasaki et al., 2001). The activation of astrocytes by 

AGEs, via RAGE, promotes the elevation of the level of astrocytic proinflammatory mediators (IL-1 β 

and TNF-α), and the oxidative stress caused by CML might contribute (at least partially) to the 

detrimental effects of AGEs in neurological disorders in the aging brain (Loske et al., 1998; Z. Wang, Li, 

Liang, Wang, & Cai, 2002; S. D. Yan et al., 1994). It was also reported that CML could decrease the 

expression of RAGE in astrocytes, which is thought to be a self-protective mechanism in astrocytes 

against the CML-binding and activation of astrocytes (Z. Wang et al., 2002). Based on these 

observations about astrocytic AGEs in various diseases, CML is thought to be produced by astrocytes, 

and affect other cells in either autocrine or paracrine pathways. Its functions are more likely to be 

cytotoxic than neurotrophic.  

These studies indicate that the level of RAGE activation by both S100B and CML may be increased in 

astrocytes in HD. Therefore, like in other neurodegenerative diseases, their interaction may closely 

correlate to astrocytic functions in HD. As the binding of both S100B and CML requires the extracellular 

V-domain of RAGE (Leclerc et al., 2007; Matsumoto et al., 2008), it is reasonable to assume that the 

ligands would compete for the same binding site. It is unlikely that two ligands competing for the same 

binding site would induce two completely opposite effects, ie neurotoxic and neurotrophic, 

respectively, since their effects would be nullified, and thus, biologically inefficient. Therefore, it is 

reasonable to hypothesise that S100B and CML may act in concert, enhancing the same effect, either 
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cytotoxic or protective, on the survival of cells. The co-operative effects of more than one ligand acting 

on RAGE were reported previously (H. J. Huttunen et al., 2000). However, whether their interactions on 

the astrocytes are beneficial or harmful to the survival of cells remains to be identified. Considering 

that only few studies report the beneficial role of RAGE-CML in neuropathological conditions, it is likely 

that the cooperative binding of S100B and CML, to RAGE expressed by astrocytes, would promote the 

gain of new cytotoxic functions. This could contribute to cell death in the CN in HD.  

4.3.2 RAGE-ligand interaction in GFAPδ-positive proliferative astrocytes 

While the majority of astrocytes expressing GFAP (all types) was localised in the CN, the anti-GFAPδ 

antibody labelled a more specific type of astrocytic cell, the Type B cell, in the SEL.  IHC results showed that 

a large number of these proliferative astrocytes were also labelled for RAGE-S100B co-staining. CML was 

absent in almost all GFAPδ-positive cells. This variation in staining suggests that the binding of S100B and 

CML may have different implications on the function of RAGE, specifically its role in proliferation and 

migration of adult stem cells in the SEL of HD brains.  

The importance of the presence of neural progenitor cells in the adult brains has been a focus of research on 

neurodegenerative diseases, especially those studies focussed on aging. These progenitor cells in the adult 

SEL actively divide throughout life generating a large number of progeny capable of long-term 

morphological and functional integration (Belluzzi, Benedusi, Ackman, & LoTurco, 2003; Gates et al., 1995; 

Thomas, Gates, & Steindler, 1996; Tropepe, Craig, Morshead, & van der Kooy, 1997; Walton et al., 2006). 

However, despite the lifelong presence of the progenitor cells, the extent of neurogenesis declines 

progressively with aging, suggesting underlying changes in a number of functions of progenitor cells, 

and/or other supporting cells (Tropepe et al., 1997; Walton et al., 2006). However, in HD, neurogenesis in 

the SEL (or SVZ) is triggered, and the production of progenitor cells is upregulated in response to the 

nearby striatal degeneration (Curtis et al., 2007). The likelihood that the progenitor cells will be 

upregulated is dependent on the proximity of the insult, as is the case in HD where the CN is closely located 

to the SEL (Curtis et al., 2007; Phillips, Morton, & Barker, 2005; Sathasivam et al., 1999; Slow et al., 2005; 

Tattersfield et al., 2004). Therefore, it is possible that generalised cell death in the CN is a requirement for 

the upregulation of SEL progenitors in HD.  

The co-localisation of RAGE and S100B in a large number of GFAPδ-positive astrocytes, identified by the 

triple-labelling study, suggests that the RAGE-S100B interaction, along with other endogenous factors and 

receptors, may contribute to enhancing the proliferation and migration of neural precursor cells in the SEL. 

As described by earlier studies, S100B has the potential to induce neurite outgrowth, mediate cell migration, 

promote cell survival and stimulate neuronal proliferation and differentiation (Arcuri, Bianchi, Brozzi, & 

Donato, 2005; Brozzi, Arcuri, Giambanco, & Donato, 2009; R. Donato, 2001; H. J. Huttunen et al., 2000; J. Kim, 

Wan, S, Shaikh, & Nicholson, 2012; Meneghini, Francese, Carraro, & Grilli, 2010). While some studies 
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reported the expression of S100B in neural stem cells and their possible roles in maintaining their 

multipotent properties (Arcuri et al., 2005; Brozzi et al., 2009), others suggested that the expression of 

S100B marks the onset of a critical period during which GFAP-expressing cells acquire a more mature 

developmental stage, and lose their neural stem cell potential (Guo et al., 2014; Raponi et al., 2007). 

However, the majority of studies conducted on the role of S100B in cells with proliferative potentials have 

been conducted using in vitro cell culture or animals during development. The expression of S100B in adult 

stem cells, especially in the context of neurological disorders, has not been investigated in detail. 

Accumulating evidence suggests that S100B is not naturally highly expressed by GFAPδ-positive cells under 

homeostatic conditions. However, it is expressed by ependymal cells that are either multi-ciliated or bi-

ciliated. Bi-ciliated ependymal cells surround the niches of Type B cells and form a pinwheel cellular 

organisation (Gonzalez-Perez, 2012). A recent study reported an increase in both GFAPδ and S100B in a 

subpopulation of cells with the potential to develop into fully reactive astrocytes, following postnatal 

ischemic brain injury. This increase occurred concurrently as astrogliosis developed. Thus, these cells were 

the Type B astrocytes (Rusnakova et al., 2013). Therefore, it can be hypothesised that S100B, whose 

expression is restricted to ependymal cells and maintained at low level in Type B astrocytes under 

physiological conditions, may be upregulated in proliferative cells, in response to the brain injury. Further, 

S100B may have a role in regulating the neurogenesis functions associated with proliferation, 

differentiation, or migration, via its interaction with RAGE.  

In contrast to S100B, though CML was found in a large number of cells in the SEL, as shown in the cell 

counting study in Chapter 5, it was not expressed by most of GFAPδ-positive astrocytic cells. This suggests 

that CML may be expressed by cells other than Type B cells in the SEL. The earlier cell counting study in 

Chapter 4 showed that the level of CML expression increased from control to HD, but was maintained at a 

constant level across different grades. Since the grade-wise thickening of the SEL can be attributed to an 

increase in Type B cells (Curtis et al., 2005), the consistency of the level of CML expression across HD grades, 

provides additional evidence that Type B cells are not the main cell type expressing CML in the SEL.  Based 

on the lack of CML expression in Type B cells, this ligand does not seem to have a direct influence on the 

proliferation of neural stem cells. However, the abundant expression of CML in the SEL still poses an 

interesting question. In general, CML is known to induce pathological effects to cells by either binding to 

RAGE, or by forming aggregates. However, it seems unlikely that CML may exert harmful effects on cells in 

the SEL, as it does not hinder the expansion of SEL that is triggered by the neurodegeneration in HD. 

Therefore, it is more likely that CML may also be involved in neurogenesis in the SEL. The expression of 

CML by GFAPδ-negative cells suggests that CML may participate in regulating the migration and 

differentiation, rather than the proliferation of GFAPδ-positive Type B cells. Despite the well-known 

cytotoxic functions of CML, the involvement of CML in physiological processes has also been reported (J. Y. 

Kim et al., 2008; Meneghini et al., 2010). An in vitro study demonstrated that the ligand-binding of AGE-BSA 
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to RAGE stimulated the proliferation and differentiation of adult neural progenitor cells by activating NF-κB 

signalling pathway (Meneghini et al., 2010). IL-6, which is one of the most common downstream products 

of RAGE activation by AGEs, also has the ability to induce stem cell proliferation and SEL expansion 

(Bensadoun, de Almeida, Dreano, Aebischer, & Deglon, 2001; Bowen, Dempsey, & Vemuganti, 2011; Covey, 

Loporchio, Buono, & Levison, 2011). A pilot study involving immunostaining of human SEL in HD cases 

showed that IL-6 was expressed in the SEL at a higher level than the CN regions (data not shown). 

Therefore, the high level of RAGE-CML interaction in the SEL may indicate its indirect participation in the 

neurogenesis and migration of new cells.  However, further investigation using functional studies is 

required to confirm the exact function of RAGE-S100B and RAGE-CML interactions in the SEL cells.  

4.3.3 Level of ligand expression is low in Neurons in HD CN 

Although astrocytes showed the highest level of co-staining of RAGE and ligands in HD, there were still 

a considerable number of calbindin-positive neuronal cells that expressed RAGE. These observations 

are similar to those seen in an R6/2 HD mouse model (Anzilotti et al., 2012). Triple-labelling IHC 

illustrated many calbindin-positive neurons expressing RAGE in the SEL and the CN, of both control 

and HD brains. An earlier study reported that the number of RAGE-positive MSNs was significantly 

upregulated in the CN in HD (Anzilotti et al., 2012; Ma & Nicholson, 2004). The grade-wise elevation of 

RAGE expression in neurons, which are subject to cell death, suggest that RAGE may play a role in HD 

pathology. However, whether the expression of neuronal RAGE drives, or hinders, neurodegeneration 

still requires further investigation. Considering that the elevation of neuronal RAGE does not precede 

the initiation of HD, but rather appears to occur secondarily to cell death (Ma & Nicholson, 2004), and 

the fact that its expression is highest in the SEL, suggests that RAGE may be involved in a rescue 

mechanism in cells that have already been programmed to die. However, to date, there is no strong 

evidence to support a neuroprotective role for RAGE in the diseased human brain. On the other hand, 

RAGE may actually play a part in neurodegeneration by triggering a toxic cytokine cascade in neurons, 

as proposed for other neurological disorders such as AD (Anzilotti et al., 2012; Du Yan et al., 1997; S. D. 

Yan et al., 1996).  

In tissues that were triple-labelled for RAGE, S100B, and calbindin, S100B colocalised with RAGE in a 

small population of neurons, though its expression was not as abundant as in astrocytes. The selective 

expression of S100B at various levels by specific cell types in the CNS appears to be determined at the 

level of transcription (Vives et al., 2003). The harmful or beneficial function of S100B for neurons is 

dictated by the extracellular concentration of S100B that binds and affects RAGE (R. Donato, 2001; H. J. 

Huttunen et al., 2000; Teismann et al., 2012). Cytoplasmic and membranous RAGE-S100B 

colocalisation in neurons implies that a subpopulation of MSNs may produce these proteins, and then 

may be affected by them via an autocrine pathway. The expression and the release of S100B from 
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neurons had been previously reported (Ellis, Willoughby, Sparks, & Chen, 2007; Vives et al., 2003). The 

fact that neuronal S100B was found more frequently in control tissues, in comparison to HD brains, 

despite low neuronal RAGE expression, is an interesting observation. Since intracellular S100B is 

known to have physiological functions, S100B may contribute to the maintenance of neuronal cells in 

the normal CN, independent of RAGE activation. On the other hand, increased colocalisation of S100B 

and RAGE in HD suggests an interaction, thus, implying the secretion of S100B and its extracellular 

effects on the RAGE activation. Extracellular S100B is known to exert neurotrophic effects to cells at 

nanomolar concentration, but can also produce neurotoxic effects at increased micromolar 

concentration. At nanomolar concentrations, extracellular S100B stimulates neurite outgrowth 

(Kligman & Marshak, 1985; Winningham-Major, Staecker, Barger, Coats, & Van Eldik, 1989), enhances 

neuronal survival during development and after injury (Barger, Van Eldik, & Mattson, 1995; 

Bhattacharyya et al., 1992; R. Donato, 2001; Ueda, Kokotos Leonardi, Bell, & Azmitia, 1995; Van Eldik, 

Christie-Pope, Bolin, Shooter, & Whetsell, 1991), prevents the degeneration and stimulates the 

regeneration of motor neurons in neonatal rats following sciatic nerve section (Haglid et al., 1997; 

Iwasaki, Shiojima, & Kinoshita, 1997). These studies suggest that the secreted S100B may act as a 

neurotrophic factor with an important physiological role during development and nerve regeneration. 

The RAGE-mediated pro-survival activity of the secreted S100B, and its ability to stimulate neurite 

outgrowth, depends on the nuclear translocation of NF-κB, followed by the upregulation of the anti-

apoptotic factor Bcl-2 (H. J. Huttunen et al., 2000; Neeper et al., 1992). In contrast, the micromolar 

levels of secreted S100B may have neurotoxic or apoptosis-inducing effects, as shown by the elevated 

levels of S100B found in Down’s syndrome, Alzheimer’s disease, epileptic patients, and aging brains 

(Griffin et al., 1989; Griffin et al., 1995; Mrak et al., 1996; Rothermundt et al., 2003). RAGE-S100B 

interaction exerts its neurotoxic effects in vitro by inducing apoptosis in neurons, and causing elevation 

of ROS, cytochrome C release, and activation of the caspase cascade (Hu et al., 1997; H. J. Huttunen et 

al., 2000; Mariggio, Fulle, Calissano, Nicoletti, & Fano, 1994). In such neurotoxic conditions, Bcl-2 is 

downregulated. This is necessary for S100B to cause neuronal apoptosis (H. J. Huttunen et al., 2000; S. 

Wang et al., 1999). The concept that S100B may act as an unconventional cytokine or a damage-

associated molecular pattern protein (DAMP), at micromolar concentration, playing a role in the 

pathophysiology of various neurodegenerative disorders and inflammatory brain diseases, have 

emerged based on previous studies (Bianchi, Kastrisianaki, Giambanco, & Donato, 2011). Overall, 

secreted S100B is currently viewed as a cytokine that promotes neuronal survival at low 

concentrations, but is neurotoxic at high levels (R. Donato, 2001; Rothermundt et al., 2003). As a 

cytokine, S100B plays a role in the pathophysiology of neurodegenerative disorders, and also drives 

brain inflammatory diseases causing Alzheimer’s-like disorders (Griffin et al., 1998). Considering the 

opposing effects exerted by S100B on neuronal maintenance, a more detailed investigation involving 
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the measurement of extracellular concentration of S100B in the CN in HD CN is required to further 

identify its functions.  

While S100B was found in a small population of calbindin-positive neurons, CML-positive neurons 

were rarely observed in both control and HD brains. Previous reports on the function of RAGE-CML 

have mostly focussed on its cytotoxic effects in various pathological conditions, including 

neurodegeneration (Lecleire-Collet et al., 2005; Takeuchi et al., 2000). However, the immunostaining 

results for CML in neurons suggest that RAGE-CML interaction may not cause any direct cellular 

changes to the MSNs in HD.  

The relatively low level of ligand expression in neuronal cells suggests that RAGE-ligand interaction 

may not have any direct effect on the death or survival of neurons. However, it does not necessarily 

imply that RAGE is not involved in determining the fate of neurons in the HD pathology. In the CN, all 

types of cells are closely interconnected and influence each other, via a dense network. Thus, it is still 

highly possible that RAGE-ligand occurring in non-neuronal cells such as astrocytes may exert either 

neurotrophic or neurotoxic effects on neurons during HD pathogenesis, inducing cell survival or cell 

death.  

4.3.4 RAGE-S100B and RAGE-CML interactions seem irrelevant to microglial functions 

Microglia are the resident immune cell in the CNS and is involved in various neurological disorders that 

involve pathological damage by inflammation. Neuroinflammation is one of the main pathological 

events that cause cell loss in the HD brains (Sapp et al., 2001; Simmons et al., 2007; Singhrao et al., 

1998). The increase in activated (less ramified) microgila in HD cases, in comparison to control cases, 

as well as the Iba-1 expression increase observed from control to HD brain tissues shown by triple IHC 

staining, indicates the activation of microglia, in association with neuroinflammation in HD.  

The effects of RAGE-ligand interaction and the function of microglia had been the focus of 

neurodegeneration research, because of their role in neuroinflammation (Bianchi, Adami, Giambanco, 

& Donato, 2007; Fang et al., 2010; Sternberg et al., 2010). The binding of both ligands, S100B and CML, 

have the capacity to activate downstream signalling pathways that may lead to the production of pro- 

and anti-inflammatory molecules. Activated microglia exert their effects on neurons and macroglia 

(astrocytes and oligodendrocytes) through the release of cytotoxic substances, such as oxygen radicals, 

nitric oxide, glutamate, proteases, and neurotoxic cytokines, as well as cytoprotective agents, such as 

growth factors, plasminogen, and neuroprotective cytokines (Moller, 2010; van Rossum & Hanisch, 

2004). The expression of RAGE in microglia and its pathogenic involvement in neurodegenerative 

diseases has been previously reported (Fang et al., 2010). Despite the strong link to 

neuroinflammation, neither of RAGE, S100B, nor CML was expressed at significant levels in the 

microglia in HD. This indicates that the RAGE-ligand interaction may not have any direct relevance to 
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the microglial functions in HD pathology.  However, the effects of microglia are themselves modulated 

by astrocytes and neurons through cytokines and neurotransmitters, thus, giving rise to complex 

interactions between microglia, neurons and astrocytes. In fact, neuroinflammation in HD seems solely 

sustained by the interactions of microglia, neurons, and macroglia. Such a co-influential network 

between different cell types results in the whole concept of neuroinflammation. Therefore, although 

microglia lack the expression of RAGE and ligands, because all the cells types in the CNS are 

interconnected and influence each other, RAGE may still have an effect on the function of microglia in 

HD brains, by activating other cells such as neurons and astrocytes (Cerbai et al., 2012; Moller, 2010). 

4.4 Conclusion  

While RAGE was expressed in both calbindin-positive neurons and GFAP-positive astrocytes, they were 

more strongly and frequently expressed in the astrocytes. The expression of ligands (S100B and CML) 

was also strong in astrocytes, but their level of neuronal expression was insignificant. This implies that 

the RAGE-ligand interaction may have a strong relevance to the functions of astrocytes, such as 

astrogliosis in HD, and may not produce direct intracellular effects to the survival or death of neurons. 

Since astrogliosis can exert either beneficial or harmful effects to the survival of nearby cells, the 

function of RAGE-S100B and RAGE-CML interactions are unclear. Although the neuroprotective 

function of RAGE in neurodegenerative diseases is still not fully understood, a high level of RAGE-

S100B colocalisation found in GFAPδ-positive neural precursor cells in the SEL suggests that their 

interaction may have relevance to the neurogenesis, which may be triggered by neuronal death in the 

adjacent CN. RAGE and ligands were not expressed in microglia. In summary, RAGE-S100B and RAGE-

CML may have some relevance to astrocytic function in HD, and RAGE-S100B could play a role in 

driving the proliferation of Type B astrocytes in the SEL. However, different cell types in the CNS form a 

complex network and influence one another in close association. Therefore cells that do not show high 

levels of RAGE, or ligand staining, may also be affected by RAGE-ligand binding, via indirect pathways.  
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Chapter 5. Quantitative Analysis of RAGE-Ligand Interaction in HD 

In Chapter 3: Ligand Assessment for RAGE in HD Brains, the likelihood of each of four ‘candidate’ 

molecules, S100B, CML, HMGB1 and polyQ, being a ligand for RAGE in HD brains was assessed, based 

on the degree of RAGE-ligand colocalisation determined by double-label IHC. As a result, S100B and 

CML were identified as ligands for RAGE in the SEL and CN of HD brains. Further investigation by 

triple-labelling IHC showed that the largest population of RAGE-positive cells were GFAP-positive 

astrocytes. These cells were also S100B- and CML-positive. The level of expression seemingly increased 

in the HD brains. Moreover, while the level of RAGE and its ligands were the strongest in the SEL it 

extended towards the lateral CN, with increasing HD grade.  

Based on these qualitative observations, the significance of the RAGE-S100B and RAGE-CML 

interactions in HD, and their relevance to the pathogenesis, were further investigated by quantitative 

analysis. The semi-quantitative western blot analysis confirmed that the overall expression of all target 

molecules, RAGE, S100B and CML, increased in the SEL and CN regions of HD brains. In addition to the 

overall expression, the number of cells expressing the target proteins also increased with HD grade. 

Due to the similarity in the staining patterns of RAGE and its ligands, the increase in the level of each 

receptor and ligand also resulted in an increase in the level of their colocalisation. Overall, the results 

from the quantitative study led to the conclusion that the interaction of RAGE with S100B and CML is 

likely to have significant relevance to the pathological progress of HD.  

5.1 Specific Methods and Materials 

5.1.1 Semi-Quantitative Western Blot Analysis using Image J 

Protein samples were collected from the CN and SEL regions of three control (H169, H194, H200) and 

three HD (HC78, HC120, HC134) human brains (Chapter 2: General Methods and Materials, Table 3, 

page 45). Brain tissue was homogenised and run through the gel, as per the standard western blot 

protocol described earlier (page 32). The images of protein bands were analysed semi-quantitatively 

by Image J for each of target proteins, RAGE, S100B and CML. 

 

 

 

 

101 

 



5.1.2 Human Brains used for Double-labelling Fluorescent Immunohistochemistry (IHC) 

The standard protocol for performing fluorescent IHC is described in Chapter 2: General Methods and 

Materials (page 37), with details about double-labelling IHC outlined in Chapter 3: Ligand Assessment 

for RAGE in HD brains (page 61). A total of 15 human brain sections were double-labelled for either 

RAGE-S100B, or RAGE-CML. Three HD cases were obtained per grade (Grade 1- Grade 4) from age- and 

sex-matched individuals. A total of 12 HD cases were examined and pathologically verified by an 

independent pathologist for the extent of neurodegeneration, and assigned a grade from 1 (minimal) to 

4 (extensive), according to the assessment method described by Vonsattel et al., (1998). No other 

neuropathology was seen in any of these HD cases. The control cases were obtained from those who 

died with no known neurological disease or drug treatment, and a pathological examination was 

conducted to exclude any neuropathology.  

For consistency, RAGE was immunolabelled with the Alexa 488 (green) fluorophore, while its ligands 

were immunolabelled with the Alexa 594 (red) fluorophore. The nuclei were stained with Hoechst 

33258, thus, appearing blue in the final images. The details of the antibodies and cases used for 

immunolabelling are listed in Table 1-3 in Chapter 2 : General Methods and Materials  (page 44-45).  

5.1.3 Imaging with Confocal Microscopy 

The basic principle and operation of the Olympus FV1000 confocal microscope for imaging 

fluorescently-labelled tissues has been outlined in Chapter 2(page x). Following IHC staining, the tissue 

was imaged with the 40x/1.3NA objective. The size of each image was 317um x 317um (Figure 40B). 

Single z-sections of 15 images were taken from each of these three regions: the subependymal layer 

(SEL), the medial caudate nucleus (medCN), and the lateral caudate nucleus (latCN), in dorso-ventral 

direction (Figure 40). The boundary between SEL and medCN was determined by the difference in cell 

distribution between the two adjacent regions (Curtis et al., 2003; Curtis et al., 2005). The medial CN 

was regarded as the region that was adjacent to the SEL, and the lateral CN to the internal capsule. A 

total for 45 images (15 from the SEL; 15 from the medCN; 15 from the latCN) were taken from each of 

the 15 cases. Therefore an overall 1350 images were used for cell counting (45 images per case x 15 

cases x 2 pairs of double-staining [RAGE-S100B and RAGE-CML] = 1350 images).  
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Figure 40 The human CN and the adjacent SEL labelled and imaged for cell counting  analysis  
A A thin coronal section through the striatum of the human brain showing the caudate nucleus (CN), subependymal 

layer (SEL), internal capsule (IC), putamen, and ventral striatum. The lateral ventricle (LV) is the cavity that is 

external to the CN and SEL. (See Gabriel et al., 1990 for the original image).  B 15 single z-sections of 600µm x 

600µm images were taken from each of the three regions (SEL, medCN, latCN), per case, in the dorso-ventral 

direction.  (Figure acquired and modified from Trends Neurosci. 1990 Jul;13(7):244-54 by Graybiel AM) 

5.1.4 Image Processing, Categorisation and Cell Counting  

The images obtained from confocal imaging were processed according to the set threshold. The cells 

were counted and categorized into different groups depending on the types of fluorophores they were 

labelled with. The process of setting the threshold and counting cells is described in Chapter 2: General 

Methods and Materials (page 37).   

5.1.5 Statistical Analysis of Cell Counting Results  

The results obtained from manual cell counting were statistically analysed to investigate the difference in 

the level of RAGE and its ligands, between different HD grades, and different regions (SEL, medCN, latCN). 

Firstly, the crude cell counting result that consisted of (1)RAGE-only-positive (2)ligand-only-positive 

(3)RAGE&ligand-positive, was reorganized so that it now showed (4)all-RAGE-positive (5)all-ligand-

positive, and (3)RAGE&ligand-positive cells (Figure 9, page 38 in Chapter 2). Each of the categories was 

then expressed as a percentage of the total cell count. Following the reorganization of raw data, a 

generalized linear mixed model was fitted, with percentage of cells exhibiting expression as the outcome. 

Some of the percentages were small, and therefore, there was likely to be a correlation of the mean and 

variance. Thus, the data were transformed by using the logit link. A binomial distribution and robust 

sandwich estimators of errors were used. The outcomes of RAGE and each ligand expression were 

examined separately. Initially, the interaction of disease grade and region of the brain was examined to 
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see if there was a difference in the effect of disease on expression in different regions of the brain. As this 

difference was significant, the three regions of the brain (SEL, medCN, latCN) were analysed separately. 

There was evidence of a difference across grade, between control and HD cases, and the linear trend 

across HD grades were examined, i.e. for the variables: disease grade, region, and  type of protein. 

 

5.2 Results  

5.2.1 The overall expression of RAGE and ligands increased in the CN and SEL of HD brains  

In order to assess the change in the overall expression of RAGE, S100B, and CML in HD, semi-

quantitative western blotting was performed on tissue homogenates collected from the entire region 

spanning both CN and SEL. The normalised level of each protein in three control cases was compared 

with that of three HD cases. Statistical analysis, using a t-test, was performed to assess the significance 

of the difference between controls and HD. The results showed that the expression of all proteins was 

upregulated in HD, in comparison with the control.  

As demonstrated in Figure 41A, the expression of RAGE increased from control to HD brains. The 

difference between control and HD, was not statistically significant, with a p-value of 0.11. This could 

be attributed to the relatively low expression of RAGE in HC120, in comparison to other HD cases 

(arrowhead, Figure 41A). Removal of HC120 showed an increasing trend more clearly producing a 

lower p-value (p<0.008). Different isoforms of RAGE with different molecular weights were detected in 

control and HD cases. A single isoform of RAGE at approximately 50kDa was detected in all three 

control cases. In contrast, strong protein bands at 55kDa, with smear bands within the range of 45-55 

kDa, were detected in all HD cases.  

In addition to RAGE, the expression of S100B and CML were upregulated from control to HD cases, with 

p-values of 0.004 and 0.009, respectively (Figure 41B and C). The protein bands for S100B were detected 

at 10kDa, corresponding to the S100B monomer. The multimeric forms of S100B were not detected. Two 

major CML-modified proteins were detected at 50 kDa and 60 kDa in the HD cases. There was also a faint 

band observed at 60 kDa, in H169, whereas no band was detected in the other controls. The raw 

quantitative data for the level of protein expression are shown in Table 7 below. The data are all 

expressed as normalised values (ie. RAGE/GAPDH).   

 
RAGE S100B CML 

Control HD Control HD Control HD 
Mean* 0.640 1.57 0.318 1.12 0.300 1.20 
S.E** 0.163 0.42 0.097 0.096 0.089 0.168 

Table 7 The quantitative data of RAGE, S100B, and CML expression in control and HD brains 
*in densitometric units 
** S.E = Standard Error 
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Figure 41 Expression level of RAGE, S100B, and CML, in the CN and SEL, of control and HD brains 

A Different isoforms of RAGE were detected in control (single band; 50kDa) and HD (multiple bands; 45-55kDa) 

cases. The expression of RAGE was upregulated in HD, but the increase was not statistically significant, with a p-

value of 0.11, due to the low RAGE expression in HC120 (A, arrowhead). Removing HC120 from the statistical 

analysis produced p-value of 0.008. The level of B S100B (molecular weight of 10kDa; *p = 0.004) and C CML 

(molecular weight of 50kDa and 60kDa;* p = 0.009) were also upregulated from control to HD brains.  
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5.2.2 Cell Counting Analysis was performed separately  in  SEL, medCN and latCN  

Semi-quantitative western blot analysis showed an overall increase in the expression level of RAGE, 

S100B, and CML in the CN and SEL in HD. The cell counting study, with double-labelling IHC, showed 

the grade-wise changes in the spatial expression pattern of each of the target proteins in situ. The 

immunostaining result showed a regional difference in the staining pattern, across the medial-lateral 

axis (Figure 42). The immunostaining of all the target proteins decreased in its frequency and intensity 

along the medial-lateral axis, and the level of colocalisation of both RAGE-S100B and RAGE-CML was 

very high in the SEL, and the medCN where their expression was the strongest. The immunostaining of 

all three proteins extended into the more lateral CN, with increasing grade. In order to reflect this 

grade-wise extension of staining, the cell counting analysis was performed in three regions, the SEL, 

the medCN, and the latCN, separately. The grade-wise difference in the number of cells expressing each 

of the target proteins, and thus, the level of their expression in each region, was confirmed with 

statistical evidence. The generalized mixed linear model used for the statistical study showed a 

significant  difference in the effect of disease, on the level of protein expression in different regions in 

the brain (p<.0001 for RAGE; p<.0001 for S100B; p=.0002 for CML). Such strong statistical significance 

enabled a separate analysis on different regions, as well as in different HD grades.  

 
Figure 42 Double-labelling IHC of RAGE-S100B and RAGE-CML in different regions  
The intensity and the frequency of staining for RAGE-S100B and RAGE-CML decreases from SEL to latCN, in the 

medio-lateral direction. (Grade 1 HC132) 
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5.2.3 The expression & colocalisation level of RAGE and S100B increased with HD grade 

Sections of the human striatum, spanning the SEL and CN, were double-immunostained for RAGE and 

S100B. Manual cell counting was performed to study changes between different grades (control, grade 1-4), 

and regions (SEL, medCN, latCN). All values are expressed a percentage of the number of immunostained 

cells against the total number of cells, in each image. As shown in Figure 43, the overall number of both all-

RAGE-positive (green bars) and all-S100B-positive (red bars) cells showed an increasing trend with 

increasing HD grade, in all three regions of the SEL, medCN and latCN, except for the number of all-S100B-

positive cells in the latCN, where there was no significant change across the increasing grade (p=0.19; white 

arrows in Figure 43). In the SEL, 22% of total number of cells was positive for RAGE in control cases, but the 

percentage of RAGE-positive cells increased to 74% in the grade 4 SEL (Figure 43, green single-

arrowheads). In the medCN, the percentage for RAGE increased from 10% (control), to 58% (grade 4; 

Figure 43, green double-arrowheads). Finally, in the latCN the percentage of RAGE expression increased 

from 7.5% to 29%, from control to grade 4, respectively (Figure 43, green triple-arrowheads). For S100B, 

the percentage of S100B-positive cells increased from 29% (control) to 55% (grade 4) in the SEL, and from 

17% (control) to 50% (grade 4) in the medCN (Figure 43, red single-arrowheads for the SEL; red double-

arrowheads for the medCN).  In the latCN, 28% of total number of cells was positive for S100B in controls, 

which increased to 32% of cells in grade 4 HD, with a constant level of expression (Figure 43, white arrows). 

In addition to the increase in S100B expression between control and HD, with the exception of expression 

in the latCN, there was also an overall increasing trend in the number of both all-RAGE-positive and all-

S100B-positive cells in HD cases, with increasing grade, in all three regions. In addition to the grade-wise 

difference, a regional difference in the level of expression was also observed (Figure 43). The level of RAGE-

positive cells in the SEL of a grade 4 HD brain reached 74%, but it decreased to 58% in medCN and 29% 

(latCN), in a medio-lateral direction (Figure 43, green stars). For S100B, the percentage of S100B-positive 

cells in the SEL of grade 4 HD brains was 55%, but it also decreased to 50% and 32%, in the medCN and the 

latCN, respectively (Figure 43, red stars).  

The difference in expression levels was statistically analysed. There was a significant difference in the level 

of RAGE expression in HD cases, in comparison to controls (p<.0001 in SEL, medCN and latCN). In addition, 

a significant increase in the expression of RAGE was also found between different HD grades (p=.0002 in 

SEL; p=.0004 in medCN; p<.0001 in latCN). The expression of S100B was upregulated significantly in the 

SEL (p<.0001), and the medCN (p<.0001), in the HD cases. An increasing trend in the expression level with 

increasing grade between HD brains was also found for S100B (p=.003 in SEL; p=.0007 in medCN). Neither 

the difference between control and HD, nor the effect of HD grade on the expression of S100B, could be 

demonstrated in the latCN (p=.19). Overall, the increase in the number of all-RAGE-positive and all-S100B-

positive cells was not significant in the latCN, in comparison to other regions.  
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In addition to the cells labelled for single proteins the number of RAGE & ligand-positive cells also increased 

with HD grade in all three regions (Figure 43, yellow bars). The same statistical method used for examining 

individual protein expression was applied to study the change in the degree of their colocalisation, in different 

regions, at different grades. The study showed that, like individual proteins, there was strong evidence of the 

effect of HD grade on RAGE-S100B colocalisation, in different regions of the brain (p<.0001). The regions were 

therefore examined separately. As for individual proteins, there was a significant upregulation in the level of 

RAGE-S100B colocalisation in HD, compared to controls (p=.002 in SEL; p<.0001 in medCN; p<.0001 in latCN). 

The increasing trend of colocalisation with increasing disease grade was also statistically significant in all 

three regions (p=.002 in SEL; p=.0005 in medCN; p<.0001 in latCN). Additional detailed descriptions of the 

statistical method, and numerical results, can be found in Appendix C, page 150.  
 

 
Figure 43 The Quantitative analysis of RAGE-

S100B interaction in HD SEL and CN  
 

For the quantitative analysis of RAGE and S100B, the SEL, 

medCN, and latCN regions, were analysed separately. Overall, 

the level of expression increased from control to HD for both 

RAGE and S100B, in all three regions, with the exception of 

S100B in the latCN (p=.19). Similar to individual proteins, the 

number of RAGE&S100B-positive cells in which RAGE and 

S100B colocalised also increased, with increasing HD grade, 

in all three regions. The statistical significance for the 

increasing trend of each protein is as follows:  
 

For RAGE: P=.0002 in SEL, p=.0004 in medCN p<.0001 in latCN  
For S100B: p=0.003 in SEL, p=0.0007 in medCN 

For RAGE&S100B: p=.002 in SEL, p=.0005 in medCN and p<.0001 in latCN 
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5.2.4 The expression and the colocalisation level of RAGE and CML increased with grade 

The quantitative results obtained for RAGE-CML showed a similar pattern to that of RAGE-S100B. The 

pattern of staining for RAGE was similar to that previously shown in the RAGE-S100B analysis. Overall, 

there was an increase in the level of expression for each individual protein, and the degree of their co-

localisation, in all three regions. The percentage of cells expressing CML in the medCN of control tissues was 

8%, which had increased to 48% in grade 4 cases (Figure 44, red single-arrowheads). There was no 

significant difference in the number of CML-positive cells between control and HD brains in the SEL (p=0.97; 

Figure 44, white arrows), and the latCN (p=0.33; Figure 44, white arrowheads). There was also regional 

difference in the level of CML in the same disease grade (Figure 44). The level of CML-positive cells in the 

SEL of grade 4 HD brain was 44%, increased to 48% in the medCN, and then dramatically decreased to 19% 

in the latCN (Figure 44, red stars). Overall, there was also a decreasing trend in the expression of individual 

proteins, and the level of colocalisation in the medio-lateral direction (SEL-medCN-latCN) (Figure 44). 

Similar to RAGE-S100B staining, the change in the expression and the degree of colocalisation was the least 

obvious in the latCN region, particularly for CML. Most cells that were positive for RAGE were also CML-

positive, especially in the SEL, and the medCN, where the level of RAGE-CML colocalisation was the 

strongest.   

The same statistical method described for RAGE-S100B analysis was used to examine the expression of 

CML in three different regions, of normal and HD-affected brains. The analysis of individual RAGE for RAGE-

CML co-staining was a replicate of the analysis conducted previously for the examination of RAGE-S100B. 

The data for individual RAGE were collected from different samples of the same cases. The results for RAGE 

were almost identical to that of the previous RAGE-S100B analysis. Such similarity in this quantitative data 

for RAGE, from the RAGE-S100B and RAGE-CML studies, confirmed the accuracy and the consistency of the 

immunostaining and the manual cell counting method. Additional detailed statistical evidence of the 

similarity in RAGE expression, in the RAGE-S100B and RAGE-CML studies are shown in Appendix D, page x.   

Similar to RAGE and S100B, the normal brains exhibited lower expression of CML than HD brains 

(p=0.0001 in SEL; p<.0001 in medCN; p=.002 in latCN). There was a statistically significant increase 

observed in the trend of CML expression in the medCN region, with increasing grade (p=0.006), but no 

trend was shown in the SEL (p=0.97) or the latCN (p=0.33).  

The colocalisation level of RAGE-CML was also significantly affected by region and the stage of disease 

(statistical significance between regions and grade; p=0.0001). There was evidence of an effect of disease 

grade on RAGE and CML colocalisation (p=0.002 in SEL; p<0.0001 in medCN and latCN), with normal brains 

exhibiting lower level of colocalisation than HD brains (p=0.0002 in SEL; p<0.0001 in medCN and latCN). 

There was a significant difference in the colocalisation level across different grades in the medCN (p=0.005) 

and the latCN (p=0.03), but there was no trend with increasing grade in the SEL (p=.32).  
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The overall summary of the change in expression and level of colocalisation of RAGE, S100B, and CML, 

due to the effect of either disease (in contrast to control), or grade (within HD cases of varying grade), 

or region (SEL, medCN and latCN), is shown in Table 8.  

 

 
Figure 44 The Quantitative analysis of RAGE-CML 

interaction in HD SEL and CN 
The expression of RAGE and CML were analysed in three 

separate regions:  the SEL, the medCN and the latCN. 

Overall, the level of each protein was upregulated from 

control to HD in all three regions, with the exception of 

CML expression in the SEL (p=.97) and latCN (p=.33). Like 

the individual proteins, the number of RAGE&CML-

positive cells in which RAGE and S100B colocalised also 

increased with increasing HD grade, in all three regions. 

However, the change in RAGE-CML colocation in the SEL 

was not statistically significant.   
The statistical significance for the increasing trend of each protein is as follows:  
For CML: p=0.003 in SEL, p=0.0007 in medCN  

For RAGE&CML: p=.002 in SEL, p=.0005 in medCN and p<.0001 in latCN 
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(effect of 

region) 
RAGE S100B CML RAGE-S100B RAGE-CML 

Control vs HD 
(effect of  

disease) 

SEL p < 0.0001 p<0.0001 p=0.0001 p = 0.002 p=0.0002 

medCN p < 0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 

latCN p < 0.0001 p=0.19* p=0.002 p<0.0001 p<0.0001 

HD G1 –G4 
(effect of grade; 

increasing 

trend) 

SEL p = 0.0002 p=0.003 p=0.97* p = 0.002 p=0.32* 

medCN p = 0.0004 p=0.0007 p=0.006 p = 0.0005 p=0.005 

latCN p < 0.0001 p=0.19* p=0.33* p<0.0001 p=0.03* 

Table 8 The effect of disease (in contrast to control), grade (within HD cases of varying grade) and 

region (SEL, medCN and latCN) on the expression/colocalisation levels of RAGE, S100B and CML  

*No significant change in expression/colocalisation with p >0.05  
 

 

5.3 Discussion  

5.3.1 Western blot: Up-regulation of RAGE, S100B and CML proteins in HD 

Overall, the semi-quantitative western blot showed that the levels of RAGE, S100B, and CML 

expression, were increased from control to HD in tissue homogenates collected from the region 

spanning both the SEL and the CN. The expression of the RAGE protein is maintained at a low basal 

level in most adult tissues (with an exception of lung tissues), and its expression is upregulated during 

development, and under pathological conditions, characterised by enhanced cellular activation, or 

stress, in various diseases. Therefore, as the disease progresses, the upregulation of RAGE in the CN 

and the SEL may indicate an increasing demand for processes elicited by the protein. The rapid 

increase in RAGE expression is likely to be due to the activation of the positive feedback loop that is 

triggered by the ligand-binding, which results in the enhanced and sustained expression of RAGE. This 

enables the cells to respond to extracellular stimuli at an accelerating rate (Ding & Keller, 2005a; H. J. 

Huttunen & H. Rauvala, 2004). This is a crucial feature in RAGE biology, as it enhances RAGE 

expression in the ligand-rich environments, creating major RAGE-induced cellular changes in various 

pathological settings (H. J. Huttunen & H. Rauvala, 2004; Schmidt, Yan, Yan, & Stern, 2001). Therefore, 

the accumulation of the ligand is most likely to be associated with the increased production of RAGE. In 

addition to RAGE, the level of S100B and CML expression were also increased in this HD study. Since 

S100B is expressed abundantly in astrocytes, and the co-expression of RAGE, S100B, and CML, was the 

greatest in astrocytes (Chapter 4: Cell Type Analysis, page 83), the abnormal increase in the number of 

astrocytes due to astrogliosis may account, at least partially, for the enhanced expression of all three 
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proteins. The protein band that appears in a control case, H169, although weaker than HD cases, may 

be due to the fact that this was the oldest case, and thus, may reflect the age-dependent accumulation of 

CML.  Moreover, the positive feedback loop for the production of AGEs and oxidative stress has been 

reported in brains where AGEs promoted the development of normal age-related changes into 

neurodegeneration (J. Li et al., 2012; Vicente Miranda & Outeiro, 2010). Therefore, the increase in the 

level of S100B and CML also seems relevant to the pathological conditions of HD. 

5.3.2 Western blot: Differential post-translational modification of RAGE in HD  

Western blotting results showed different patterns of expression for RAGE in control and HD cases. A 

single strong band at 50 kDa was detected in all three controls, whereas, a strong band at 55kDa, 

associated with several weaker bands of smaller molecular size appearing as a smear, was detected in 

HD cases. As all the protein bands detected for RAGE both in control and HD were within the 45-55kDa 

range, the variation could be attributed to differential post-translational modification such as 

glycosylation, a common feature of cell surface receptors, rather than truncation, which produces 

different isoforms by removing extracellular or cytoplasmic domains.  

Glycosylation is one of the most common post-translational modifications for many proteins, and it 

exerts significant effects on protein folding, conformation, distribution, stability and activity. 

Glycosylation often causes variation in the molecular weight of several proteins (Neeper et al., 1992; 

Park et al., 2011; G. Srikrishna et al., 2002). RAGE contains two potential N-linked glycosylation sites at 

two amino acid residues, Asn25 and Asn81 (Neeper et al., 1992). It is now well established that RAGE is 

N-link glycosylated, and that some of the added N-glycan is further modified, resulting in an anionic 

nonsialylated carboxylated N-glycan that is essential for binding to several ligands(G. Srikrishna et al., 

2002; Srikrishna et al., 2010; Yonekura et al., 2003). Previous indicate that treating RAGE proteins from 

the bovine lung tissue extract with endoglycosidase H (endo-H), which removes glycans from proteins, 

reduced the molecular mass of RAGE proteins by a few kDa (Park et al., 2011; G. Srikrishna et al., 

2002). Therefore, it is likely that, in the current study, the full-length RAGE may become glycosylated in 

the HD brains, as demonstrated by the increase in molecular weight from 50- to 55 kDa. This occurs to 

meet the increasing demand of its new role in the pathological process. The N-linked glycosylation of 

RAGE proteins is essential for the ligand binding of HMGB1, S100A8, S100A9 and S100A12 (G. 

Srikrishna et al., 2002; Srikrishna et al., 2010; Turovskaya et al., 2008). The glycosylation of RAGE also 

influences the binding of CML to RAGE, as no binding of CML-BSA was detected with non-glycosylated 

RAGE (Leclerc, Fritz, Vetter, & Heizmann, 2009; Wilton, Yousef, Saxena, Szpunar, & Stevens, 2006). 

However, for certain AGEs, deglycosylation, rather than glycosylation, promotes its binding to RAGE 

(Osawa et al., 2007). However, not all RAGE ligands require the presence of glycans for binding. For 
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instance, the binding of S100B occurs independently of glycosylation. (Leclerc et al., 2009; Srikrishna et 

al., 2010).  

In summary, the identification of 55kDa RAGE in HD cases may be due to the N-linked glycosylation, 

which increases the molecular size of the protein by a few kDa. The effect of glycosylation on the 

molecular weight of RAGE proteins can be tested by running western blots after treating the protein 

samples with an endoglycosidase to remove N-linked oligossacharides. However, the state of 

glycosylation of the RAGE proteins in HD, could not be tested in the present study due to the restriction 

of resources. The N-glycan on the variable domain of RAGE is essential for several ligands such as 

HMGB1, S100A11, S100A12, and CML, but not for S100B, which also showed a high level of 

colocalisation with RAGE in HD. Therefore, based on the assumption that the increase in the molecular 

weight of RAGE in HD is due to glycosylation, the differential form of RAGE identified by western blot 

may reflect the increasing demand of its functions during the pathological process of HD, which occurs 

independently of S100B and in association with CML binding.  Studying the expression pattern of other 

S100 proteins, whose binding is also enhanced via glycosylation of RAGE, such as S100A11 and 

S100A12, in the HD brain may also be interesting. However, further investigation including the endo-H 

treatment would confirm the identity of the 55 kDa RAGE protein in HD.  

5.3.3 Differential patterns of RAGE-, S100B- and CML-immunostaining depending on 

region and HD grade   

The semi-quantitative western blot analysis showed an upregulation in the expression of RAGE, S100B 

and CML in HD. However, it did not provide information about changes of protein expression in situ. 

Therefore, brain tissue of varying HD grades were immunostained using IHC, for RAGE, S100B, and CML, 

and their staining patterns were analysed. Double-labelling IHC followed by cell counting showed a 

similar pattern of staining for RAGE, S100B, and CML, in the medio-lateral direction, from the SEL to the 

lateral CN. The expression of all three proteins was restricted mostly within the SEL in control tissues, 

but extended more laterally into the deeper CN as HD progressed. Therefore, as there was a difference in 

the pattern of staining in different regions, the cell counting study was carried out separately in the three 

striatal regions, the SEL, the medCN, and the latCN. Such medio-lateral extension of expression has been 

reported previously for RAGE (Ma & Nicholson, 2004), but this is the first study to report that S100B and 

CML showed a similar pattern of staining. The medio-lateral pattern of staining coincides with the 

pattern of progressive and selective cell death in HD, suggesting that RAGE and its ligand S100B and CML 

may play a role in the neurodegenerative process. The dorso-ventral pattern of neuronal staining that 

was previously reported by Ma&Nicholson (2004) was not obvious in the current study .  
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The cell counting study also showed that the number of all-RAGE-positive cells increased with grade in 

each of the three regions. The intensity and the frequency of both ligands, S100B and CML, also 

increased with pathological grade. However, unlike RAGE, the level of ligands did not increase 

consistently in all three regions. For example, the level of S100B immunostaining remained unchanged 

from control to HD in the latCN, across grades. In other words, the disease had no effect on the 

expression pattern of S100B in the lateral part of CN. This is probably due to the fact that astrogliosis 

parallels the pattern of neuronal loss, which occurs in the medio-lateral direction, therefore, there is 

minimal change in the proportion of cells in the latCN , which is insufficient to cause changes in the 

level of S100B expression. This also implies that the elevation in the level of S100B (as well as RAGE 

and CML) depends on the change in the composition, and the infiltration of new cells into each region, 

rather than the intracellular changes such as upregulation of gene transcription of pre-existing cells. 

CML also showed a differential pattern of staining in the three different regions. The expression levels 

of CML increased significantly from control to HD in all three regions. However, between different HD 

grades, only the changes in the medCN were statistically significant. In the SEL and latCN, the level of 

CML was elevated from control to HD, but this was unaffected by the HD grade. Since CML appears to 

be expressed mostly by astrocytic cells, the relatively small number of CML-positive cells in the latCN 

could be attributed to the medio-laterally expanding pattern of astrogliosis. Unlike S100B, CML in 

general is not present at a high basal level under normal conditions. However, it accumulates under 

certain pathological conditions, or with aging. The formation of AGEs, mediated by α-oxoaldehydes, 

upon oxidative stress have been previously reported (J. Li et al., 2012; Thornalley, 1998). Therefore, 

the increase in the level of CML in the SEL may be secondary to the initiation of HD, followed by the 

oxidative stress that promotes the formation of CML-modified proteins. Moreover, because CML 

generally accumulates in cells with aging, it is unlikely for the cells in the proliferative environment of 

SEL to have a high level of CML. Therefore, the CML-positive-immunostaining seen in the proliferative 

cells of SEL is likely to be due to the formation of CML under pathological conditions, or the binding of 

CML to membrane-expressed RAGE which subsequently undergo internalisation depositing CML in the 

cytoplasm (Sevillano et al., 2009). In the CN, CML is likely to participate in cell death more extensively 

in medCN, than in the latCN.  

In summary, both S100B and CML are expressed in the SEL and CN. Although similar to some extent, 

there are differences in their expression patterns, suggesting that, upon binding to RAGE, they may 

play differential roles in the HD pathogenesis. Moreover, in HD, massive cell death occurs in the CN, 

which ultimately leads to the severe reduction of the volume of the CN. In the G4 HD striatum, more 

than 75-95% of neurons are known to be degenerated (Vonsattel & DiFiglia, 1998; Vonsattel et al., 

1985). An earlier study, using DAB IHC, reports an increase in the number of RAGE-positive neurons 

from control, and a decrease after grade 2 (Ma & Nicholson, 2004). This may also correlate with the 
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reduction in the number of neurons due to neurodegeneration during the progression of HD. However, 

in the current study, the number of cells expressing RAGE, and S100B and CML, showed a continuous 

increase from G1 to G4, despite the large amount of neuronal cell death. Such an increase implies that 

the majority of cells that contribute to the overall expression level of RAGE are likely to be non-

neuronal cells – highly likely to be astrocytes, previously identified in Chapter 4 Cell type Analysis – 

that are less vulnerable to the selective cell death in HD brains. These non-neuronal cells survive even 

in severe pathological conditions.  

5.3.4 The degree of colocalisation increased with increasing HD grade for both RAGE-

S100B and RAGE-CML 

In addition to the expression of individual proteins, the number of cells co-expressing RAGE-S100B or 

RAGE-CML also increased with HD grade. The number of cells double-immunolabelled for RAGE and 

S100B increased from control to HD G4, in all three regions. There was also a significant difference in 

the level of RAGE-CML colocalisation between controls and HD. However, no statistical significance was 

found for the changes in the level of colocalisation of RAGE-CML in the SEL and the latCN, from G1 to 

G4 of the HD cases. This is probably due to the insignificant increase of the CML level in these regions, 

between G1-G4 HD. Despite the increase of RAGE expression in the SEL and latCN regions, because the 

level of CML remained unchanged, the level of colocalisation was also unaltered.  

The staining patterns of RAGE-S100B and RAGE-CML were strikingly similar, especially in the medCN 

region where most of cells with astrocytic morphology co-expressed RAGE and both ligands. This 

similarity suggests that CML and S100B are likely to act in concert when binding to RAGE expressed on 

the same cell, which may then result in the enhancement of downstream effects. However, since the 

number of cells expressing RAGE was always higher than that of ligands (except for the latCN where 

the pathological effect of HD was minimal), the small proportion of RAGE in HD may not be entirely 

committed to any particular ligand, or cell type. In accordance with this result, the cell type analysis 

showed that RAGE was expressed mostly in astrocytes, but also in a small population of neurons, 

whereas, the expression of S100B and CML was almost restricted to astrocytes.  
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5.4 Conclusion  

In conclusion, HD alters the proportion of RAGE- and ligand-positive cells in the SEL and CN, and thus 

the level of their colocalisation also changes with increasing grade. In general, the number of cells 

expressing RAGE and ligands, as well as the degree of colocalisaiton, increased with the progression of 

HD. However, it is not clear if S100B and CML exert collaborative functions, or play independent 

functions inducing either neuroprotective or neurotoxic effects, via RAGE-mediated pathways. The 

quantitative changes of all three proteins follow similar patterns, and together with the results 

obtained from the previous cell type analysis, suggest that the expression of these proteins may be 

relevant to the pattern of astrogliosis that parallels the pattern of neurodegeneration in HD brains.  
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Chapter 6. Assessment of RAGE-Ligand Physical Interaction 

Despite the similar pattern of distribution, and the close spatial proximity of the RAGE-S100B and 

RAGE-CML protein pairs, the colocalisation study is limited, as it cannot provide direct evidence of 

their physical protein-protein interaction. Therefore, colocalisation studies are often performed in 

association with other methods used to examine protein-protein interaction, such as mass 

spectrometery (MS), two-hybrid-screens, surface plasmon resonance (SPR), fluorescent resonance 

energy transfer (FRET), co-affinity purification, and co-immunoprecipitation (Co-IP). The majority of 

these techniques are aimed at discovering a novel protein partner. Additionally, most of these 

techniques are not ideal for use when investigating post-mortem human brain tissue. These factors, in 

addition to restricted availability of resources, led to the use of Co-IP as the most appropriate method 

for the RAGE-ligand interaction assessment.  

Co-IP is an antibody-based technique that is frequently used for identifying the physical interaction 

between potential protein partners. The target protein and its partner protein are captured by the 

action of a specific antibody, and the antibody-protein complex is precipitated on the beads, which can 

either be classic agarose/sepharose beads, or protein A/G-conjugated magnetic beads. The protein 

complexes that are captured and precipitated can then be analysed to identify new binding partners, 

the binding affinities, kinetics of binding, and the functions of the target proteins.  

However, although the basic principle of Co-IP is simple, the results obtained from the Co-IP study for 

RAGE-ligand interaction were not as successful as expected, due to unforeseen technical limitations. 

Three main technical problems were identified in the current study: antibody contamination, failure of 

anti-RAGE antibodies to recognize RAGE proteins, and anti-S100B antibodies to detect S100B-RAGE 

complex.  

6.1 Specific Methods and Materials 

The basic principle and the standard protocol for Co-IP are described in Chapter 2: General Methods 

and Materials on page 41.  Based on this standard protocol, various changes were made, in the present 

study, in an attempt to make alternative approaches to improve results. The overall protocol and steps 

where methodological variations were made are summarized in Figure 45, shown below.  
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Figure 45 Summary of the Co-IP protocol, and a variation in methods attempted to improve the results 

 
 

6.2 Results 

6.2.1 IP with anti-S100B antibody precipitated S100B proteins 

Prior to Co-IP, a simple IP was performed to examine the validity of the three antibodies, anti-RAGE, 

anti-S100B, and anti-CML, for this application (details of each antibody is listed in Table 1 of Chapter 2, 

page 44). The first trial using the anti-S100B antibody, on the tissue homogenate from a control human 

brain, H124, showed successful precipitation and blotting of S100B monomers, in IP and WB, 

respectively. This is indicated by the arrow heads at 10 kDa shown in Figure 46. However, several 

protein bands of strong intensity were also detected in a wide range of molecular weights between 20 

kDa and 150 kDa. A similar pattern of strong protein bands were also observed for the IgG+/Ag- 

control, but were absent in IgG-/Ag+, and IgG-/Ag- (Figure 46; IgG = precipitating antibody; Ag = 

antigen or protein sample). Therefore, the strong protein bands were thought to be contamination 

from antibodies, which have a molecular structure consisting of 50 kDa heavy chain and 25 kDa light 

chain. Thus, the bands between 20-150 kDa were thought to correspond to various types, and 

combinations, of molecular fragments derived from these heavy and light chains. The contamination of 

blots by antibody fragments is a common issue in IP. These antibody protein bands appear when the 

bond between protein G and IgG breaks during the elution process, and the antibody molecules are co-

eluted along with the target proteins.  
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Figure 46 IP for S100B with a control human brain 

 S100B proteins were successfully precipitated from a control 

human brain homogenate by using the given S100B antibody 

with a standard IP protocol. The S100B monomers of 10 kDa 

were detected in the IgG+/Ag+ and total lysate. The 10 kDa 

bands were absent in the negative controls. Several strong 

protein bands were detected in the lanes where precipitating 

antibodies were used.  
*IgG = antibody; Ag= antigen or target protein (S100B in this case); 

Total lysate = non-precipitated tissue homogenate 

 

 

6.2.2 IP with anti-RAGE antibody: Antibody Contamination and Binding 

The standard IP protocol was performed to examine the validity of the anti-RAGE antibody. The tissue 

homogenate extracted from rat lung, which expresses a high level of RAGE, was used for the 

preliminary IP trial. As seen in Figure 47, two strong bands for the RAGE protein were detected around 

50 kDa in the total lysate (arrowheads), with faint protein bands that can be attributed to the IgG heavy 

chains, observed at 50 kDa (arrows). Antibody contamination is a common problem in IP. Thus, there 

was a concern that the bands from IgG heavy chains might be masking the weak RAGE bands in the 

IgG+/Ag+ lane. However, in this case because the molecular weight of IgG heavy chains fall within the 

range of the molecular size of the RAGE protein (35-65 kDa), it was necessary to remove the antibody 

contamination from the elution process.  

Two different methods were attempted to remove the antibody contamination by preserving the IgG-

protein-G-bond during elution process. These methods are: (1) BS3 cross-linking and (2) using an 

alternative elution buffer such as glycine buffer. BS3 (bis-sulfosuccinimidul-suberate) is an amine-to-

amine crosslinker that contains an amine-reactive N-hydroxysulfosuccinimide (NHS) ester, which 

reacts with primary amines to form stable amide bonds. BS3 cross-links IgG to the protein G, thus, 

preventing the IgG molecule from being dissociated with the beads during elution (Figure 45, f). The 

glycine buffer is a relatively gentle elution buffer, in comparison with the standard SDS+/DTT+ buffer. 

Using this buffer reduced the protein yield, but it also decreased the level of antibody contamination 

(Figure 45, i).  
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Figure 47 IP for RAGE  with a rat lung 

tissue 
Two strong bands around 50 kDa were 

detected for RAGE in total lysate. The same 

strong bands were not observed in the 

IgG+/Ag+ lane. The 25 kDa and 50 kDa bands, 

which are thought to correspond to the light 

and heavy chains of IgG, would need to be 

removed to confirm the absence or presence of 

the RAGE proteins.  

BS3 was more effective in reducing the antibody contamination, in comparison to the glycine buffer, as 

shown in Figure 48. Increasing the concentration of BS3 reduced the intensity of antibody bands 

(Figure 48A), whereas the glycine buffer did not make much difference, regardless of increasing its 

concentration (Figure 48B). 

Removing the antibody contamination by BS3 raised a more critical issue concerning the binding 

ability of RAGE. As seen in Figure 48A, increasing the concentration of BS3 reduced the intensity of 

heavy and light chains. However, the protein band for RAGE that was anticipated to be unmasked by 

the elimination of heavy antibody chains was not observed. Examination of the remaining protein 

samples, collected after the IgG-Ag precipitation by running a standard WB, showed that a large 

amount of the RAGE proteins were left unbound, and thus, did not precipitate. Therefore, some 

alterations in the protocol were attempted to optimize the experimental conditions to enhance the 

binding of anti-RAGE antibodies to its antigens.  
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Figure 48 Elimination of 

antibody contamination using 

BS3 and glycine buffer 
BS3 (A) was more effective in 

removing antibody contamination, 

rather than using glycine buffer (B). 

However, the protein bands for RAGE 

were not detected from the 

precipitated samples. Analysis of the 

remaining supernatant from the 

tissue homogenate revealed that a 

majority of RAGE proteins were left 

unbound, following incubation with 

bead-IgG complexes. This suggested 

that the binding ability of anti-RAGE 

antibody was not as strong as the 

anti-S100B antibody (as shown in 

Figure 46) in Co-IP. 

 

6.2.3 Optimization of experimental conditions for RAGE in Co-IP  

Analysis of the remaining sample after IgG-Ag incubation showed that the anti-RAGE antibody did not 

bind a sufficient amount of RAGE proteins, under the standard experimental conditions. In an attempt 

to optimise conditions for the successful IgG-Ag binding, and to increase the RAGE protein yield, 

various alterations were made at a series of experimental steps (Figure 45). The alternative methods 

included: indirect Co-IP, the use of more beads, Ag, and IgG, changing incubation period and 

temperature, and trying different lysis and wash buffers. 
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6.2.3.1  Indirect Co-IP and the increase in the amount of beads 

The IgG antibody can be coupled with target antigens in either a direct, or indirect, way (Figure 45, b). 

The standard protocol introduced earlier in Chapter 2: Materials and Methods (page 41), describes the 

direct method, by which the antibody is incubated with the beads, which binds protein G, and is then 

incubated with the homogenate sample to bind target Ag. In contrast, in indirect IP, the antibody is 

incubated and coupled with the target proteins first, and the resulting IgG-Ag immune complex is then 

precipitated by beads. The indirect method is known to be more suitable for antibodies that have weak 

binding strength, or ones with a low antigen yield. However, as shown in Figure 49, the indirect 

method did not improve the IgG-Ag binding, and no protein band for RAGE was detected from the 

precipitation. RAGE protein bands, which were about 50 kDa, were detected from the total lysate 

(arrowheads, Figure 49), but no staining was observed in the precipitated samples. Increasing the 

amount of beads, which was expected to increase the chance of IgG-Ag binding, also made very little 

difference. As IgG-Ag binding preceded the bead binding, massive protein bands corresponding to the 

heavy- and light chains of IgG were detected from the remaining supernatant.  

Figure 49 Indirect IP and increase in the amount of 

beads made little difference  

The indirect method of coupling IgG-Ag prior to the 

incubation with beads is known to be more effective than 

the standard direct method for antibodies with weak 

binding strength. However, the indirect method using the 

anti-RAGE antibody did not improve results. A large amount 

of RAGE proteins were detected from the total lysate and 

the remaining supernatant samples (arrowheads). 

However, there were no bands corresponding to RAGE that 

were detected in the immunoprecipitated samples.  

 

6.2.3.2 Increasing the amount of total proteins (Ag) and antibodies (IgG)  

Increasing the amount of homogenate sample was expected to increase the chance of IgG-Ag binding, 

but increasing the amount of total protein did not increase the yield of RAGE protein (Figure 50A). A 

two-fold increase in the amount of antibody did not improve the result (Figure 50B).  
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Figure 50 Increasing the amount of Ag and IgG did not improve the RAGE yield 

The anti-RAGE IgG failed to increase the amount of precipitation of RAGE proteins despite the increased amount of 

Ag (A) and IgG (B), which was hypothesised to enhance IgG-Ag binding.  

 

6.2.3.3 Alterations in conditions of Incubation  

The length and the temperature of IgG-Ag incubation were altered in an attempt to enhance the 

binding of the anti-RAGE IgG to the RAGE protein. The intensity of antibody fragments produced due to 

the antibody contamination increased with the overnight incubation at 4°C, as seen in Figure 51. A 

smear of proteins at a molecular weight that is similar to that of the actual RAGE protein was also 

observed from the overnight incubation (Figure 51A, arrowheads). Treating bead-IgG complexes with 

BS3, prior to the overnight IgG-Ag incubation, resulted in removal of the smear and the IgG heavy and 

light chain bands. This suggests that the smear could be attributed to antibody contamination, and 

irrelevant to the actual RAGE precipitation (Figure 51B).  
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Figure 51 Alterations in incubation 

length and temperature  

Changing the conditions for incubation did 

not improve the IP result. Increasing the 

time of IgG-Ag incubation, and altering the 

temperature during the incubation, did not 

have any significant effect on IgG-Ag 

binding (A). The smear bands, indicated 

with arrowheads, were thought to be 

produced due to antibody contamination 

(B).  

 

6.2.3.4 Changing the wash buffer   

Following a series of failed attempts to enhance the IgG-Ag binding, the possibility of the IgG-Ag bond 

being broken before elution, and RAGE proteins being subsequently washed away by PBS-T, was then 

suggested. A variety of wash buffers were tried to determine if gentler washes would preserve the 

bond formed between the antibody and the target proteins. These included: PBS+CM (PBS with Mg2+ 

and Ca2+), PBS without Tween 20, and the lysis buffer used in tissue homogenization. However, as seen 

in Figure 52, changing wash buffer did not produce any notable difference when compared to the 

standard PBS-T.  

Figure 52 Various types of wash buffer for Co-IP 

Several types of wash buffer were tested for IP with 

the given RAGE antibody. However, none of the wash 

buffer made a significant change to the IgG-Ag 

binding.  
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6.2.3.5 Search for a suitable RAGE antibody for Co-IP application  

All the methodological alterations made in the standard Co-IP protocol failed to improve the binding 

ability of the given anti-RAGE antibody. Based on these results, it was concluded that the anti-RAGE 

antibody (Q2B710G, Biodesign) was not suitable for IP. Therefore, it was necessary to search for an 

alternative anti-RAGE antibody that would be more suitable for specific protein recognition and 

binding.  

Monoclonal antibodies are preferable to polyclonal antibodies in IP, because if the polyclonal antibody 

is not affinity-purified, then its specificity for the target antigen may only represent 1-2% of the total 

antibody molecules. While this type of polyclonal antibody may work well for western blotting, it can 

be problematic for IP because all IgG molecules in the sample, irrespective of antigen-specificity, will 

compete for the same Protein G binding sites on the beads. Therefore, most of the antibody bound to 

the solid support will be non-specific, and the antigen yield will be low. Since the anti-RAGE antibody 

that was used for IP in the first trial was a polyclonal IgG that had not been affinity-purified (cat# 

Q2B710G, Meridian Life Science), a monoclonal and affinity-purified N16 RAGE-antibody (cat# sc-8230, 

Santa Cruz) was used in this trial. The N16 antibody successfully detected the RAGE protein at the 

same molecular size as detected by the original Q2B710G antibody, in the rat lung protein sample 

(Figure 53A). However, this N16 anti-RAGE antibody also failed to bind RAGE protein in the 

precipitated sample, and most of the RAGE proteins remained unbound again (Figure 53B).  

The rat lung tissue was lysed by two different lysis buffers to investigate if this would make a 

difference. As shown in Figure 53A, two strong bands were detected from the homogenate lysed with 

native lysis buffer (refer to Appendix A for the complete list of components), whereas, a single strong 

band was detected from the homogenate produced by denaturing RIPA lysis buffer. This band had the 

same molecular size as the lower band detected following treatment with the native lysis buffer. 

However, the intensity of this single band was higher, suggesting that the denaturing RIPA lysis buffer 

might remove post-translational modification, such as glycosylation, from the RAGE proteins of higher 

molecular weight, so that all the RAGE proteins appeared as a single band.  
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Figure 53 N16 anti-RAGE IgG 

antibody for IP 
The N16 anti-RAGE antibody, which is 

monoclonal and affinity-purified, 

recognized and bound the RAGE protein of 

the same molecular weights from the given 

rat lung protein sample (A; Dilution 

1:1000). However, it failed to bind RAGE 

protein in the IP procedures and a large 

amount of RAGE protein was found 

unbound in the remaining sample following 

the IgG-Ag incubation (B).  

The H-300 anti-RAGE antibody was also tested for its suitability in IP application. While both Q2B710G 

and N16 antibodies bind to the short N-terminal epitope of RAGE proteins, the H-300 antibody 

recognizes a longer length of epitope, thus, increasing chance of binding RAGE protein (cat# sc-5563, 

Santa Cruz). Although the H-300 worked well for the western blot, as other previously-tested 

antibodies (Figure 54A), it also had a low binding capacity to the RAGE protein, and was thus, 

unsuitable for IP applications (Figure 54B).  

Figure 54 H-300 anti-RAGE IgG for IP 
The H-300 anti-RAGE antibody recognises the long 

N-terminal epitope of RAGE, which was hypothesised 

would increase the chance of the antibody 

recognising and binding the RAGE protein in the 

sample. Despite the detection of RAGE, as indicated 

by a protein band of the correct size, (A; Dilution 

1:1000), the H-300 antibody also failed to bind the 

RAGE protein during the IP process. A large amount 

of RAGE protein remained unbound in the sample 

after the IgG-Ag incubation (B). 
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All the antibodies targeting the extracelluar N-terminal epitope failed to work in IP. This could be 

attributed to the blocking and masking of the N-terminus by ligand binding, as the N-terminus contains 

the ligand binding site (V-domain). Therefore, an antibody that could bind to the other end of the RAGE 

protein was postulated to work better. Another anti-RAGE antibody, C-20, which was raised against the 

intracellular cytoplasmic domain of the transmembrane protein RAGE, was tested for its application in 

IP (cat# sc-8229, Santa Cruz). However, this antibody also failed to bind RAGE protein from the total 

protein lysate (Figure 55).   

Figure 55 The C-20 anti-RAGE IgG antibody for IP 

The C-20 anti-RAGE antibody was designed to target the C-terminus of the 

RAGE protein. It was expected that using an antibody that recognizes the C-

terminus would improve the IgG-Ag binding, as it would enable the antibody 

to detect RAGE without being hindered by the N-terminal ligand binding site.  

However, the C-20 antibody also failed to precipitate RAGE protein in the 

total protein lysate.  

 

The alterations in the methodological conditions, described for the original Q2B710G RAGE antibody, 

were also applied to these RAGE antibodies: N16, H-300, and C20. However, none of them made any 

significant improvement to the IP studies. 

 

6.2.4 Anti-S100B antibody failed to identify RAGE as a binding partner in HD brains 

Since all the methodological variations failed to precipitate RAGE, the second method of using the anti-

S100B antibody for Co-IP was attempted. In other words, the tissue homogenate was precipitated 

using anti-S100B antibody, and the precipitated S100B-RAGE complex was detected on the gel by using 

anti-RAGE antibody.  

The anti-S100B antibody successfully precipitated and detected S100B protein from the control and 

HD human brain samples. However, RAGE was not detected in any of the precipitated protein 

complexes, suggesting that RAGE and S100B might not be bound to each other (arrows, Figure 56A). 

The faint bands observed at 25 kDa and 50 kDa, seen in Figure 56A (arrowheads), are in a similar 

position as the bands detected for the RAGE protein from the total lysate. Thus, these bands could be 

mistaken for real RAGE staining. However, an analysis of the cross-reactivity of anti-goat and anti-

rabbit secondary antibodies showed that the faint bands at 25 kDa and 50 kDa could be due to the 
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trace of rabbit anti-S100B antibodies wrongly detected by anti-goat antibody (which was used to 

detect the goat anti-RAGE antibody). In other words, the rabbit primary anti-S100B antibody that is 

present in the gel, due to antibody contamination, cross-reacted with the anti-goat secondary antibody 

producing the faint bands (Figure 56B). The methodological alterations that have been previously 

described were performed to find the optimum method that preserves RAGE-S100B interaction. 

However, none of these methods produced successful results.  
 

Figure 56 Co-IP trial with anti-S100B IgG for precipitating, and anti-RAGE IgG for blotting 
(A) RAGE was absent in the 

sample precipitated with anti-

S100B IgG, and vice versa 

(arrows). Faint bands detected 

at 25 kDa and 50 kDa may 

correspond to the actual RAGE 

protein staining (arrowheads). 

In order to identify the origin of 

these two faint bands, (B) the 

anti-S100B antibody was run 

on the gel as if it were in the 

precipitated protein sample by 

antibody contamination. 

Increasing the amount of IgG 

that was run on the gel also 

increased the intensity of bands. 

The heavy chains from anti-

S100B IgG were detected by the 

anti-rabbit, as well as the anti-

goat, secondary antibody. This 

suggests that the anti-goat 

antibody could also recognise 

and bind to a small portion of 

anti-S100B antibody raised in 

rabbit. Therefore, the faint 

bands seen in (A), indicated by 

arrowheads, are likely to be due 

to the cross-reaction of 

secondary antibodies from 

different species.   
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6.3 Discussion 

In this chapter, Co-IP was carried out in order to assess the physical interaction of RAGE and its ligands, 

anticipated by the high level of colocalisation seen in the double-labelling IHC study. Ideally in Co-IP, 

the antibody for RAGE should precipitate with its binding partners, S100B and CML, and vice versa, in 

HD. However, due to the various technical difficulties that were encountered, an optimal Co-IP 

methodology could not be established, and thus, co-precipitation of RAGE and its ligands could not be 

identified.  

The anti-S100B antibody successfully precipitated the S100B protein, producing specific protein bands in 

the western blot, in the human brain homogenate sample. Strong, non-specific, protein bands, with a 

molecular size between 25-150 kDa, were also detected. These protein bands could be attributed to 

antibody contamination. As the expected size of the RAGE protein is within the range of 35 kDa to 65 kDa, 

it was necessary to remove the non-specific bands to unmask precipitated RAGE protein. However, when 

the antibody contamination was eliminated by BS3, it showed that the anti-RAGE antibody did not bind 

the RAGE protein in the homogenate sample. This was also illustrated by the large amount of RAGE 

protein left unbound in the protein sample, after IgG-Ag precipitation. Various methodological alterations 

were made in order to improve the binding properties of anti-RAGE antibody: varying amounts of beads 

and proteins, IgG-Ag incubation conditions (1hr-overnight/room temperature-4°C), IgG dilutions, wash 

buffers and elution buffers, and direct/indirect incubation. However, none of the altered conditions 

improved the IgG-Ag binding for RAGE. Identical methodological alterations were also tried for other 

RAGE antibodies: N-16 (monoclonal), H-300 (monoclonal with longer epitope), and C-20 (monoclonal 

and recognizes cytoplasmic domain). However, none of the antibodies were suitable for the IP 

application. Following the failure in all the attempts to precipitate RAGE protein, it was decided that the 

tissue homogenates should be precipitated using the anti-S100B antibody, and then blotted with the 

anti-RAGE antibody, to confirm their receptor-ligand binding. If S100B was bound to RAGE in the CN 

and SEL of HD brains, precipitating the protein sample with anti-S100B antibody should have also 

precipitate RAGE proteins in the form of RAGE-S100B complex. However, Co-IP with the S100B 

antibody also failed to detect RAGE, and faint bands that were initially thought to be the RAGE protein 

bands were actually due to background staining from the cross-reactivity of secondary antibodies.  

It is unlikely that four different types of anti-RAGE antibodies that were used in the current Co-IP study 

would fail to precipitate RAGE proteins, just by chance. As all the antibodies, except C-20, produced the 

correct bands for the RAGE protein in the western blot, the failure of those antibodies in the Co-IP 

application may be due to a different buffer/detergent system that creates a different micro-environment 

for IgG-Ag binding, preventing the antigen from binding to the antibody. Some unidentified and 

129 

 



unforeseen events, under different buffer and detergent conditions, may have made the RAGE protein 

inaccessible to antibody binding.  

Despite the failure to detect the RAGE protein in the sample precipitated with S100B antibody, it does not 

necessarily lead to a conclusion that a RAGE-ligand interaction does not occur in HD. While the standard 

Co-IP methodology is straightforward, identifying physiological protein-protein interactions by Co-IP is 

commonly associated with many unforeseen technical difficulties. This could be due to: the varying 

nature of the protein-protein interaction, non-specific binding to IP components, and antibody 

contamination that may mask the accurate detection of proteins. Moreover, double-labelling IHC showed 

that the staining pattern of RAGE and its ligands are strikingly similar. While the receptor-ligand 

interaction of RAGE, S100B, and CML, has already been confirmed by previous studies, the close 

proximity of two proteins, in addition to the high level of colocalisation, can be regarded as an indication 

of their protein-protein interaction. Additionally, the binding affinity (Kd) of dimeric S100B and CML, is 

0.5 µM and 50 nM, each (Malherbe et al., 1999; Ostendorp et al., 2007). Since protein-protein 

interaction with a Kd <10-6 M is considered strong, the interaction of RAGE-S100B and RAGE-CML is 

thought to occur at a high affinity. Therefore, the proximity and the abundance of RAGE and ligand 

molecules indicate a high possibility of their receptor-ligand interaction. Moreover, the accumulation of 

ligands in most pathological conditions is often associated with the activation of RAGE, which initiates the 

positive feedback loop and accelerates the production of the RAGE protein itself. Therefore, the rapid 

elevation of RAGE, as well as its ligands in HD, indicates that their interaction stimulated the expression 

of receptor itself, in order to enhance the interaction and subsequent downstream effects.  

There are also methods other than Co-IP that can assess the physical binding of ligands to the receptor. 

The structure of receptor-ligand complex can be studied by using electron microscopy and super 

resolution confocal microscopy. Duo-link, which is a type of in situ Co-IP, may also be an appropriate 

option. The basic idea behind this technique is similar to that of FRET (fluorescent resonance electron 

transfer), which uses standard primary antibodies, as in a normal IHC, but uses a special type of 

secondary antibody to initiate a crosslinking reaction, which should only occur if the proteins are in 

close proximity. Another possible option is to study signalling molecules downstream to the RAGE 

activation. If the activation of signalling molecules and pattern of expression is comparable to that of 

RAGE and its ligand in HD, then it may provide an indirect indication of RAGE-ligand binding (Chapter 

7, page 130).  
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6.4 Conclusion 

The attempt to prove the physical interaction between RAGE and ligands in HD brains using Co-IP was 

not successful due to unforeseen technical difficulties. However, the failed Co-IP result does not mean 

there is no RAGE-ligand interaction. Although Co-IP failed to prove the physical bonds between RAGE 

and its ligands, their close proximity, in addition to their similar staining patterns seen in the IHC study, 

provides strong evidence to suggest the RAGE-ligand interaction. A future study using an alternative 

method to Co-IP should be performed in order to determine whether there is a physical interaction 

between RAGE and its ligands.  
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Chapter 7. Signalling Pathways Activated by RAGE-Ligand Interactions 

The increase in the number of RAGE-, S100B- and CML-positive cells in the SEL and the CN in HD 

suggests that the expression of these target proteins, and possibly their receptor-ligand interaction, 

may have some relevance to the pathophysiology of HD. The colocalisation of these proteins was found 

to be most extensive in astrocytes, but further investigation is still required to elucidate their exact 

functions.  

Since RAGE is a receptor protein that can induce a variety changes in the cellular functions, via 

activation of multiple downstream signalling pathways, identifying the signalling molecules could 

provide indirect evidence RAGE may play a role in the progression of HD.  In order to investigate the 

downstream effects following the activation of RAGE in HD, three signalling molecules, and their 

activation status, were analysed in post mortem human brain tissue. The three signalling molecules 

analysed were NF-κB, ERK1/2 and mDia-1. As described in the summary of RAGE-mediated signalling 

pathways in Figure 6 (page 26), mDia-1 is an adapter protein that interacts directly with the 

cytoplasmic domain of RAGE.  ERK1/2, a type of MAPK that phosphorylates subsequent effectors, leads 

to the activation of downstream molecules such as transcription factors like NF-κB.  

NF-κB is a universal transcription factor protein that is found in almost all animal cell types. Upon 

phosphorylation and activation, NF-κB is translocated from the cytoplasm to the nucleus. NF-κB exists 

as a heterodimer composed of one 50 kDa (p50) subunit and one 60 kDa (p65) subunit under normal 

conditions. The phosphorylation of the p65 subunit is a key event for NF-κB-mediated transcription 

(Ridder & Schwaninger, 2009; Villarreal, Aviles Reyes, Angelo, Reines, & Ramos, 2011; Zhang et al., 

2005). Under resting conditions, NF-κB is bound to an inhibitor protein IκB, which sequesters NF-κB in 

the cytosol. IκB is degraded upon signal-induced phosphorylation, and the activation of NF-κB involves 

dissociation from IκB. This is followed by the translocation of the p50/p65 heterodimer to the nucleus, 

where it binds directly to its cognate DNA sequences to regulate target gene transcription (Hunot et al., 

1997; Thanos & Maniatis, 1995). The interaction of both RAGE-S100B and RAGE-CML is capable of 

activating NF-κB in the cells of the CNS (Bianchi, Giambanco, & Donato, 2010; Villarreal et al., 2011; S. D. 

Yan et al., 1994). The RAGE-mediated activation of NF-κB is engaged in various types of gene regulation 

and downstream cellular effects, which can either enhance or reduce the survival of cells (Donato, 

2007; Donato et al., 2009; Hunot et al., 1997; Villarreal et al., 2011). NF-κB is a critical factor 

transducing a variety of inflammatory and pro- or anti-apoptotic signals in the cell, depending on the 

time-course, site, and chronicity of the stimulus. The RAGE-NF-κB cascade is also known to be 

implicated in the pathogenesis of neurodegenerative disorders, such as AD and PD (Hunot et al., 1997; 

S. D. Yan et al., 1996). Importantly, one consequence of RAGE-dependent activation of NF-κB is the up-
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regulation of the RAGE protein itself. A molecular mechanism underlying such an effect has been 

elucidated by the observation that the gene encoding RAGE contains functional binding elements for 

NF-κB, as well as other factors (J. Li & Schmidt, 1997; Ramasamy, Yan, & Schmidt, 2011, 2012). 

ERK (Extracellular signal-Related Kinase) is a family of two highly homologous proteins, ERK1 (p44, 

MAPK3) and ERK2 (p42, MAPK1), which both function in the same pathway. These two proteins are often 

collectively referred to as ERK1/2 or p44/p42 MAP kinase. The ERK1/2 pathway is considered a classical 

and canonical MAPK signalling pathway. It is a highly conserved pathway that participates in the regulation 

of a large variety of processes, including cell adhesion, apoptosis, cycle progression, migration, survival, 

differentiation, metabolism, and proliferation (Cheng, Alberts, & Li, 2013; Mebratu & Tesfaigzi, 2009; 

Roskoski, 2012; B. Wang et al., 2009). Many different stimuli can activate the ERK1/2 pathways. These 

stimuli include: growth factors, cytokines, viral infection, ligands for heterotrimeric G protein-coupled 

receptors, transforming agents, and carcinogens. Additionally, the ligation of RAGE can activate the 

ERK1/2 pathway too. ERK1/2 proteins are activated via phosphorylation at the threonine-x-tyrosine 

motif (Thr202/Tyr204 and Thr185/Tyr187 for ERK1 and ERK2, respectively). ERK1/2 may play a role in 

RAGE signalling through either the activation of preceding small GTPases (H. J. Huttunen, C. Fages, et al., 

2002; Lander et al., 1997; Yeh et al., 2001), or the direct binding of ERK2 to the cytoplasmic domain of RAGE 

regardless of the phosphorylation status (Ishihara et al., 2003).   

Diaphanous-1 (mDia-1) is a member of the family of diaphanous-related formin (DRFs) proteins, which 

play a functional role in re-organising the actin cytoskeleton, and regulating cell motility, cell migration 

and the transmission of cellular signalling (Hudson et al., 2008; Sarmiento et al., 2008; Schirenbeck, 

Bretschneider, Arasada, Schleicher, & Faix, 2005; Tominaga et al., 2000; Wallar & Alberts, 2003). These 

roles share a similarity to those elicited by RAGE (Hudson et al., 2008). The mDia-1 protein is regarded 

as an adapter protein, and it directly interacts with the cytoplasmic domain of RAGE. Structurally, DRFs 

can be divided into a catalytic C-terminal half (containing the formin homology 1 (FH1), FH2, a 

diaphanous auto-regulatory domain (DAD), and a regulatory N-terminal half, which contains a Rho 

GTPase-binding domain (RBD), a diaphanous inhibitory domain (DID), a dimerization domain, and a 

coiled coil domain (Higgs, 2005; Rao, Chu, Hahn, & Zaidel-Bar, 2013). An interaction between the DAD 

(C-terminal) and DID (N-terminal) domains keeps the protein locked in a folded state, in which the 

activity of the FH1 and FH2 is turned off (F. Li & Higgs, 2003; Rao et al., 2013). DRFs are turned on by 

active Rho, and the binding of Rho-GTP to the RBD of the DRF, which releases the auto-inhibitory 

interaction between DAD and DID, freeing the FH2 and FH1 domains to bind and polymerise actin 

(Watanabe, Kato, Fujita, Ishizaki, & Narumiya, 1999). Most techniques that are used to examine the 

activation status of mDia-1 have been developed for in vitro studies, such as the induction of a mutation 

and optogenetic techniques (Rao et al., 2013). Previous experiments in RAGE-expressing transformed 

cells revealed that reduction of mDia-1 expression by small interfering RNAs (siRNA) significantly 
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blocked the effects of RAGE ligands on the activation of Rac-1/cdc42 and the cellular migration 

(Hudson et al., 2008; Xu et al., 2010). More recently, the RAGE-S100B ligation was shown to induce the 

migration of microglia, via the recruitment of the adaptor protein mDia-1 (Bianchi et al., 2010; Bianchi 

et al., 2011). The ligation of RAGE by S100B or CML can induce the activation of mDia-1. The activation 

of RAGE by CML requires mDia-1 for stimulating the up-regulation of early growth response-1 (Egr-1) 

expression, in hypoxia-exposed macrophages, as silencing of the mDia-1 protein markedly blocked 

elevation of Egr-1 expression in THP-1 cells directly exposed to CML (Xu et al., 2010). Since mDia-1 is a 

relatively recently identified downstream adaptor to RAGE, the importance of RAGE-induced 

recruitment of mDia-1, and its relevance to neurodegenerative diseases, has not been investigated as 

extensively as other downstream proteins.  

In the present study, the change in the expression or the activation of signalling molecules between 

control and HD cases were examined by western blot and IHC. The activation of NF-κB was analysed 

based on the extent of its nuclear translocation as shown by IHC. The activation of the other molecules, 

ERK1/2 and mDia-1, were based on the change of the phosphorylation status, or the level of expression 

from control to HD, using western blot. The results from IHC and western blot suggest that the 

activation status of all three proteins was altered in HD. This indicates that these signalling molecules 

are likely to participate in the pathological process of HD, possibly in association with the functions of 

RAGE. The activation of signalling molecules also provides indirect evidence of the physical interaction 

of RAGE-ligand, supporting evidence for the colocalisation study. 
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7.1 Specific Methods and Materials 

7.1.1 Double-labelling Fluorescent Immunohistochemitry (IHC) for NF-κB 

The basic principle and the standard procedures of fluorescent IHC immunostaining method is 

described in Chapter 2: General Methods and Materials on page 35. In the current chapter, α-RAGE 

(Q2B710G, Meridian Life Science; labelled green) and α-NF-κB (sc-372, Santa Cruz; labelled red) were 

used to label human brain tissue (HC76 and HC140). The details of the antibodies and the cases used 

for the IHC analysis are listed in the Table 1-3 on page 44-45 in Chapter 2. 

7.1.2 Semi-Quantitative Western Blot Analysis for analysing ERK1/2 and Dia-1 

The basic principle and the protocol for the semi-quantitative western blot are described in Chapter 2: 

General Methods and Materials, on page 32-34. Primary antibodies targeting total ERK1/2, 

phosphorylated ERK1/2 and mDia-1 were used for the semi-quantitative WB analysis comparing their 

level of expression in control (H169, H198, H200) and HD (HC178, HC120, HC134) brain tissues. The 

details of cases and the antibodies are summarized in Table 1-3 in Chapter 2 on page 44-45. 

 

7.2 Results 

7.2.1 NF-κB was translocated to the nucleus in the majority of astrocytes  

A large population of cells in the SEL and the CN were immunostained for NF-κB. This is consistent with 

the fact that NF-κB is a universal transcription factor, which regulates the expression of a wide variety of 

cellular genes. The analysis in the previous chapter identified astrocytes and neurons as the types of cells 

expressing RAGE in HD. RAGE & NF-κB double-labelling IHC showed that the majority of neuronal cells 

with a weak RAGE expression, showed cytoplasmic NF-κB immunostaining (Figure 57A, arrowheads). In 

contrast, many astrocytes with high levels of RAGE expression, showed both cytoplasmic and nuclear NF-

κB staining, suggesting that a large amount of NF-κB was translocated to the nucleus (Figure 57B, 

arrowheads). The expression of NF-κB in astrocytes was highest in the cell body and nucleus, but was 

weak in the cell processes. There were also other variable staining such as neurons expressing nuclear 

and cytoplasmic NF-κB (Figure 57B, small arrow), and astrocytes with low NF-κB expression. However, 

these types of immunostaining were observed less frequently (Figure 57B, asterisk). 
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Figure 57 Nuclear translocation of NF-κB in RAGE-positive neurons and astrocytes  

A Three examples showing RAGE stained (green) 

and NF-κB stained (red) cells. The majority of 

RAGE-positive neurons showed weak RAGE 

immunostaining (arrowheads) and higher levels of 

cytoplasmic NF-κB immunostaining. However, the 

level of nuclear NF-κB immunostaining was low. 

(scale bar = 30 µm;  Grade 3 HC140) 

B Astrocytic cells were identified by their high levels 

of RAGE-expression and their star-like morphology. 

The majority of RAGE-positive astrocytes showed 

both cytoplasmic and nuclear NF-κB staining 

suggesting that NF-κB was translocated to the 

nuclei of astrocytes, possibly upon activation of 

RAGE (arrowheads). The staining of NF-κB in cell 

processes was weak. Other types of RAGE & NF-κB 

staining were also identified. Some astrocytes did 

not express NF-κB as strongly as other astrocytes 

(asterisk). There were also a small number of 

RAGE-negative neurons (small arrow) that showed 

nuclear localisation of NF-κB.  (scale bar = 30 µm; 

Grade 3 HC140) 

7.2.2 The level of phosphorylated ERK1/2 increased in HD  

In order to assess the activation (phosphorylation) of ERK1/2 in HD, tissue homogenates, spanning 

both SEL and CN regions, were collected from three control and three HD brains. A semi-quantitative 

western blot analysis was performed on these homogenates. Two antibodies were used to assess the 

changes in the activation status of ERK in HD: anti-total-ERK1/2 antibody and anti-phospho-ERK1/2 

antibody.  

The anti-total-ERK1/2 antibody measures the total level of ERK1/2 that is expressed in the brain tissue 

regardless of their activation (phosphorylation) status. As shown in Figure 58A, the level of total 

ERK1/2 remained constant between control and HD brains. The molecular weight of ERK1 and ERK2 is 

44 kDa and 42 kDa, respectively. However, only a single band was detected for the total ERK1/2 

because the given antibody recognizes the amino acid sequence of 325-345 of ERK1. In contrast, the 

anti-phospho-ERK1/2 antibody detected two protein bands at 44 kDa and 42 kDa, which corresponded 

to the ERK1 and ERK2 molecules, respectively (arrow heads, Figure 58B). Interestingly, a third protein 
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band with strong intensity was also detected with anti-phospho ERK1/2 antibody at 50 kDa (small 

arrow, Figure 58B). This 50 kDa band is thought to correspond to ubiquitinated ERK1/2 proteins that 

are subject to degradation. The overall level of phospho-ERK1/2 increased from control to HD, 

suggesting that the activation of ERK1/2 increased in HD, while its total level remained constant.  

Figure 58 Activation of ERK1/2 in HD brains 
(A) The level of total ERK1/2 

remained unchanged from control to 

HD (p-value = 0.97, W), whereas, (B) 

the level of its phosphorylation, and 

thus activation, increased (p-value = 

0.001). The anti-phospho-ERK1/2 

IgG antibody detected the phospho-

ERK1 and the phospho-ERK2 

proteins (arrowheads), as well as a 

50 kDa protein (small arrow) that is 

thought to correspond to 

ubiquitinated ERK.  

 

7.2.3 The expression of mDia-1 was down-regulated in HD   

The expected size of mDia-1 is 140 kDa, and the western blot analysis detected two protein bands at 

140 kDa and 70 kDa. The smaller protein band is thought to correspond to a fragment of mDia-1. The 

expression of mDia-1 was significantly down-regulated in all three HD cases, in relation to the control 

cases, indicating that mDia-1 expression may be relevant to HD pathology (Figure 59).   

Figure 59 Down-regulation of mDia-1 in HD  

 

Two protein bands at 140 kDa and 

70 kDa were detected in human 

brain homogenate, using an anti-

mDia-1 antibody. The 70k Da band 

is thought to be a product of the 

fragmentation of 140 kDa 

molecules. The expression level of 

mDia-1 was down-regulated in the 

HD brains, indicating that it may 

have a functional relevance to HD 

pathology.    *p value = 0.0005 
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7.3 Discussion  

The importance of RAGE activation and its relevance to astrocytes in HD pathology have been shown 

by earlier studies described in Chapter 4 (page 78) and Chapter 5 (page 99). In order to further specify 

the downstream effects produced by RAGE activation in HD, the change in expression and the 

activation status of the signalling molecules was examined.  

NF-κB is a universal transcription factor protein that translocates from the cytoplasm to the nucleus 

upon phosphorylation. NF-κB is one of the most well-known downstream molecules that are activated 

following RAGE ligation. Double-labelling IHC of the human SEL and CN in HD, with anti-RAGE and anti-

NF-κB antibodies, showed that most of the NF-κB protein in RAGE-negative neurons was restricted to 

the cytoplasm. In contrast, NF-κB was present in both cytoplasm and nuclei in a large number of the 

RAGE-positive astrocytes. The differential staining pattern of NF-κB in RAGE -negative neurons and 

RAGE-positive astrocytes indicates that the activation of NF-κB may, at least partially, correlate to the 

differential expression of RAGE in these two different cell types. This observation suggests that RAGE-

ligand interaction in astrocytes may activate signalling pathways that can lead to the phosphorylation, 

and the nuclear translocation of NF-κB. However, as NF-κB is a universal transcription factor, it is 

unlikely that the nuclear translocation of NF-κB is completely induced by RAGE activation. It may also 

partially account for other unidentified cellular activities. 

The outcome of gene regulation following the nuclear translocation of NF-κB is classically linked to 

inflammation and the stress response, and its activation is involved in a variety of functions, 

particularly following injury and in neurodegenerative conditions, as well as in neuronal development 

(O'Neill & Kaltschmidt, 1997). The RAGE-mediated activation of NF-κB leads to the regulation of gene 

expression that often produces harmful cellular effects, such as production of pro-inflammatory 

molecules (Basta et al., 2004; Hofmann et al., 1999). Ligation of RAGE by AGEs and β-amyloid also plays 

a role in cell injury mechanisms by inducing cellular oxidative stress, via the activation of NF-κB (S. D. 

Yan et al., 1996). In the vascular system, this RAGE-mediated activation of NF-κB induces the 

expression of genes, such as vascular cell adhesion molecule-1 (VCAM-1), which might contribute to the 

development of diabetic vascular disease (Schmidt et al., 1995). Additionally, the binding of AGEs, β-

amyloid, and S100B, induced inflammatory molecules, such as macrophage-colony-stimulating factors 

(MCS-F) (Du Yan et al., 1997) and COX-2 (Bianchi et al., 2010), in neurological disorders. MCS-F, 

produced in neuronal cells following β-amyloid-mediated activation of RAGE, stimulated murine BV-2 

microglial cells to produce apoE, a macrophage scavenger receptor (MSR) (Du Yan et al., 1997).  

Conversely, COX-2 was produced directly in BV-2 microglia, following the engagement of RAGE with 

S100B, which activated NF-κB and Ap1 transcription factors (Bianchi et al., 2010). Ribosylation, a 

reaction involved in cell signalling, and the control of DNA repair and apoptosis, generated AGEs in 
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astrocytes. The binding of these AGEs to RAGE enhanced the activation of NF-κB leading to the 

inflammatory response that resulted in a spatial cognitive impairment in mice (Han et al., 2014). The 

increased nuclear translocation of NF-κB in astrocytes and its role in the up-regulation of pro-

inflammatory gene expression, indicate that RAGE-mediated elevation of NF-κB activation may 

participate in the pro-inflammatory activity of astrocytes in HD. This conclusion is consistent with the 

finding that an enhanced inflammatory response was observed in the brain of the R6/2 transgenic 

mice, expressing mutant htt in glial cells, but not in neurons (Hsiao, Chen, Chen, Tu, & Chern, 2013). 

The enhanced activation of NF-κB was observed in the astrocytes in HD, and these astrocytes exhibited 

higher IkB kinase (IKK) activity that prolonged NF-kB activation, thus, up-regulating the production of 

pro-inflammatory factors during inflammation. In contrast to wild type astrocytes, these transgenic 

astrocytes also produced a more damaging effect on the neurons during inflammation. Blockage of IKK 

reduced the neuronal toxicity caused by the transgenic astrocytes, and ameliorated several HD 

symptoms. The conclusion of these observations was that the p65-mediated inflammatory response in 

astrocytes contributes to HD pathogenesis, and that the enhancement of NF-κB activity may also 

possibly be relevant to RAGE activation (Hsiao et al., 2013). Additionally, an in vitro model of a non-

neuronal cell line showed that NF-κB can also be activated by oxidative stress-induced apoptosis 

(Hunot et al., 1997). The activation of NF-κB by the oxidative stress, induced by RAGE-AGEs interaction, 

has been investigated in several studies in the context of diabetes (Bierhaus et al., 1997; Hori et al., 

1996; Schmidt et al., 1995; J. L. Wautier et al., 1994; J. L. Wautier et al., 1996; S. D. Yan et al., 1994), and 

a variety of other pathophysiological conditions (Lappas, Permezel, & Rice, 2007; C. H. Wu et al., 2002; 

Zhu et al., 2012). Therefore, it is also possible the NF-κB can be activated secondarily to the cellular 

stress that was induced by either RAGE activation, or other pathological effects. However, non-

cytotoxic outcomes mediated by the RAGE-NF-κB-dependent pathway were also reported. 

Extracellular S100B at nanomolar concentrations enhanced neuronal survival by up-regulating Bcl-2, 

and promoting neurite outgrowth by activating the Ras/MAPK/NF-kB signalling pathway (Alexanian & 

Bamburg, 1999; H. J. Huttunen et al., 2000). A more recent study showed that in neurons, NF-κB 

activation by S100B occurred in a dose- and RAGE-dependent manner. Further, neuronal death 

induced by NF-κB-inhibition was prevented by S100B, which restored NF-κB activation levels. These 

results suggest that the basal level of NF-κB, as well as its activation by RAGE-S100B, may determine 

the beneficial or detrimental effects on the survival of neurons and the extension of its dendrites 

(Villarreal et al., 2011). The protective role of activated NF-κB in astrocytes during neuropathological 

disorders has been seldom reported.  

The western blot analysis showed that the level of phosphorylated ERK1/2 significantly increased in 

HD. However, similar to NF-κB, ERK1/2 can be activated by various pathways that may not necessarily 

involve RAGE. Therefore, the increase in the level of ERK1/2 phosphorylation cannot be viewed as 
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direct evidence of RAGE activation alone. Moreover, as an in situ cell type analysis was not performed 

for ERK1/2, it is unknown if the increased level of phospho-ERK1/2 in HD produced cellular effects in 

neurons or glia. The level of neuronal RAGE expression did decrease from grade 2 to grade 3, whereas, 

the expression of RAGE in astrocytes increased from G2 and G3. Since the level of phospho-ERK1/2 in 

G3 brain (HC78; normalized value = 1.20) was higher than that of G2 brain (HC120 and HC134; 

normalized values = 1.02 and 0.88), it may indicate that the increase in the level of phosphorylation is 

relevant to the increased astrocytic RAGE expression from G2 to G3. However, since neither a 

quantitative study, nor a statistical analysis, was performed with the current data, the claim that the 

activation of ERK1/2 mainly occurs in astrocytes, requires further study. Overall, the increased level of 

phospho-ERK1/2 in HD indicates its importance and relevance in HD pathology. However, further 

study is required to examine if the activation of ERK1/2 is relevant to astrocytic function and RAGE 

ligation.  

The activation of ERK1/2, triggered by a variety of stimuli, is mainly studied in the context of various 

physiological processes, such as proliferation, differentiation, survival, apoptosis, and migration of cells  

(Cheng et al., 2013; Mebratu & Tesfaigzi, 2009; B. Wang et al., 2009). The Ras/Raf/MEK/ERK signalling 

pathway has been studied and known to be involved in many aspects of cellular physiology, and the 

development of neurons and glia (Cheng et al., 2013; Zsarnovszky & Belcher, 2004). The role of 

ERK1/2 in mediating proliferation of neurons and astrocytes have also been reported in many studies 

(Byts, Samoylenko, Woldt, Ehrenreich, & Siren, 2006; Cheng et al., 2013; Fernandes, Falcao, Silva, Brito, 

& Brites, 2007; Ivanova, Karolczak, & Beyer, 2001; S. D. Kim, Yang, Kim, Shin, & Ko, 2007; Mebratu & 

Tesfaigzi, 2009; B. Wang et al., 2009). Taken together, it can be concluded that the ERK1/2 signalling 

pathway is an indispensable part of the astrocyte proliferation and growth processes (Cheng et al., 

2013). The increased activity of ERK1/2 in astrocytes in response to the ligation of RAGE by S100B has 

also been previously reported (Goncalves et al., 2000). Since astrogliosis is thought to be relevant to 

the functions of RAGE, and the pathogenesis of HD, the role of ERK1/2 may also be relevant to the 

proliferation of astrocytes. However, since ERK1/2 can also be involved in the proliferation of neurons, 

it may play a role in the neurogenesis of adult neural stem cells that is triggered by cell death in the CN. 

While the outcomes of ERK1/2 phosphorylation under normal conditions are mostly associated with 

physiological processes, the reported functions of ERK1/2, especially in association with RAGE, 

produce mainly detrimental effects in neurodegenerative diseases. The ligation of RAGE by both S100B 

and CML can mediate the activation of ERK1/2, as shown by previous studies (Bianchi et al., 2007; 

Lappas et al., 2007; Yeh et al., 2001). The acute stimulation of RAGE with relatively high doses of S100B 

causes neuronal apoptosis, via excessive activation of ERK1/2 and the overproduction of reactive 

oxygen species (ROS) (H. J. Huttunen et al., 2000). The binding of β-amyloid to RAGE in cerebral 

endothelial cells and astrocytes also resulted in the phosphorylation of ERK1/2, accompanied by the 
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NADPH oxidase complex and the generation of ROS (Askarova, Tsoy, & Lee, 2013). Extracellular 

HMGB1 can also confer neuronal apoptosis and induce brain damage by exerting its effect on microglial 

RAGE, activating the p38 MAPK/ERK signalling pathway (S. W. Kim et al., 2011). These observations 

suggest that the RAGE-ERK1/2 pathway, activated by various ligands, can lead to detrimental effects 

during the pathological process of neurodegeneration. 

In this study, western blotting demonstrated a 50 kDa protein band, which is thought to correspond to 

the ubiquitinated ERK. Ubiquitination (or ubiquitylation) is a post-translational modification that 

regulates the degradation of cellular proteins by the ubiquitin-proteasome system, controlling a 

protein’s half-life and expression levels. It plays a functional role in a variety of physiological processes, 

and is thought to provide one of the negative feedback systems that govern the activity of protein 

kinases. Regulated proteolysis is a common mechanism for down-regulating activated protein kinases, 

and activation-dependent degradation of protein kinases, including ERK1/2, via ubiquitination is now 

well understood (Lu & Hunter, 2009). Ubiquitination adds additional 6-8 kDa to the original protein. 

Since the ERK1 and ERK2 proteins re 44 kDa and 42 kDa, respectively, the 50 kDa band detected on the 

western blot may represent the ubiquitinated ERK molecules. The increased level of ubiquitinated 

ERK1/2 in HD may indicate the enhancement of an auto-regulatory mechanism that maintains the 

balance of the ERK1/2 activation that follows RAGE ligation. 

Unlike NF-κB and ERK1/2, the level of mDia-1 was down-regulated in the HD. The major outcome of 

the RAGE-mediated activation of mDia-1 is to assist the reorganization of cytoskeletal structure, and 

thus, the migration of cells. For example, the recruitment of mDia-1 is required for RAGE-S100B-

induced migration of microglia, via the RAGE-mediated signalling pathways of mDia-1/Rac1/JNK/AP-1, 

Ras/Rac1/NF-κB, and mDia-1/Src/Ras/PI3K/RhoA. All of these pathways result in the up-regulation of 

the expression of chemokines (CCL3, CCL5 and CXCL12) stimulating microglial migration (Bianchi et al., 

2010; Bianchi et al., 2011). Therefore, the decreased expression of mDia-1 may indicate the diminished 

demand of cells to migrate in HD (Hudson et al., 2008). Since the level of RAGE and its ligands in 

microglia was low in HD brains (Chapter 4, page 97), the RAGE-mediated activation of mDia-1 is likely 

to be irrelevant to microglial migration. However, there are other types of cells that have the potential 

to migrate, such as neural progenitor cells in the SEL, and astrocytes during astrogliosis. The high 

expression of RAGE and its ligands in the astrocytes, as well as the GFAP-δ-positive neural precursor 

cells in the SEL, also indicates that the ligation of RAGE in these cell types may lead to the activation of 

mDia-1, and thus, drive cell migration. However, other pathways that can induce cell migration 

independent of mDia-1 activation have also been identified. The mDia-1 protein is not required for 

S100B/RAGE-dependent activation of a Ras/MEK/ERK1/2/NF-κB pathway, which increase chemokine 

expression in microglia, indicating that mDia-1 may not be required for all RAGE-mediated signalling 

(Bianchi et al., 2011). The induction of the Rac/cdc42 pathway that results in the re-organization of 
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actin filaments during differentiation and migration has also been previously reported (Hudson et al., 

2008; H. J. Huttunen et al., 2000; L. Wang, Li, & Jungalwala, 2008). Moreover, S100B-dependent 

activation of RAGE may participate in the regulation of astrocyte shape, migration, proliferation and 

differentiation, via activation of the Src/phosphatidylinositol 3-kinase (PI3K), and PI3K-dependent 

stimulation of Akt and RhoA activities, which then result in the re-organization of actin filaments 

(Heizmann, Fritz, & Schafer, 2002). Therefore, the decreased level of mDia-1 may account for either the 

lack of RAGE expression in microglia, or mDia-1-independent pathways that can induce migration. The 

involvement of mDia-1 in RAGE-mediated functions other than the migration, especially in the context 

of neurodegeneration, has not been reported. Additionally, as measuring the level of mDia-1 expression 

is not a direct way of examining the activation status of mDia-1, more accurate techniques such as 

optogenetics can be used to measure the level of mDia-1 activation for in vivo experiments (Rao et al., 

2013).  

In summary, it was anticipated that identifying signalling molecules that are involved in the activation 

of RAGE in HD may provide more evidence for specifying its possible functions. The higher level of 

nuclear translocation of NF-κB in astrocytes, observed in the double-labelling IHC study, is likely to be 

associated with the detrimental effects mediated by astrocytes. However, the possibility that the 

activation of RAGE at a nanomolar concentration of S100B could produce beneficial effects to cells 

nearby, promoting their survival, cannot be neglected. A closer examination of the extracellular 

concentration of S100B, in addition to more direct functional studies using in vitro or in vivo HD models, 

may provide more conclusive evidence. The phosphorylation of ERK1/2 is known to be involved in 

various physiological processes, but its effects in inducing pathological outcomes in neurodegenerative 

conditions suggest that RAGE-mediated activation of ERK1/2 in HD may participate in promoting cell 

death. The down-regulation of mDia-1 in HD brains suggests that RAGE may not be involved in the cell 

migration in HD, but the possibility that RAGE may participate in cell migration, via an mDia-1-

independent pathway, still exists.  

Although analysed separately, signalling molecules that are co-dependent on one another along the 

same signalling pathways may possibly lead to equivalent cellular effects. For example, the pro-

inflammatory effects stimulated by high concentrations of S100B exert neurotoxic effects on neurons, 

and are mediated via the RAGE-dependent activation of various pathways involving mDia-1 and NF-κB 

(Bianchi et al., 2011). Moreover, the activation of RAGE by CML, which leads to the phosphorylation of 

ERK1/2, causing increased transcription activation of NF-κB and secretion of proinflammtory 

cytokines has also been reported previously (Yeh et al., 2001). ERK1/2 is also known to activate NF-κB, 

which then regulates the differentiation and proliferation of astrocytes during development (Cheng et 

al., 2013). Additionally, the activation of ERK1/2 in hypoxia was triggered by RAGE ligation with AGEs, 
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and it required mDia-1, which is another signalling molecule that interacts directly with RAGE (Xu et al., 

2010).  

Despite the change in the expression and the activation status observed for the given signalling 

molecules, there are still limitations in this study. Firstly, it is unknown whether the increase in the 

level of NF-κB and ERK1/2 activation is due to the ligation of RAGE, since they are universal 

transcription factors. Moreover, IHC studies are required to identify if the increase in the 

phosphorylation level of ERK1/2 seen in the western blot relates to the RAGE-positive astrocytes or 

other cell types. The identity of a 50 kDa protein band, attributed to ubiquitinated ERK, still remains to 

be confirmed. Additionally, the semi-quantitative western blot is not an effective way of measuring the 

activation level of mDia-1 in the current study, since the activation of mDia-1 involves a conformational 

change that is difficult to detect in post-mortem tissue. Therefore, in order to obtain more accurate 

functional evidence for the activation of RAGE and its downstream signalling molecules that are 

produced in HD, it would be necessary to construct an in vitro or in vivo HD system to examine if 

enhancing RAGE ligation, and the activation of particular signalling molecules, has any detrimental or 

neuroprotective effects during the progression of HD pathology. However, such functional analysis is 

beyond the scope of the present study.   

7.4 Conclusion 

The results of the present study of signalling molecules in the human brain suggest that the activation 

of NF-κB and ERK1/2 are enhanced in HD, whereas, the level of mDia-1 is reduced. Considering 

previous reports about the cellular outcomes produced via RAGE-mediated signalling pathways in 

pathological conditions, it is likely that NF-κB may be involved in inducing cytotoxic effects to the 

neurons and astrocytes, via an up-regulated production of pro-inflammatory molecules. Although 

ERK1/2 is most frequently involved in physiological processes, it can also induce various cytotoxic 

effects, in association with RAGE, in neurodegenerative diseases. The reduction of mDia-1 indicates 

that RAGE may not play an important function in mediating the migration of cells, especially microglia, 

in the HD brains. Overall, the activation status of all three signalling molecules was affected by HD, but 

the functions mediated by the activation of these molecules, in association with RAGE ligation, still 

remain to be investigated.  
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Chapter 8. Final Summary and Discussion 

The classic view on the molecular biology of neurological disorders has focussed on the alteration of the 

function of a single gene of a protein underlying the major pathological events. However, recently, research 

has extended to examining a wider range of proteins, and its complex molecular network, which play a 

functional role in the key molecular change, exerting pathophysiological effects. Though the principal 

aetiology of HD is the mutation of the huntingtin gene, the disease mechanism is much more complex than 

previously thought, with the function of a large number of molecules being influenced by the mutation, and in 

turn, influencing the overall progression of HD. The variation in the symptoms and the pattern of disease 

progression reflect this complexity.  

The functional role of RAGE in such a complex co-influential network of many proteins, in the HD pathology, is 

largely unknown. However, the role of RAGE has been investigated in various neurological disorders, but most 

extensively in Alzheimer’s disease. The binding of β-amyloid to RAGE is associated with numerous 

pathological effects, such as the transportation of toxic proteins across the blood brain barrier (BBB), 

microglial activation, neuroinflammation, and cytotoxic effects by the induction of cellular stress. The age-

dependent formation of aggregates, contributing to the pathology of disease, is similar between Alzheimer’s 

and Parkinson’s disease. However, IHC results from the current study do not provide any evidence of ligand 

binding of the mutant htt protein to RAGE, despite the possibility being suggested by the existence of polar-

zipper structure on mutant htt aggregates. Double-labelling IHC results identified S100B and CML as the 

possible ligands for RAGE in the SEL and CN in HD.  

The grade-wise elevation of the expression and colocalisation, in addition to the medio-lateral pattern of 

staining, indicate that RAGE and its interaction with the two ligands, S100B and CML, may have a significant 

relevance to the pathogenesis of HD. However, the exact functions and cellular outcomes produced by their 

interaction are still not fully understood. The downstream effects of RAGE could not be examined by direct 

functional analysis, due to the limitations of using post mortem human brain tissue.. However, the evidence 

obtained from western blot and IHC studies showed different immunostaining patterns for RAGE and its 

ligand in the CN and the SEL.  

In the CN, most of the cells co-expressing RAGE and its ligands were astrocytes, suggesting that the functions 

of RAGE may have some relevance to astrocytic functions in the HD brains. The increase in the number of 

astrocytes, due to the astrocytic proliferation, may account for the increased expression of RAGE and its 

ligands with HD-grade, despite the progressive death of neurons. One of the biggest challenges of identifying 

the function of RAGE is that all the aspects regarding RAGE and its expression in HD could have dual beneficial 
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or detrimental effects on the survival of cells. The molecular changes induced in astrocytes under pathological 

conditions result in either a loss-of-normal functions or a gain-of- functions, which may produce either 

neurotrophic or neurotoxic effects. The RAGE protein may promote either cell death or cell survival 

depending on the ligands it binds, and the activation of subsequent signalling pathways. The binding of S100B 

to RAGE can either induce detrimental or beneficial effects on cell survival. CML is mostly involved in eliciting 

the detrimental effects. However, the involvement of CML in physiological processes has also been reported. 

Considering the high level of similarity in their pattern of staining, S100B and CML are likely to exert 

cooperative effects on the survival of cells. The nuclear translocation of NF-κB was frequently observed in 

astrocytes, and the elevation of phospho-ERK1/2 level in HD was also shown. The cellular outcomes induced 

by NF-κB and ERK1/2 activation may vary, producing either pathological or physiological downstream effects, 

depending on different circumstances.  

Despite the high expression of RAGE and its ligands, it is difficult to determine the nature of the downstream 

effects of RAGE activation in the CN in HD because of the variation in cellular outcomes. However, based on 

previous findings about the contribution of RAGE in neurological disorders, RAGE may have a cytotoxic 

influence rather than pro-survival effects on the cells in the CN in HD. In a previous study by Ma & Nicholson 

(2004), the authors anticipated that RAGE may play a protective function as the increase in the number of 

RAGE-positive neurons in the CN in HD lagged behind the increase in HD grade. Thus, the expression of RAGE 

was thought to be secondary to the cell death. However, an analysis involving a wider range of cell types as 

described in Chapter 5 (page 99) showed that the increase in the level of RAGE and its ligands was immediate 

after the initiation of disease at grade 1 HD (Chapter 5, Figure 43&44), suggesting that its expression, 

especially that in non-neuronal (astrocytic) cells, may be related more closely to the progression of 

neurodegeneration. Moreover, astrocytes that showed the highest level of RAGE-ligand colocalisation, are 

more likely to play a RAGE-associated neurotoxic function in the HD CN. The accumulation of mutant htt 

proteins and the initiation of HD pathology have been shown to induce the loss-normal-functions in the 

astrocytes. However, as it is usually expressed at low basal level in homeostatic conditions, RAGE is thought to 

be related more closely with the gain-of-new-functions of astrocytes, in parallel with increasing HD grade. The 

molecular alterations in the astrocytes gain them new functions related mainly to either formation of scar 

tissue or the production of inflammatory molecules. However, the role that the RAGE protein plays in these 

processes is not yet fully understood.  AGEs may act via a receptor-independent pathway to induce collagen IV, 

laminin and fibronectin synthesis, as well as up-regulation of transforming growth factor (TGF-β1) and matrix 

metalloproteinase (MMP) activity (S. Chen, Jim, & Ziyadeh, 2003; Serban et al., 2014; Shimizu, Sano, Haruki, & 

Kanda, 2011). A recent study with human embryonic kidney (HEK-293) cells showed that collagen IV 

overexpression can be induced by AGE exposure, via different RAGE and TGF-β1 signalling pathways (Serban 

et al., 2014). Additionally, the involvement of RAGE in regulating the components of extracellular matrix in 
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cells outside the CNS, such as smooth muscle cells, kidney and chondrocyte, were frequently reported (Chuah, 

Basir, Talib, Tie, & Nordin, 2013; Loeser et al., 2005; Yammani, Carlson, Bresnick, & Loeser, 2006). However, 

no direct involvement of RAGE in the formation of glial scar has been reported to date.  

Unlike scar formation, the involvement of RAGE in the process of inflammation has been investigated for 

many neurological disorders. The chronic inflammatory process appears to play an important role in the 

pathophysiology of HD (Moller, 2010). Neurons, astrocytes and microglia all play an important part in the 

neuroinflammation process (Cerbai et al., 2012). Activated microglia become neurotoxic and exert their 

effects on neurons and astrocytes by releasing cytotoxic substances, as well as cytoprotective agents (van 

Rossum & Hanisch, 2004). Neurotoxic effects of microglia can be modulated by astrocytes and neurons 

(Cerbai et al., 2012). Reactive astrogliosis is also regarded as one of the characteristic responses to 

inflammation in the adult CNS, and the production of pro-inflammatory molecules by activated astrocytes 

form positive-feedback loop that amplifies the effects. Under normal conditions, astrocytes may control the 

inflammatory process to protect neighbouring tissue from further damage, but under pathological conditions 

activated astrocytes may contribute to the neuronal damage by inducing pathological conditions such as: 

inhibition of axon regeneration, secretion of neurotoxic/pro-inflammatory substances, and release of 

excitotoxic glutamate (Cerbai et al., 2012; Sofroniew, 2009). The binding of both CML and S100B to RAGE is 

also known to be associated with inflammatory outcomes. The extracellular S100B at the micromolar 

concentration may act as a cytokine, or a damage-associated molecular pattern molecule (DAMP), which may 

play a role in the inflammatory processes in various neurodegenerative disorders (Bianchi et al., 2011; Donato 

et al., 2009). In addition to the binding of S100B, binding of AGEs to RAGE is also known to participate in 

promoting pro-inflammatory functions by inducing the expression of IL-1β and TNF-α (Z. Wang et al., 2002). 

Interestingly, AGEs can also decrease the expression of RAGE in astrocytes, which was viewed as a self-

protective mechanism (J. J. Li et al., 1998). Both S100B and CML are capable of activating NF-κB and ERK1/2 

via binding to RAGE (Bianchi et al., 2010; Villarreal et al., 2011; S. D. Yan et al., 1994), and both signalling 

molecules may lead to the regulation, or enhancement, of inflammatory responses.  

Apart from inflammation, oxidative stress is another possible consequence of reactive astrogliosis. Interaction 

of RAGE with either CML or S100B can also induce the oxidative stress response. The ligation of RAGE by 

AGEs and S100B can induce oxidative stress, which exerts harmful effects on the survival of cells in various 

disorders (Kobayashi et al., 2005; Younessi & Yoonessi, 2011). The binding of CML to RAGE was also reported 

to activate NADPH oxidase, which contributed to the generation of ROS and the initiation of the signalling 

cascades (Guimaraes, Empsen, Geerts, & van Grunsven, 2010; M. P. Wautier et al., 2001). Interestingly, the 

formation process of AGEs also involves oxidative stress (Brownlee, 2001, 2005), indicating that the 

production and the stimulation of AGEs may form a positive feedback loop enhancing the downstream effects 

of oxidative stress. Since RAGE-mediated oxidative stress exerts direct effects on cells expressing RAGE, it is 
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unlikely that RAGE expressed on astrocytes would exert detrimental effects to the nearby neurons, via 

oxidative stress mechanisms. This is in contrast to the neuroinflammatory process, during which the 

activation of RAGE may lead not only to the production, but also the secretion of pro-inflammatory molecules. 

As the level of RAGE-ligand interaction is low in neurons, the oxidative stress mediated by RAGE may not have 

a direct effect on the neuronal death in the CN in HD. The high level of colocalisation of RAGE and its ligands in 

astrocytes suggests that RAGE activation in astrocytes may cause the inflammation or oxidative stress, which 

would lead to the apoptosis of astrocytes. This may provide a means to regulate the proliferation or the 

astrogliosis process.  

Although S100B and CML can induce different cellular outcomes by activating separate signalling pathways, 

the high co-expression of both ligands with RAGE in astrocytes in the HD CN suggest that they may possibly 

exert cooperative effects. This is because since both proteins would be competing for the same binding site of 

RAGE, and producing similar cellular outcomes would be more energy efficient.  

The high expression of RAGE in the CN, the site of cell death, and also in the SEL, the site of cell proliferation, is 

an interesting observation. In the SEL, RAGE and S100B showed a high level of colocalisation in the GFAPδ-

positive Type B astrocytes. Among the three major astrocytic cell types in the SEL, Type B cells are the 

proliferative stem cells with the highest pluripotent potential. Type B cells divide asymmetrically to produce 

the intermediate Type C cells, which in turn differentiate into Type A cells that migrate to the destined sites 

(Figure 2, page 5). The IHC results showed a high expression of RAGE and S100B in Type B astrocytes. The 

grade-wise expansion of the SEL, which is associated with the constant stimulation of proliferation, in addition 

to the restricted expression of RAGE and S100B in Type B cells suggest that their interaction may favour 

participating in cell division and proliferation, rather than differentiation or cell migration. In contrast to 

S100B, the expression of CML was rare in the GFAPδ-positive astrocytes. Considering the limited research 

supporting pro-survival or proliferative functions of CML, its high level of expression in the SEL is an 

interesting observation. The regulatory role of the AGEs-RAGE ligation inducing proliferation of peripheral 

non-nervous cells such as leukaemia, osteoblast, and cancer cells have, however, been reported (J. Y. Kim et al., 

2008; Lata & Mukherjee, 2014; G. Li et al., 2012). The lack of CML staining in Type B cells suggests that CML 

may have a direct relevance to the cell division process. However, it is still possible that CML expressed in 

other cell types in the SEL may contribute to the Type B cell division, via an indirect pathway such as the 

production of IL-6, which is known to exert positive effects on the proliferation and the migration of adult 

stem cells in the SEL (Bensadoun et al., 2001; Bowen et al., 2011; Covey et al., 2011). Conversely, since the 

observed pathological effects of CML in neurological disorders are more abundant than neurotrophic effects, it 

is also possible that the increased expression of CML in the SEL may be associated with the inhibitory 

regulation of the rate of neurogenesis. However, CML playing a functional role in the auto-regulatory 

mechanism of adult stem cell proliferation has not been reported to date. Since it is unknown if cells that 
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express CML in the SEL are Type A or Type C astrocytes, it is difficult to decide if CML is involved in inducing 

other physiological effects such as cell differentiation or migration. A recent study showed that AGEs induced 

the differentiation of cultured neurospheres into astrocytes and inhibited neuronal formation, although, it was 

not shown whether the effects were mediated via RAGE binding (Guo et al., 2014). The involvement of RAGE-

CML interaction in cell migration has not been investigated in detail to date.  

The interpretation of the results obtained from the current study, based on previous findings about RAGE, 

astrocytes, ligands, signalling molecules and neurological disorders, suggest that the activation of RAGE in the 

SEL and CN may be involved in two distinct cellular outcomes. These outcomes are mainly associated with cell 

death in the CN, and cell proliferation in the SEL. CML was not expressed in Type B astrocytes suggesting that 

it may not have any direct relevance to cell proliferation. However, the high colocalisation of S100B in both 

GFAP- and GFAPδ-positive astrocytes in the CN and the SEL, suggests that RAGE-S100B interaction may 

produce two distinct cellular effects in the SEL and CN, which could possibly depend on the extracellular 

concentration. Studying the possibility that the S100B protein could be secreted into the extracellular space at 

such different levels in two adjacent regions, the SEL and CN, was beyond the scope of the present study, and 

require further investigation.  

Other than GFAP- and GFAPδ-positive astrocytes, RAGE was also expressed in neurons. However, the 

neuronal expression of ligands was comparatively very low, resulting in a low level of receptor-ligand 

colocalisaiton. The cytoplasmic and membranous expression of RAGE in neurons suggests that RAGE may 

play a functional role in neurons, independent of S100B and CML binding. None of the RAGE or ligand proteins 

was expressed in microglia, indicating that RAGE may not have any direct involvement in microglial function, 

and thus, neuroinflammation in HD. Although the co-expression of RAGE and its ligands is restricted to the 

astrocytes, it does not necessarily mean that the influence of RAGE is restricted to intracellular astrocytic 

changes. Until recently, neurons were considered to be the basic functional unit of the CNS, whereas, glia cells 

were thought to only serve a support role. However, it is becoming evident that, rather than neurons alone, 

the proper functioning of the neuron-microglia-astrocyte ‘triad’ is more fundamental to the functional 

organization of the brain (N. J. Allen & Barres, 2009; Barres, 2008; Cerbai et al., 2012). Therefore, the impaired 

interplay among neurons and glia is now investigated more frequently as a possible factor for derangements 

from normal brain aging to neurodegenerative processes (Cerbai et al., 2012; De Keyser, Mostert, & Koch, 

2008; Sofroniew, 2009). Therefore, in such closely-related influential connections between different cell types, 

the RAGE and its ligands expressed in astrocytes may influence the functions of other cells such as neurons 

and microglia, via indirect mechanisms, despite the low expression of RAGE and its ligands.   

In summary, the present study identified changes in the expression patterns of RAGE and its ligands in HD. 

RAGE may have S100B- and CML-dependent functions in astrocytes in the SEL and CN, and S100B- and CML-
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independent functions in neurons. S100B and CML have similar spatial expression patterns in the HD brains, 

suggesting that they may compete to bind to RAGE, acting in concert to exert the common cellular effects 

mainly in astrocytes. However, the current study primarily used qualitative approaches to investigate the 

functions of RAGE, and the results are therefore suggestive and descriptive in nature. More conclusive data 

may well be acquired by using a quantitative approach, such as unbiased stereology. Moreover, the most 

challenging aspect in identifying the function of RAGE is that the extensive colocalisation of RAGE and its 

ligands (S100B and CML) in astrocytes in the CN and SEL can be involved in either a neurotoxic or a 

neurotrophic effect. Therefore, in order to specify the exact function of the RAGE-ligand interaction in HD, it is 

necessary to construct a HD model and to perform a functional analysis by either inhibiting or enhancing the 

RAGE activation. A preliminary study aimed at identifying the expression patterns of RAGE and its ligands in a 

transgenic HD mouse model is in progress. An in vitro or in vivo functional analysis using the HD model will be 

performed following the acquisition of any results that are comparable to humans. 

The therapeutic intervention targeting RAGE in neurodegenerative diseases is mainly focused on eliminating 

the detrimental effects induced by its activation. The function of RAGE during neurodegeneration, and the 

effectiveness of a therapeutic intervention that inhibits its activation, has been studied most extensively for 

Alzheimer’s disease. The first generation of a RAGE inhibitor that entered the Phase II trial with Alzheimer’s 

disease patients was terminated due to toxicity. Many attempts have now been made to identify a novel 

treatment that would reduce RAGE activation by β-amlyoid peptides. Recently, a novel high-affinity RAGE-

specific inhibitor called FPS-ZM1 was synthesized and it completely inhibited the RAGE-mediated transport of 

β-amlyoid across BBB, which resulted in significant improvement in cerebral blood flow and behavioural 

response (Deane et al., 2003). Another recent study also reported the possible therapeutic effects of using 

anti-RAGE antibodies in Alzheimer’s disease patients. The RAGE-β-amyloid immunisation, via an aqueous oral 

vaccine that increased level of circulating anti-RAGE antibody, led to the reduction in β-amlyoid-mediated 

RAGE activation and the level of soluble β-amlyoid (Webster, Mruthinti, Hill, Buccafusco, & Terry, 2012). The 

possible therapeutic effect of using sRAGE to block and neutralise the circulating β-amlyoid are also being 

continuously investigated (Emanuele et al., 2005; Webster et al., 2012; S. F. Yan, Ramasamy, & Schmidt, 2010). 

The involvement of RAGE in other neurological disorders is less understood. While activation of RAGE 

contributes mainly to neurodegeneration in Alzheimer’s disease, it is still unknown if RAGE expressed in HD 

brains plays a similar neurotoxic role, or if it elicits a novel neurotrophic effect. Therefore, the effectiveness of 

therapeutic intervention, using various methods of either blocking or enhancing RAGE activation, can only be 

examined once the definitive functional role of RAGE activation in HD has been confirmed.  
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Appendix A: List of Reagents 

RIPA buffer (100ml) 
• 0.876g NaCl 
• 1ml NP-40 or Triton X-100 
• 5ml 10% Sodium Deoxycholate  
• 10ml 1% SDS (Sodium Dodecyl Sulfate)  
• 0.788g Trizma-HCl 
• Make up to 100ml with distilled water (ddH2O) 
• Add one tablet of roche protease inhibitor for 

every 10ml of buffer (Protease Inhibitor Cocktail 
Tablets; Cat# 11 836 153 001; Roche) 

 
Non-denaturing Lysis Buffer (100ml)  
•  0.3152g of Tris-HCl (20mM) 
• 0.8g of NaCl (137mM) 
• Add 0.0744g of Na2-EDTA-2H2O (2mM) 

Add 80ml of water and Adjust pH to 8.0 
*EDTA doesn’t dissolve well if pH is not 8  

• 10ml of Glycerol (10%) 
• 1ml of NP40 or Triton X-100 (1%)  
• Add one tablet of roche protease inhibitor for 

every 10ml of buffer (Protease Inhibitor Cocktail 
Tablets; Cat# 11 836 153 001; Roche) 

 
Loading Buffer (WB) 
• NuPAGE® LDS Sample buffer 4x 

(Invitrogen; Cat# NP0007)  
• Reducing agent (Dithiothreitol or DTT, 1M). 

 
Transfer Buffer (WB; 1000ml) 
• 50ml 20x NuPAGE® Transfer Buffer  

(Invitrogen; Cat# NP0006) 
• 200ml methanol  
• 750ml ddH2O 
• 1ml antioxidant (1%; NuPAGE® Antioxidant Cat# 

NP0005) 
 
Stripping Buffer (WB;250ml) 
• 50ml 10% SDS (Adjust pH to 6.8)  
• 156ml 1M Tris (Adjust pH to 6.8) 
• 1.75ml BME (2-mercaptoethanol) 
• 42.25ml ddH2O 

 
1M glycine buffer (100ml; Co-IP) 
• 7.5g  glycine 
• 100ml ddH2O 
• Adjust pH 2.8 (approx. between 2 and 3) 

 TBS (10x; 1000ml) 
• 12.1g Tris 
• 87.65g NaCl 
• Adjust pH to 8 
• Make up to 1000ml with ddH2O 

 
TBS-T (0.05%; 1000ml)  
• 100ml of 10x TBS 
• 900ml of ddH2O 
• 500µl of Tween-20 

 
PBS (10x; 1000ml)  
• 80g of NaCl 
• 2.0g of KCl 
• 14.4g of Na2HPO4 
• 2.4g of KH2PO4 
• Adjust pH to 7.4 
• Make up to 1000ml with ddH2O 

 
PBS-T (0.2%; 1000ml) 

• 100ml of 10x PBS 
• 900ml of ddH2O 
• 2ml of Tween-20 (0.2%) 

 
Citrate Buffer (IHC; 500ml)  
• Dissolve 4.73g citric acid (monohydrate) in 

222.5ml of  ddH2O (0.1M)  
• Dissolve 8.16g sodium citrate (dehydrate) 

in 277.5ml of ddH2O (0.1M)  
• Mix citric acid and sodium citrate solutions 

to produce citrate buffer of pH 4.5-4.6  
 
Normal Animal Serum ImmunoBuffer (IHC) 
• PBS-T (2% Tween-20) 
• 1% normal animal serum 
• 0.4% Merthiolate  

 
0.4M PO4 Buffer (IHC; 1000ml) 
• Na2HPO4  46g     

OR  
Na2HPO4*2H2O  57.66g 

• NaH2PO4  9.07g  
OR   
NaH2PO4*2H2O  11.8g 
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Appendix B: Blocking-Peptide Experiment for anti-RAGE Antibody 

This specificity of the given anti-RAGE antibody (Meridian Life Science, Q2B710G) by blocking the 

antibody with immunizing peptide molecules and using the mixture of primary antibody and blocking 

peptide for immunocytochemistry (ICC) analysis. The validity of the primary anti-RAGE antibody was 

examined by incubating the antibody with immunizing peptide (Meridian Life Science, A2B710G) prior to 

adding it to the NT2/D1 human embryonic teratocarcinoma cells (NT2 cells). The results showed that the 

immunizing peptide reduced the binding of RAGE antibody to the antigen molecules expressed on cells as 

indicated by the markedly different level of staining from that of the positive control (Figure 60).   

 

Figure 60 Blocking Peptide Experiment 

for anti-RAGE antibody  
For the positive control, NT2 cells were stained 

with the anti-RAGE antibody (Q2B710G) as per 

the standard IHC protocol, whereas for the 

blocking-peptide experiment, the anti-RAGE 

antibody that was previously incubated with 

immunizing peptides was used for staining. 

 

 

Appendix C: Statistical Analysis of Cell Quantification Results  

C1. Statistical Analysis of Individual Proteins 

To investigate the difference in expression of RAGE and S100B by brain cells from different levels of Huntington 

disease and from different regions of the brain a generalized linear mixed model was fitted with percentage of 

cells exhibiting expression as the outcome. As some of the percentages were small and therefore there was likely 

to be a correlation of the mean and variance the data was transformed by use of the logit link and a binomial 

distribution and robust sandwich estimators of errors were used. The outcomes of RAGE expression and S100B 

expression were examined separately. Initially the interaction of grade of disease and region of the brain was 

examined to see if there was a difference in the effect of disease on expression in different regions of the brain. 

When this was significant the 3 regions of the brain were analysed separately. When there was evidence of a 

difference across grade the contrast of normals compared to Huntington disease and the linear trend across 

Huntington disease were examined. 
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C1.1 RAGE 

There was strong evidence of a difference in the effect of disease level on RAGE expression in different regions of 

the brain (region, disease grade interaction p<.0001). The regions were therefore examined separately 

C.1.1.1 RAGE in SEL 

There was strong evidence of an effect of region on RAGE expression in the sel region (p<.0001) with normal 

brains exhibiting lower expression than in those from Huntington disease brains (p<.0001) and a trend in 

percent expressed of increasing expression with increasing grade (p=.0002) 

  mean prop  lower CL  upper CL 
Normal  0.218  0.182  0.258 
grade 1  0.485  0.471  0.500 
grade 2  0.631  0.563  0.693 
grade 3  0.584  0.548  0.619 
grade 4  0.737  0.656  0.805 

 

      

C.1.1.2 RAGE in medCN 

 There was strong evidence of an effect of region on RAGE expression in the med region (p<.0001)  with normal 

brains exhibiting lower expression than  in those from Huntington disease  (p<.0001) and a trend in percent 

expressed of increasing expression with increasing grade (p=.0004) 

 mean prop lower CL upper CL 
Normal 0.097 0.079 0.119 
grade 1 0.391 0.364 0.420 
grade 2 0.476 0.457 0.495 
grade 3 0.511 0.494 0.528 
grade 4 0.576 0.496 0.653 

 

C.1.1.3 RAGE in latCN 

There was strong evidence of an effect of region on RAGE expression in the lat region (p<.0001) with normal 

brains exhibiting lower expression than in those from Huntington disease (p<.0001) and a trend in percent 

expressed of increasing expression with increasing grade (p<.0001) 

 mean prop lower CL upper CL 
Normal 0.075 0.056 0.099 
grade 1 0.154 0.123 0.190 
grade 2 0.146 0.130 0.163 
grade 3 0.237 0.167 0.325 
grade 4 0.291 0.272 0.311 
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In summary, although there was evidence of a difference in the effect of region on RAGE expression in different 

regions of the brain, in all regions level of disease had an effect on expression of RAGE but in lat the increase in 

expression was less than in the other regions 

C.1.2 S100B 

There was strong evidence of a difference in the effect of disease level on S100B expression in different regions of 

the brain (region, disease grade interaction p<.0001). The regions were therefore examined separately 

C.1.2.1 S100B in SEL 

There was strong evidence of an effect of region on S100B expression in the sel region (p<.0001)  with normal 

brains exhibiting lower expression than  in those from Huntington disease  (p<.0001) and a trend in percent 

expressed of increasing expression with increasing grade (p=.003) 

 mean prop lower CL upper CL 
Normal 0.291 0.257 0.328 
grade 1 0.391 0.355 0.427 
grade 2 0.479 0.460 0.497 
grade 3 0.521 0.501 0.540 
grade 4 0.551 0.460 0.639 

 

C.1.2.2 S100B in medCN 

There was strong evidence of an effect of region on S100B expression in the med region (p<.0001) with normal 

brains exhibiting lower expression than  in those from Huntington disease  (p<.0001) and a trend in percent 

expressed of increasing expression with increasing grade (p=.0007) 

 mean prop lower CL upper CL 
Normal 0.172 0.135 0.216 
grade 1 0.344 0.290 0.403 
grade 2 0.428 0.400 0.456 
grade 3 0.464 0.423 0.506 
grade 4 0.496 0.454 0.539 

 

C.1.2.3 S100B in latCN 

An effect of region on S100B expression in the lat region could not be demonstrated (p=.19)   

 mean prop lower CL upper CL 
Normal 0.278 0.244 0.314 
grade 1 0.319 0.256 0.391 
grade 2 0.278 0.240 0.320 
grade 3 0.359 0.285 0.441 
grade 4 0.319 0.274 0.367 
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In summary, there was evidence that the effect of disease stage on S100B expression was different in different 

regions of the brain with a similar effect in the sel and med regions but no effect able to be demonstrated in the 

lat region  

C1.3 CML 

The same methods as described above were used to look at expression of CML in the 3 regions of the brain in 

normals and people with different grades of Huntington’s disease. RAGE was also looked at in these samples – 

this was a replicate of the analysis already conducted on RAGE expression, but from different samples of the 

brains 

There was strong evidence of a difference in the effect of disease level on CML expression in different regions of 

the brain (region, disease grade interaction p=.0002). The regions were therefore examined separately. 

C.1.3.1 CML in SEL 

There was strong evidence of an effect of region on CML expression in the sel region (p=.001) with normal brains 

exhibiting lower expression than in those from Huntington disease brains (p=.0001) but no trend in percent 

expressed over increasing grade able to be shown (p=.97) 

 mean prop lower CL upper CL 

Normal 0.209 0.158 0.271 

grade 1 0.450 0.397 0.504 

grade 2 0.381 0.320 0.446 

grade 3 0.406 0.306 0.515 

grade 4 0.443 0.374 0.515 

 

C.1.3.2 CML in medCN 

There was strong evidence of an effect of region on CML expression in the med region (p<.0001)  with normal 

brains exhibiting lower expression than  in those from Huntington disease brains (p<.0001) and also a  trend in 

percent expressed of increasing expression with increasing grade (p=.006) 

 mean prop lower CL upper CL 

Normal 0.079 0.042 0.146 

grade 1 0.333 0.243 0.437 

grade 2 0.364 0.330 0.399 

grade 3 0.443 0.430 0.457 

grade 4 0.479 0.452 0.507 
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C.1.3.3 CML in latCN 

There was strong evidence of an effect of region on CML expression in the lat region (p=.0006) with normal 

brains exhibiting lower expression than in those from Huntington disease brains (p=.002)  but no  trend in 

percent expressed across grade could be shown (p=.33) 

 mean prop lower CL upper CL 

Normal 0.111 0.084 0.146 

grade 1 0.189 0.159 0.224 

grade 2 0.143 0.113 0.179 

grade 3 0.235 0.214 0.257 

grade 4 0.188 0.139 0.250 
 

C2. Statistical Analysis of Colocalisation of RAGE and Ligands  

C.2.1 Similarity of RAGE staining in two pairs of colocalisation studies  

The results for RAGE were very similar to the results from the previous analysis looking at the same thing in 

different samples from the same brains. To demonstrate this, the previous results are repeated below with any 

differences in this new analysis added in red. In reporting you would probably simply state that the results from 

the repeat analysis were the same and the estimates of the mean proportions were also very similar. 

There was strong evidence of a difference in the effect of disease level on RAGE expression in different regions of 

the brain (region, disease grade interaction p<.0001; p=.0003). The regions were therefore examined separately 

C.2.1.1 Comparison of RAGE results in SEL  

There was strong evidence of an effect of region on RAGE expression in the sel region (p<.0001) with normal 

brains exhibiting lower expression than in those from Huntington disease brains (p<.0001) and a trend in 

percent expressed of increasing expression with increasing grade (p=.0002; p=.001) 

 mean prop lower CL upper CL 
Normal 0.218 0.182 0.258 
grade 1 0.485 0.471 0.500 
grade 2 0.631 0.563 0.693 
grade 3 0.584 0.548 0.619 
grade 4 0.737 0.656 0.805 

 

         

 mean prop lower CL upper CL 
Normal 0.194 0.131 0.278 

grade 1 0.528 0.463 0.592 

grade 2 0.600 0.574 0.627 

grade 3 0.582 0.538 0.626 

grade 4 0.704 0.648 0.754 
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C.2.1.2 Comparison of RAGE results in medCN  

 There was strong evidence of an effect of region on RAGE expression in the med region (p<.0001) with normal 

brains exhibiting lower expression than in those from Huntington disease (p<.0001) and a trend in percent 

expressed of increasing expression with increasing grade (p=.0004; p=.0005) 

 mean prop lower CL upper CL 
Normal 0.097 0.079 0.119 
grade 1 0.391 0.364 0.420 
grade 2 0.476 0.457 0.495 
grade 3 0.511 0.494 0.528 
grade 4 0.576 0.496 0.653 

    
 mean prop lower CL upper CL 

Normal 0.082 0.070 0.096 

grade 1 0.415 0.361 0.472 

grade 2 0.477 0.440 0.515 

grade 3 0.474 0.429 0.519 

grade 4 0.583 0.539 0.625 

 

C.2.1.2 Comparison of RAGE results in latCN  

There was strong evidence of an effect of region on RAGE expression in the lat region (p<.0001) with normal 

brains exhibiting lower expression than in those from Huntington disease  (p<.0001) and a trend in percent 

expressed of increasing expression with increasing grade (p<.0001). 

 mean prop lower CL upper CL 
Normal 0.075 0.056 0.099 
grade 1 0.154 0.123 0.190 
grade 2 0.146 0.130 0.163 
grade 3 0.237 0.167 0.325 
grade 4 0.291 0.272 0.311 
 
    

 mean prop lower CL upper CL 

Normal 0.055 0.045 0.068 

grade 1 0.139 0.113 0.170 

grade 2 0.136 0.099 0.183 

grade 3 0.223 0.203 0.244 

grade 4 0.264 0.244 0.285 
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In summary, although there was evidence of a difference in the effect of region on RAGE expression in different 

regions of the brain, in all regions level of disease had an effect on expression of RAGE but in lat the increase in 

expression was less than in the other regions. 

C.2.2 RAGE-Ligand Colocalisaiton Studies   

The same methods of analysis as previously reported were used. 

C.2.2.1 RAGE and S100B 

There was strong evidence of a difference in the effect of disease level on RAGE and S100B collocation expression 

in different regions of the brain (region, disease grade interaction p<.0001). The regions were therefore 

examined separately. 

C.2.2.1.1 RAGE and S100B in SEL 

There was strong evidence of an effect of disease level on RAGE and S100B collocation expression in the sel 

region (p<.0001) with normal brains exhibiting lower collocation than in those from Huntington disease brains 

(p<.0001) and a trend in percent expressed of increasing expression with increasing grade (p=.002) 

 mean prop lower CL upper CL 
Normal 0.148 0.116 0.188 

grade 1 0.329 0.274 0.390 

grade 2 0.424 0.406 0.441 

grade 3 0.462 0.426 0.498 

grade 4 0.505 0.428 0.580 
 

      

C.2.2.1.2 RAGE and S100B in medCN 

There was strong evidence of an effect of disease level on RAGE and S100B collocation expression in the med 

region (p<.0001) with normal brains exhibiting lower collocation than in those from Huntington disease brains 

(p<.0001) and a trend in percent expressed of increasing expression with increasing grade (p=.0005) 

 mean prop lower CL upper CL 
Normal 0.054 0.047 0.062 

grade 1 0.240 0.178 0.317 

grade 2 0.384 0.363 0.406 

grade 3 0.393 0.372 0.415 

grade 4 0.458 0.407 0.510 
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C.2.2.1.3 RAGE and S100B in latCN 

There was strong evidence of an effect of disease level on RAGE and S100B collocation expression in the lat 

region (p<.0001) with normal brains exhibiting lower collocation than in those from Huntington disease brains 

(p<.0001) and a trend in percent expressed of increasing expression with increasing grade (p<.0001) 

 mean prop lower CL upper CL 
Normal 0.039 0.031 0.050 

grade 1 0.085 0.073 0.098 

grade 2 0.086 0.065 0.112 

grade 3 0.149 0.099 0.219 

grade 4 0.223 0.196 0.252 

 

C.2.2.2 RAGE and CML 

There was strong evidence of a difference in the effect of disease level on RAGE and CML collocation expression in 

different regions of the brain (region, disease grade interaction p=.0001). The regions were therefore examined 

separately 

C.2.2.2.1 RAGE and CML in SEL 

There was evidence of an effect of disease level on RAGE and CML collocation expression in the sel region 

(p=.002) with normal brains exhibiting lower collocation than in those from Huntington disease brains (p=.0002) 

but no trend in percent expressed with increasing grade able to be shown (p=.32) 

 mean prop lower CL upper CL 
Normal 0.120 0.074 0.190 

grade 1 0.371 0.339 0.404 

grade 2 0.328 0.247 0.421 

grade 3 0.365 0.284 0.453 

grade 4 0.398 0.334 0.466 
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C.2.2.2.2 RAGE and CML in medCN 

There was strong evidence of an effect of disease level on RAGE and CML collocation expression in the med 

region (p<.0001) with normal brains exhibiting lower collocation than in those from Huntington disease brains 

(p<.0001) and a trend in percent expressed of increasing expression with increasing grade (p=.005) 

 mean prop lower CL upper CL 
Normal 0.026 0.015 0.044 

grade 1 0.273 0.185 0.383 

grade 2 0.320 0.278 0.366 

grade 3 0.381 0.327 0.438 

grade 4 0.443 0.420 0.467 
 

      

C.2.2.2.3 RAGE and CML in latCN 

There was strong evidence of an effect of disease level on RAGE and CML collocation expression in the lat region 

(p<.0001) with normal brains exhibiting lower collocation than in those from Huntington disease brains 

(p<.0001) and a trend in percent expressed of increasing expression with increasing grade (p=.03) 

 mean prop lower CL upper CL 
Normal 0.011 0.010 0.013 

grade 1 0.076 0.037 0.149 

grade 2 0.073 0.047 0.112 

grade 3 0.156 0.117 0.205 

grade 4 0.135 0.105 0.173 
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