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1 Introduction 

In 1872 Dr. George Huntington published an essay entitled „On Chorea“, describing the 

features of a hereditary illness otherwise known as St. Vitus Dance (Huntington, 1872).  

Dr. Huntington named this disease “hereditary chorea” emphasizing the mode of inheritance 

and the characteristic movement disorder developing in the course of the disease. 

Dr. Huntington´s essay was the first precise description of this fatal disease; the disorder was 

later termed “Huntington´s Chorea”. George Huntington wrote:” I have drawn your attention 

to this form of chorea, gentlemen, not that I considered it of any great practical importance to 

you, but merely as a medical curiosity, and as such it may have some interest.” More than a 

century later this sentence seems to be an understatement. Huntington´s Disease (HD) is much 

more than a medical curiosity and is of great interest to many researchers around the world 

due to the fact that Huntington´s Disease has some pathophysiological mechanisms in 

common with other neurodegenerative diseases, like autosomal-dominant spinocerebellar 

disorders, Alzheimer’s Disease and Parkinson´s Disease. Thus, a more detailed understanding 

of the pathogenetic steps in anyone of these diseases may help to develop new therapies, 

which potentially have also an effect in other neurodegenerative disorders. In the following 

paragraphs I will therefore briefly review hereditary neurological diseases sharing mutational 

mechanisms with HD and the pathogenic mechanisms leading to neuronal cell death are 

briefly reviewed. To complete this overview the clinical phenotype of several hereditary 

neurodegenerative diseases are described and the underlying dynamic mutations and their 

possible molecular consequences are contrasted. 

1.1 Triplet Repeat Disorders 

In general DNA is regarded as a relatively stable molecule beside the rare instance of 

mutations. The molecular mechanisms of genetic anticipation, i.e. the phenomenon that 

families affected by disorders like the dominantly inherited myotonic dystrophy (Ashizawa et 

al., 1992a; Ashizawa et al., 1992b; Harper et al., 1992; Howeler et al., 1989) or Huntington´s 

Disease (Ranen et al., 1995) tend to display a progressively earlier onset of disease in 

consecutive generations as well as the increasing penetrance through subsequent generations 

in Fragile-X-syndrome, known as the Sherman paradox (Sherman et al., 1985; Sherman et al., 

1984) were unknown and were difficult to reconcile with the idea of a stable blueprint of the 

human genome. In 1991 the genes responsible for the Fragile-X syndrome and spinobulbar 

muscular atrophy were found to contain unstable, expanded trinucleotide repeats. (Fu et al., 

1991; La Spada et al., 1991; Verkerk et al., 1991). In the following years the genes and the 
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underlying mutations for myotonic dystrophy and Huntington´s Disease were discovered (The 

Huntington´s Disease Collaborative Research Group, 1993; Brook et al., 1992). Meanwhile a 

remarkable number of neurodegenerative diseases with expanded trinucleotide repeats have 

been described ((Wells and Warren, 1998) and table 1.1). The instability of these mutations 

accounts for increasing triplet repeats in subsequent generations and therefore explains the 

phenomenon of anticipation and the increasing penetrance observed in Fragile-X-syndrome. 

Trinucleotide repeat diseases can be categorized into two subclasses based on the location of 

the trinucleotide repeats: diseases involving non-coding repeats (untranslated sequence) and 

diseases involving triplet repeats within coding sequences. 

1.2 Diseases Involving Non-coding Repeats 

In this chapter a short overview about triplet repeat disorders with expansions in the non-

coding sequences of the affected genes is given and possible pathogenic mechanisms are 

discussed very briefly. In this group of diseases expansions with high numbers of repeats (up 

to several hundreds) have been found in the 5´UTR, 3´UTR and in introns. (see table 1.1). 

These larger expansions exhibit a remarkable meiotic instability with continued expansion in 

germline transmissions in subsequent generations correlating with an increasing penetrance. 

Therefore premutations (intermediate expansions) in individuals carrying an elongated repeat 

sequence without symptoms must be distinguished from full-mutations in offspring with 

clinical signs of the disease. Fragile X syndrome is the most frequent form of inherited mental 

retardation and is clinically characterized by mental retardation and facial dysmorphia 

(prominent jaw and forehead and large ears). The clinical symptoms for Fragile XE-Mental 

retardation are very similar to those of the Fragile-X- syndrome, albeit milder than in Fragile-

X syndrome. The two diseases can be differentiated by genetic testing. For Fragile X-

syndrome and Fragile XE Mental retardation chromosomal fragile sites FRAXA (Ramos et 

al., 1992) and FRAXE (Flynn et al., 1993; Knight et al., 1993), respectively are 

cytogenetically visible as folate-sensitive sites (Sutherland, 1977); the mutational basis of 

these two diseases are hypermethylated (CGG)n expansions in the 5´UTR of the FMR1 gene 

(for Fragile-X-syndrome) (Verkerk et al., 1991) and the FMR2 gene (for Fragile XE mental 

retardation) (Gecz et al., 1996; Gu et al., 1996), respectively. The hypermethylation of these 

elongated repeats results in a transcriptional silencing of the mutated genes (Gecz et al., 1996; 

Sutcliffe et al., 1992; Verkerk et al., 1991). Interestingly patients with point mutations or 

deletions in the FMR1 gene display symptoms typically for Fragile-X-syndrome, therefore a 

loss-of-function mutation for this kind of disorders can be postulated (Lugenbeel et al., 1995). 
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Autosomal dominant Myotonic Dystrophy (DM) is a frequent form of muscular dystrophy. 

Clinical features includes myotonia, muscle weakness and atrophy, cardiac conduction 

abnormalities, frontal balding, cataracts, mild mental impairment and endocrine abnormalities 

leading to testicular atrophy in affected males (Harper, 1989). The cause of the disease is a 

(CTG)n expansion in the 3´UTR of a serine-threonine protein kinase termed DMPK (Brook et 

al., 1992). Like in other triplet repeat disorders, the severity of DM correlates with the 

numbers of CTG repeats and very severe cases of the disease display more than 3000 repeats. 

Different pathogenic consequences of this mutation accounts possibly for the different aspects 

of DM (Tapscott, 2000). It was shown that cardiac conduction abnormalities are caused by 

haploinsufficiency for the DMPK due to a retention of the DMPK mRNA in the nucleus of 

DM patients, as well as in a knock out mice for the homologous gene, Dm15 (Berul et al., 

1999; Davis et al., 1997). The DMPK is located in a gene-dense region of chromosome 19q 

and new evidences suggest that beside the DMPK gene the expression of at least one other 

gene-Six5- is affected by the elongated CTG repeat (Sato et al., 2002).Haploinsufficiency for 

the neighbouring gene Six5 (or DM-associated homeobox protein, DMAHP) results in the 

formation of a cataract (Klesert et al., 2000; Klesert et al., 1997; Sarkar et al., 2000). The 

reason for the reduced expression of Six5 is probably a changed chromatin structure in 

proximity to the SIX5 promotor (Otten and Tapscott, 1995). 

Another triplet repeat expansion mutation is found in Friedreich´s Ataxia (FRDA), the most 

common inherited form of ataxia, where a (GAA)n repeat lies within the first intron of the 

X25 gene (Campuzano et al., 1996). FRDA pathology includes degeneration of the posterior 

columns of the spinal cord, the pyramidal tracts and the spinocerebellar tracts which are three 

important components of movement control. In addition, patients with FRDA display a 

predominantly sensory axonal polyneuropathy. Many FRDA patients, especially with an early 

age of onset, die of heart diseases (Isnard et al., 1997; Maione et al., 1997). The mode of 

inheritance is autosomal-recessive. The X25 gene codes for frataxin, a mitochondrial protein 

possibly involved in cellular iron metabolism (Cossee et al., 2000). For Friedreich´s Ataxia an 

inverse correlation between the age of onset and clinical severity and the number of GAA 

repeats was described, indicating a partial loss of function of frataxin (Filla et al., 1996). 

Despite the distinct pathologies, the different location and sequences of the triplet repeats 

involved in the diseases described above, all have three features in common: First, the 

pathological trinucleotide repeat expansion affects the expression of the genes in the 

proximity of these repeats. Secondly, the severity and the age of onset is inversely correlated 

with the number of triplet repeats. Thirdly, typically for dynamic mutations, trinucleotide 

repeat expansions undergo further expansions in subsequent generations. The latter two 
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characteristics are also observed in the group of neurodegenerative disorders carrying an 

expanded trinucleotide repeat in the coding region. The main characteristics of these 

neurodegenerative disorders are described in the next section. 

1.3 Diseases Involving Coding Repeats 

In contrast to the diseases described above, disorders caused by elongated trinucleotide 

repeats in coding regions display much shorter expansions. Elongated stretches of polyalanine 

and polyglutamine are linked to different diseases. 

1.3.1 The Polyalanine Disorders 

Three diseases are so far known to be caused by an expansion of a polyalanine sequence in 

the affected proteins. The inherited abnormal development of hands and feet called 

synpolydactyly was the first disease found to be associated to a polyalanine expansion in the 

Hoxd13 gene, which belongs to the hox genes involved in the limb development (Muragaki et 

al., 1996). The cleidocranial dysplasia- a disease with skeletal malformations is caused by 

either expansion of an alanine-stretch or missense mutations in the transcription factor 

CBFA1 (Mundlos et al., 1997; Zhou et al., 1999). Interestingly, two different mutations result 

in the same phenotype. The third disease caused by an elongated alanine stretch is the 

oculopharyngeal muscular dystrophy (OPMD). This is an adult onset disease with signs of 

myopathy, the underlying mutation is a moderate expansion of a GCG-repeat in the PABPN1 

gene (Brais et al., 1998). Interestingly, none of these diseases is a pure neurodegenerative 

disease, whereas the mutation described in 1.3.2 are exclusively neurodegenerative diseases.  

1.3.2 The Polyglutamine Disorders 

Nine progressive neurodegenerative disorders are currently known to be caused by a CAG 

repeat expansion in the coding region of the affected genes. The trinucleotide CAG codes for 

the amino acid glutamine and results in an uninterrupted polyglutamine (poly-Q) stretch in the 

mutant proteins. The genes causing Huntington´s Disease (HD), several forms of autosomal 

dominant spinocerebellar ataxias (SCA’s), spinobulbar muscular atrophy (SBMA) and 

dentato-rubro-pallido-Luysian atrophy (DRPLA) show no homology to each other aside from 

the CAG repeat. The group of polyglutamine (poly-Q) disorders have some features in 

common: despite a widespread expression of the respective genes throughout the brain and in 

many other peripheral tissues, each disease displays a distinct pattern of neuronal cell loss. 

The number of the CAG repeat, in patients with polyglutamine disorders usually exceeds 35 

and the age of onset is inversely correlated to the number of CAG repeats. 
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(One exception is SCA6 where the length of the CAG repeat is considerably shorter than in 

other poly-Q disorders (see table 1.1), and where the pathogenic mechanisms are likely 

different). The mode of inheritance and other evidence (see below) lead to the conclusion that 

the poly-Q expansion results in a gain-of-function. 

1.3.2.1 Spinobulbar Muscular Atrophy 

Spinobulbar muscular atrophy (SBMA); also known as Kennedy´s syndrome, was the first 

disorder found to be caused by a CAG trinucleotide expansion within the coding region (La 

Spada et al., 1991). The affected gene is the androgen receptor, and is together with the gene 

product in SCA6 - a calcium channel subunit- and in SCA17 - a TATA-binding protein - the 

only three genes, where the physiolgical function of the gene product is known. The mutation 

leads to a partial loss-of-function of the androgen receptor therefore resulting in gynecomastia 

and other signs of mild androgen-receptor insensitivity (La Spada et al., 1991). In addition, 

the mutant protein gives rise to a neurological phenotype including proximal muscle 

weakness, atrophy and fasciculation. Neuropathological findings include a severe loss of 

motor neurons in the spinal cord and in several brains stem nuclei (Harding et al., 1982). 

Interestingly, signs of motor neuron loss are not found in patients with deletions, missense or 

nonsense mutation in the androgen receptor gene (Pinsky et al., 1992), pointing to new 

properties of the AR in SBMA and showing that the neurological phenotype is a consequence 

of the CAG-expansion mutation.  

1.3.2.2 Huntington´s Disease 

The most frequent disease among the polyglutamine disorders is Huntington´s Disease (HD) 

with a prevalence of 5-10 affected per 100.000 individuals (Harper, 1992). The onset of the 

disease is in most cases in the fourth to fifth decade of life; occasionally, the onset of 

symptoms occurs in childhood including a severe dystonic phenotype. The observation that 

many juvenile patients do not display choreatic movements led to the designation 

“Huntington´s disease” (HD) instead of “Huntington´s Chorea”, the later name stressing a 

characteristic clinical feature not present in all HD patients. The striking features of HD are 

motor impairments, psychiatric symptoms and a cognitive decline. These features were 

reported by George Huntington, drawing on observations and notes of his father and grand-

father, both practiced as physicians in East Hampton, Long Island: “As the disease progresses 

the mind becomes more or less impaired, in many amounting to insanity, while in others mind 

and body both gradually fail until death....They are suffering from chorea to such an extent 

that they can hardly walk.” (Huntington, 1872). The main neuropathological findings are a 
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severe loss of neurons in the caudate nucleus and the putamen and atrophy of the frontal lobes 

(Vonsattel and DiFiglia, 1998). Within the striatum a selective loss of medium spiny neurons 

is observed (Albin et al., 1992; Graveland et al., 1985; Reiner et al., 1988). 

In 1983 one of the first successfull linkage analysis in human genetics assigned the gene for 

HD to chromosome 4 (Gusella et al., 1983) and 10 years later the gene and the underlying 

mutation, an unstable CAG trinucleotide repeat in the first exon of IT15 (interesting transcript 

15) was identified (The Huntington´s Disease Collaborative Research Group, 1993). The IT15 

gene contains 67 exons coding for huntingtin (htt), a 350kD protein. Although the function of 

htt is not yet completely understood, its widespread expression in essentially all cell types 

indicates an important role for htt in normal cell processes (Landwehrmeyer et al., 1995; Li et 

al., 1993; Sharp et al., 1995; Trottier et al., 1995a). Normal, not poly-Q-expanded htt is 

important for neurogenesis since mice, homozygous for reduced level of htt, are perinatally 

lethal (White et al., 1997). Htt was found to be associated with vesicles in neurons, to play a 

role in vesicle trafficking (DiFiglia et al., 1995; Velier et al., 1998) and to be essential for 

normal functioning of many cell organelles (mitochondria, endoplasmatic reticulum, 

endosomes) (Faber et al., 1998; Hilditch-Maguire et al., 2000; Passani et al., 2000). 

1.3.2.3 The Spinocerebellar Ataxias  

The autosomal dominant cerebellar ataxias (ADCAs) form a clinically confusing 

heterogeneous group of hereditary neurodegenerative diseases because of the overlapping 

phenotypes of this group of ataxias. Based on neuropathological findings, the cerebellar 

ataxias are referred to as olivopontocerebellar atrophy (OPCA) pointing out changes in the 

olive, pons, and cerebellum. Based on clinical features, A.E. Harding classified the autosomal 

dominant cerebellar ataxias into three subgroups, ADCA type I-III (Harding, 1982). The first 

group of cerebellar ataxia (ADCA I) is clinically and genetically the most heterogenous 

group. Patients affected by ADCA I display beside an ataxia variable other clinical features: 

ophthalmoplegia, optic atrophy, dementia, extrapyramidal features and amyotrophy. ADCA 

type II are cerebellar ataxias associated with blindness secondary to pigmentary macular 

dystrophy. The “pure” cerebellar ataxias are grouped as ADCA III. The cerebellar syndrome 

in ADCA III is a late onset disease. The availability of suitable genetic markers used in 

linkage analysis led to the identification of at least 6 separate disease-associated genes and 

therefore the classification of autosomal dominant cerebellar ataxias changed: autosomal 

dominant cerebellar ataxias are now commonly referred to as spinocerebellar ataxias (SCA) 

and numbered according to the date of discovery of a new genetic locus/ gene. Despite the 

genetic diversity, the clinical syndromes are similar to each other and overlap of clinical 
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phenotypes do not allow a prediction of the genotype based on clinical syndromes with an 

acceptable degree of confidence. The current complex categorization is simplified and 

summarized in table 1.2. 

Classification of 
Harding 

Current classification 

Subgroup Features in 
addition to ataxia 

Disorder Chromosomal 
localization 

Prominent clinical features 

SCA1 Gene at 6p22-p23 Gait ataxia, ophtalmoparesis, 
dysarthria, often hyperreflexia 

SCA2 Gene at 12q23-24.1 Similar to SCA1 with more 
marked anticipation, often 
hyporeflexia 

SCA3/MJD Gene at 14q32.1 Extrapyramidal features and 
opthalmoplegia often prominent, 
marked phenotypic variability 

SCA4 Mapped to 16q22.1 Ataxia is slowly progressive, 
significant sensory axonal 
polyneuropathy 

ADCA I Opthalmoplegia, 
optic atrophy, 
dementia, pyramidal 
and extrapyramidal 
features 

SCA17 Gene at 6q27 Gait ataxia and dysarthria, 
combined with extrapyramidal 
features,epilepsy and dementia  

ADCA II Pigmentary 
retinopathy+/- 
opthalmoplegia and 
extrapyramidal 
features 

SCA7 Gene at 3p12-13 Severe retinopathy with macular 
degeneration and visual loss 

SCA5 Mapped to cent. 11 Slowly progressive ataxia and 
dysarthria 

ADCA III “Pure” cerebellar 
ataxia of late onset 

SCA6 Gene at 19p13 Slowly progressive ataxia, 
dysarthria and vibratory/ 
proprioceptive sensory loss 

Table 1.2 Classification of the autosomal dominant spinocerebellar ataxias according to criteria of 
Harding (Harding, 1982) and in comparison to the current classification based on genetic findings. Note: 
ADCA, autosomal dominant cerebellar ataxia, MJD, Machado-Joseph disease; SCA, Spinocerebellar 
ataxia. 

The genes for SCAs 1, 2, 3 (MJD), 6, 7, and 17 have been cloned (David et al., 1997; Imbert 

et al., 1996; Kawaguchi et al., 1994; Nakamura et al., 2001; Orr et al., 1993; Zhuchenko et al., 

1997). The genes differ in length and in the location of the CAG repeat as illustrated in Figure 

1.1. The neuropathological findings in spinocerebellar ataxia type 1 (SCA1) are a severe 

degeneration of cerebellar Purkinje cells and neuronal cell loss in the cranial nerve nuclei and 

the inferior olive (Robitaille et al., 1997; Robitaille et al., 1995). The SCA1 gene encodes 

ataxin-1, a protein that consists of 792-826 amino acids depending on the number of CAG 

trinucleotides (Servadio et al., 1995) and shows high homology to the murine Sca1. 

Immunoblot analysis of human SCA1 brain extracts showed a widespread expression,  
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Figure 1.1: Schematic drawing of the lengths of the 9 gene products in the poly-Q diseases and their 
location of the polyglutamine tract.  

both in brain regions severely affected (cerebellum) and regions spared in the disease (parietal 

cortex) and in peripheral tissues (heart, sceletal muscle, liver, pancreas, lung) (Servadio et al., 

1995). At the cellular level, ataxin-1-immunoreactivity (IR) is preferentially found in the 

nuclei of neurons, accompanied by a cytoplasmatic staining. Especially in cerebellar Purkinje 

cells a strong nuclear staining and a distinct cytoplasmatic staining was observed, whereas in 

nonneuronal tissues ataxin-1 is located in the cytoplasm in both, SCA1 patients and normal 

individuals (Servadio et al., 1995). Ataxin-1 contains one functional nuclear localization 

sequence (NLS) (amino acids 760-816) (Klement et al., 1998) and is associated with the 

nuclear matrix (Skinner et al., 1997), but the function of ataxin-1 needs still to be elucidated. 

In SCA2 neuropathological findings include a reduction of Purkinje cells in the cerebellum, 

cell loss in the inferior olive and in the pontocerebellar nuclei, whereas the dentate nucleus 

and the other cerebellar nuclei are not effected. In the spinal cord demyelination in the 

posterior columns and to a lesser extent in the spinocerebellar tracts were described. Also the 

motor neurons in the spinal cord were found to be reduced in number and size (Estrada et al., 

1999; Orozco et al., 1989). The SCA2 gene was simultaneously identified by three groups 

using different approaches (Imbert et al., 1996; Pulst et al., 1996; Sanpei et al., 1996) and the 

gene product termed ataxin-2, a basic protein with a molecular mass of 145 kD. Ataxin-2 

contains Sm1 and Sm2 motifs, which are usually found in proteins involved in RNA splicing 

(Hermann et al., 1995), indicating a possible function for ataxin-2 in spliceosomes. As for 

SCA1, a widespread distribution of ataxin-2 mRNA and protein was detected in neuronal and 

nonneuronal tissue (except lung and kidney) (Huynh et al., 1999). On cellular level ataxin-2 

IR was confined to the cytoplasm in many types of cells. There was no clear correlation of 
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ataxin-2 expression and sites of pathology, although Purkinje cells showed a more intense 

labeling for ataxin-2 IR. 

A relatively common cerebellar ataxia is the spinocerebellar ataxia type 3 (SCA3), also 

known as Machado-Joseph disease (MJD). The pathological features of SCA3/MJD are 

distinct and differ from other types of dominant cerebellar ataxias. Macroscopically, atrophy 

of pons and spinal cord is observed and the pallidum, subthalamic nucleus and substantia 

nigra are diminished in size to a variable extent. Neuronal loss is very prominent in the 

pontine nuclei, the dentate nucleus of the cerebellum and the subthalamic nucleus (Takiyama 

et al., 1994). Ataxin-3 has a predicted molecular weight of 42 kD and is the smallest of the 

known polyglutamine proteins. The expression of ataxin-3 is not restricted to neurons and 

ataxin-3 mRNA and protein are found throughout the brain and many other peripheral tissues 

(Nishiyama et al., 1996; Paulson et al., 1997a). As for SCA1 and 2 the expression pattern of 

SCA3/MJD does not explain the selective neuronal cell death found in SCA3. 

Spinocerebellar ataxia 7 (SCA7) is defined by the retinal degeneration in addition to the 

neuropathological findings in the cerebellum and brainstem. Those include neuronal loss and 

gliosis in the Purkinje cell layer, in the dentate nucleus and very prominent in the inferior 

olive. Moderate degeneration is found in the pontine nuclei and in the cervical region of the 

spinal cord. The retinal degeneration includes loss of photoreceptors and the outer nuclear 

layer (David et al., 1998; Gouw et al., 1994; Holmberg et al., 1998). The SCA7 gene contains 

a highly variable CAG repeat and the gonadal instability is greater than for other known 

inherited neurodegenerative diseases (David et al., 1997). The SCA7 gene product is a protein 

of 892 residues with a predicted molecular weight of 95 kD (130 kD with expanded poly-Q 

stretch). Its poly-Q tract is in the very N-terminal part and a nuclear localization sequence 

resides at the amino acid positions 378-394 (David et al., 1997). The function of this protein 

is still not known. 

The most recently identified expanded CAG-trinucleotide in a TATA-binding protein (TBP) 

on chromosome 6q27 is related to spinocerebellar ataxia type 17 (SCA17) (Nakamura et al., 

2001). A particular feature in the sequence of this TBP gene is an interruption of the CAG 

stretch by three CAA base triplets. CAA also encodes for glutamine and on protein level a 

“pure” poly-Q stretch is found. TATA-binding protein (TBP) is a major factor in the RNA 

polymerase II complex and is crucial for the expression of many genes by binding to DNA via 

the poly-glutamine stretch (Green, 2000; Pugh, 2000). Despite the widespread expression of 

TBP, selective neuronal loss in brains of SCA17 patients includes loss of neurons in the 

caudate nucleus, putamen, thalamus, frontal and temporal cortex. In the cerebellum a 
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moderate loss of Purkinje cells and an increase of Bergman glia is found (Nakamura et al., 

2001). 

Another form of spinocerebellar ataxia, where the function of the gene is known is SCA6. 

SCA6 is somehow exceptional in the group of polyglutamine disorders, because the disease is 

caused by a moderate expansion of 21-27 CAG triplets in the α1-voltage-dependent calcium 

channel (CACNL1A4) and therefore does not reach the pathological threshold of 35 CAG 

triplets, found in other polyglutamine diseases. The normal allele range from 4-16 CAG 

repeats (Riess et al., 1997; Zhuchenko et al., 1997). The SCA6 gene encodes for a membrane 

bound protein, whereas the other CAG expansions are found in genes encoding soluble 

proteins. Third, this subunit of calcium channel mutated in SCA6 is predominantly expressed 

in Purkinje cells and therefore a more clear correlation of the expression of the disease-

causing gene and the site of pathology is observed in SCA6. Macroscopic neuropathological 

findings include isolated atrophy of the cerebellum and very mild atrophy of the brain stem. 

Microscopically a severe loss of Purkinje cells and in addition a moderate loss of neurons in 

the dentate nucleus and inferior olive is found (Subramony et al., 1996; Zhuchenko et al., 

1997). 

1.3.2.4 Dentatorubral-Pallidoluysian Atrophy 

Dentatorubral-pallidoluysian atrophy (DRPLA) is a rare autosomal dominant disorder and 

occurs with a prevalence of 1 in 1 million in Japan and even rarer in Europe and North 

America (Ashley and Warren, 1995). The term DRPLA derives from the neuropathological 

findings including atrophy of the dentate nucleus, the cerebellum and its projections to the red 

nucleus (nucleus ruber) combined with atrophy of the lateral segment of the globus pallidus 

and its projection to the subthalamic nuclei (corpus of Luys) (Naito and Oyanagi, 1982; Smith 

et al., 1958; Takahashi et al., 1988). The gene for DRPLA was identified in 1994 (Koide et 

al., 1994; Nagafuchi et al., 1994b) and encodes a 4,5 kb transcript expressed in many tissues, 

with highest levels in brain, ovary, testis, and prostate (Nagafuchi et al., 1994a). Atrophin-1, 

the gene product of the DRPLA gene, is a 125 (calculated) (220 kD on SDS-PAGE) kD 

protein (Yazawa et al., 1995) and contains beside the poly-Q-stretch clusters of charged 

amino acids, e.g. repetitive arginine-glutamic acid dipeptides (Nagafuchi et al., 1994a). This 

amino acid dipeptides are known to play an essential role in possible protein-protein 

interactions in regulatory proteins (Karlin et al., 1989). DRPLA mRNA is found throughout 

the brain (Nishiyama et al., 1997) and atrophin-1 is found in many neuronal cell types 

(Yazawa et al., 1995), whereas no obvious differences are found in the distribution and 

expression level of the DRPLA gene in affected brains versus control brains. 
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Summarizing the striking features of spinocerebellar ataxias, it is obvious that it is very 

difficult to distinguish the different forms of autosomal dominantly inherited cerebellar 

ataxias based on clinical signs, but on neuropathological examinations a more distinct pattern 

of degeneration in different areas– mainly in brain stem and cerebellum-is found in the 

different SCAs. Only on a genetical basis it is possible to define the cause gene of those 

spinocerebellar ataxias, where the mutation is known. 

 

In summary, there are several points which are striking for the poly-Q diseases,: the genes 

affected in the polyglutamine disorders show beside the CAG-stretch no homology to each 

other and the genes differ in length and location of the CAG repeat. All genes are widely 

expressed throughout the brain and many other peripheral tissues, but only certain populations 

of neurons degenerate in each of the diseases described above. The neurological phenotype is 

correlated with the CAG trinucleotide repeat expansion. Evidences for a toxic gain-of-

function of the mutant polyglutamine proteins are found in all diseases described so far: firstly 

the mutant allele is transcribed and translated (Banfi et al., 1994; Servadio et al., 1995; 

Trottier et al., 1995a; Yazawa et al., 1995), arguing against a simple loss-of-function. 

Secondly, Huntington´s Disease patients homozygote or heterozygote for the CAG expansion 

mutation display the same phenotype (Durr et al., 1999; Myers et al., 1989; Wexler et al., 

1987). Thirdly, mice nullizygous for the huntingtin gene are embryonically lethal (Zeitlin et 

al., 1995), whereas mice with the HD-mutation develop normally, but display at adult stages 

with a neurodegenerative phenotype. The molecular mechanisms by which the mutant poly-Q 

proteins cause neuronal cell death are still unknown. In the next sections some of the known 

pathogenetic mechanisms will be presented. 

1.4 Molecular Pathogenesis of Polyglutamine Disorders 

Despite all the differences in clinical and neuropathological findings in HD, SBMA, the SCAs 

1, 2, 3, 7, 17 and DRPLA, on the molecular level they have some interesting features in 

common. The elongated glutamine stretch in the respective proteins for these diseases has to 

extend the threshold of 35 glutamine residues to become toxic to the cells and the longer the 

repeats are the earlier is the onset of the diseases. This indicates that proteins with longer 

poly-Q tracts alter cellular functions more severely and eventually leads to cell death 

1.4.1 Formation of neuronal intranuclear inclusions 

The extended polyglutamine stretch results in altered conformational structure and can be 

detected by an antibody which specifically recognizes the polyglutamine expansion (Trottier 
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et al., 1995b). In addition, the poly-Q expanded proteins show abnormal migration in the 

SDS-PAGE (illustrated in Fig 1.2), which cannot be explained by the additional amino acids 

in the primary sequence  

 

 

 

 

 

 

Figure 1.2: Western Blot showing mutant huntingtin (upper band) with 105 glutamine residues, whereas 
the lower band represents a normal allele with 17 glutamine residues. The CAG repeat length for the 
control are 15/17. The expanded polyglutamine stretch changes the mobility properties in the gel. The 
difference between the upper and lower band for HD cannot be explained by the additional 86-88 
glutamine residues in the protein (approximately 10 kD) and is likely due to the altered conformation 
induced by the extended polyglutamine. This figure is an extract from a picture shown in the publication 
of Aronin et al. (Aronin et al., 1995). 

In 1994 Max F. Perutz postulated that the repetitive polar amino acids are capable to form 

polar zippers via hydrogen bonds (Perutz et al., 1994) and can form stable β-pleated sheets, 

which have a high tendency to precipitate and form insoluble aggregates. In 1996 a mouse 

model (R6/2) for HD was generated expressing exon-1 of the human HD gene with 115-156 

CAG repeats under the control of the human HD promotor. These mice develop a progressive 

neurological phenotype including irregular gait and abrupt shuddering movements 

(Mangiarini et al., 1996). With age of onset (8 weeks of age) the mice show a progressive 

weight loss and a reduction of brain weight. The most striking neuropathological findings 

were neuronal intranuclear inclusions (NI) in the brains of these mice consisting of the mutant 

fragment of htt encoded by the first exon (Davies et al., 1997). Aggregates of mutant 

huntingtin were also found in patient brain, suggesting a distinct neuropathological hallmark 

for this type of disease, albeit it is not clear, if these aggregates are harmful to cells and appear 

independently from the protein context beside the poly-Q stretch. 

1.4.2 Cleavage of the mutant poly-Q proteins results in toxic fragments 

The surprising result of the study of the first transgenic HD mouse model expressing exon-1 

of the mutant HD gene with 115-156 CAG repeats resulting in a neurological phenotype and 

the histopathological findings of nuclear inclusions arose the question, if the aggregates found 

in human HD brains consist of the entire htt protein or of fragments of the mutant protein. The 

properties of the aggregates and the distribution of huntingtin was studied using antibodies 

raised against the N- and C-terminal part of htt. The poly-Q aggregates in human HD brain 

were detected by the antibody recognizing the N-terminus of huntingtin, but not by an 
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antibody directed against the C-terminus of htt (Becher et al., 1998; DiFiglia et al., 1997). 

Proteolytic processing of the mutant huntingtin was also reported from studies of cellular 

models for HD (Wellington et al., 2000), in a transgenic knock-in HD mouse model (Wheeler 

et al., 1999) and in human brain tissue (Mende-Mueller et al., 2001; Toneff et al., 2002). This 

result was the starting point to raise the following questions: Which enzymes are involved in 

the proteolytic processing of htt? At which amino acid positions in the protein is the mutant 

htt cleaved? And finally is the cleavage of mutant poly-Q proteins a common event in the 

pathogenesis of the poly-Q diseases?  

1.4.3 Impairment of proteasomal degradation? 

Instead of being degraded poly-Q expanded protein fragments accumulate in neuronal cells. 

The nuclear inclusions observed in Huntington´s Disease were immunopositive for ubiquitin 

(DiFiglia et al., 1997). Ubiquitin is a small marker molecule consisting of 76 amino acids 

(Laney and Hochstrasser, 1999). Proteins tagged with a poly-ubiquitin sidechain are 

conducted to the proteasome for degradation. The process of labeling of proteins with 

ubiquitin for degradation is a complex multistep-process resulting in a polyubiquitinated 

protein (Johnson et al., 1995; Laney and Hochstrasser, 1999). The 26S proteasome is a large 

multicatalytic complex which can be divided into two major subcomplexes: the 20S catalytic 

core and the 19S regulatory particle. The barrel-shaped 20S subcomplex is formed by a stack 

of 4 rings; each ring is composed of 7 individual subunits (reviewed in (Glickman and 

Ciechanover, 2002; Voges et al., 1999) two inner rings containing the proteolytic active sites 

and two additional outer α-rings completing the proteasomal holoenzyme. Purified 20S 

proteasomes can hydrolyze small peptides and some unfolded small proteins, but are unable 

to degrade ubiquitinated proteins. For the degradation of ubiquitinated proteins the 19S 

regulatory particle is needed. This complex is comprised of at least 18 different subunits and 

is located either on one side of the 20S proteasome or on both ends. The 19S regulatory 

particle is thought to mediate the recognition of polyubiquitin-residues, unfolds the proteins 

and allows access to the catalytic cavity of the 20S proteasome. (reviewed in (Glickman and 

Ciechanover, 2002)). Another activator for proteasome activity is the 11S regulatory particle 

that activates the hydrolysis of non-ubiquitinated proteins by the 20S proteasome (Song et al., 

1997). The 11S particle consists of alternating α- and β-subunits forming a hexameric ring. 

The 11s and the 19S regulatory particle can bind simultaneously to the 20S proteasome 

(Hendil et al., 1998). The ubiquitination of htt-inclusions in human HD suggests a degradation 

of this mutant protein by this complex degradation pathway. It raises the question if an 

impairment of the proteasomal pathway is a prerequisite for aggregate formation or if the 
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ubiquitination of aggregated protein is a secondary cellular response in an attempt to remove 

the inclusions. The localization of these aggregates in nuclei may in addition suggest a 

different handling of the mutant protein in the two major compartments of the cell. 

1.4.4 Do molecular chaperones play a role in poly-Q diseases? 

A possibility for (neuronal) cells to cope with abnormal mutant proteins is a refolding strategy 

mediated by the large group of heat shock proteins (hsp) functioning as molecular chaperones. 

As the name heat shock proteins implies, they have an important role in the cellular stress 

response. Under stress conditions (e.g. increased temperature) many proteins unfold and 

hydrophobic domains appear on the surface of the 3-dimensional structure. Partially unfolded 

or newly synthesized native proteins have a higher tendency to aggregate due to hydrophobic 

domains on their surface. These hydrophobic structure are recognized by molecular 

chaperones and in consequence an aggregation of the partially unfolded protein is prevented. 

Several groups of heat shock proteins, namely the Hsp27, Hsp40 (DNA-J), Hsp70, Hsp90 and 

Hsp104 (which is so far not found in human) families (numbers are based on the molecular 

weight) are known. Beside as a stress response, where the expression of heat shock proteins is 

induced, chaperones are constitutively expressed and help - under normal cellular conditions - 

newly synthesized proteins to get into their proper conformation. (reviewed in (Feder and 

Hofmann, 1999; Fink, 1999; Hartl and Hayer-Hartl, 2002). Since the conformation of poly-Q 

expanded proteins is altered and the process of accumulation of the mutant protein is a slowly 

proceeding event, a “classic” stress response is possibly not induced in early stages of the 

disease. Previous work demonstrated a recruitment of chaperones to inclusions in a cellular 

system expressing poly-Q expanded androgen receptor (Stenoien et al., 1999). One might ask, 

if the colocalization of several chaperones in inclusions is a uniform response to mutant poly-

Q-protein or if it depends on the protein context surrounding the expanded poly-Q stretch. 
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2 Results 

The function of the SCA7 gene product ataxin-7 is still not known and beside results from 

Northern blot analysis (David et al., 1997) showing expression of ataxin-7 in various brain 

regions and in peripheral tissue (lung, kidney and liver), no data described the regional and 

cellular distribution of ataxin-7. It was unknown, if ataxin-7 is enriched at sites of SCA7 

pathology. To explore the expression of ataxin-7 two cRNA probes directed to translated 

regions of the ataxin-7 mRNA were used for in situ hybridization histochemistry (ISHH) on 

sections of normal human brain (see 2.1.1). Furthermore a monoclonal and two polyclonal 

antibodies directed against the normal ataxin-7 were used to establish the distribution of this 

protein in brain, retina (see 2.1.2) and peripheral tissues (see 2.1.3). 

2.1 Expression analysis of ataxin-7 mRNA and protein in human 

brain 

2.1.1 Expression of ataxin-7 mRNA in normal human brain 

For the in situ hybridization histochemistry (ISHH) study brain regions, severely affected in 

SCA7, like cerebellum, pons, dentate nucleus and medulla oblongata were included. For a 

comprehensive mapping experiment human brain regions with no neuropathological findings 

in SCA7 were used (frontal-, temporal-, parietal-, occipital- and cingular cortex, hippocampus 

and striatum) to examine the expression of ataxin-7 mRNA. In a first set of experiments the 

specificity of two cRNA antisense probes directed to non-overlapping domains within the 

coding region of the ataxin-7 mRNA was tested. Both cRNA probes, named P1 and P2, 

resulted in identical signals (see Fig. 2.1 a, b). The templates to generate ataxin-7 cRNA 

probes were amplified by PCR with primer sets containing a T7- and SP6 RNA-Polymerase 

promotor sequences, respectively. The orientation of these promotors allows to synthesize 

either sense or antisense probes, depending on the RNA-Polymerase used (for details see 

(Lindenberg et al., 2000)). Hybridization with cRNA sense probe resulted in non-specific 

signals of low intensity in all regions examined (Fig. 2.1 c, d). The hybridization signals, 

quantified by determining optical density (OD) on film autoradiograms as described 

(Landwehrmeyer et al., 1995), demonstrated highly significant differences between 

hybridization signals using sense and antisense probes (p < .0001). Consequently, both 

antisense cRNA probes were used for the expression analysis. Overall the ISHH-signals using 

antisense probes were rather low. The most intense hybridization signal was found in the 

cerebellar granular cell layer. In cerebral cortex, specific hybridization signals of intermediate 
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intensity were detected in frontal, parietal, cingular and occipital cortex as well as in the 

hippocampal formation. In cerebral cortex, ISHH resulted in layered signals reflecting 

neuronal packing density in the area under investigation. In frontal cortex, e.g., there was a 

relatively more intense ISHH signal in the lamina granularis interna, lamina ganglionaris and 

lamina multiformis (Fig. 2.2). Hybridization signals of similar intensity as in the cortex were 

detected in the midbrain, the pontine nuclei, and the medulla oblongata. (Fig. 2.3) 

Hybridization signals were also found in the white matter, whereas the ISHH signal intensity 

in temporal cortex, subiculum, caudatum, putamen and globus pallidus were close to film 

background and were below the 95% CI defined by hybridization with sense probe. 

Examination of emulsion-dipped brain sections confirmed a predominant expression of 

ataxin-7 mRNA in neurons (Fig. 2.1 e, f) as suggested by the regional distribution of ISHH 

signals. 

Figure 2.1: Regional and cellular distribution of ataxin-7 mRNA in normal human brain visualized by in 
situ hybridization histochemistry (ISHH). A and B: Hybridization signals in human cerebellum obtained 
with the P1 and P2 antisense probes, respectively (bar = 5mm). C and D: Hybridization signals on human 
hippocampus following hybridization with the antisense and sense strands of probe P1, respectively (bar = 
5mm). E: Silver grains indicating the presence of ataxin-7 mRNA are preferentially associated with 
neuronal profiles in the CA4-region (probe P1, antisense strand; bar =20µm ). F: Intense ISHH signals 
overlaying a Purkinje cell (probe P1, antisense strand; bar =20µm ). The brain sections shown in E and F 
are counterstained with hematoxylin-eosin. 
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Figure 2.2: Hybridization signal in human frontal cortex using the P1 cRNA probe detecting ataxin-7 
mRNA. In the gray matter two lines with stronger hybridization signal are visible, reflecting higher 
neuronal density in the lamina granularis interna (1), lamina ganglionaris (2) and lamina multiformis (3).  

Figure 2.3: Quantification of hybridization signal intensities obtained using ataxin-7 probes in different 
regions of normal human brains, derived from film autoradiograms, The punctuated line indicates sense 
ISHH signal (95% CI). Region displaying signals below the 95% CI of sense probe signals are shown as 
unfilled columns. 

2.1.2 Localization of ataxin-7-immunoreactivity in normal human brain 

Three different antibodies against the N-terminus of ataxin-7 (generated by Gaël Yvert; a 

detailed description of these antibodies and their specificity is described in Lindenberg et al 

2000 (Lindenberg et al., 2000)) were used for immunohistochemistry on several regions of 

normal human brain, including cerebral cortex, striatum, globus pallidus, thalamus, substantia 

nigra, amygdala, medulla oblongata, cerebellum, pons and the spinal cord. In addition the 

ataxin-7 IR was studied in retina. In all regions examined ataxin-7 immunoreactivity (IR) was 

observed. (Table 2.1, Fig. 2.4, 2.5 and 2.6). Ataxin-7 IR was preferentially found in neurons 

as shown in the low magnification pictures of Fig. 2.4. Incubation with all three antibodies 
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(1261, 1262 and 1C1) resulted in the same distribution of immunoreactivity. Sensitivity 

varied: 1C1 gave the strongest signal and 1262 the weakest. However, the intensity of the 

staining differed from region to region. Staining was relatively strong in the inferior olive, the 

dentate nucleus and the pontine nuclei, regions known to be affected by the disease. In 

comparison, the cerebellum, which is also affected showed a relatively low ataxin-7 IR. The 

Purkinje cells, which are a main target in the disease were lightly labeled (Fig. 2.4 C, 2.6 A-

C). Occasionally Bergmann-glia were strongly labeled. A relative intense immunoreactivity 

was found in the hippocampal formation, in particular in the CA1-4 regions (Fig. 2-6F), the 

subiculum and the gyrus dentatus. Moderate staining was observed in other regions of the 

brain, including all six layers of the cortex, the striatum with nucleus caudatus and putamen 

and thalamus. Lightly ataxin-7 labeled neurons were found in the globus pallidus, the 

substantia nigra and the spinal cord (Fig. 2.6 K). In the retina the inner segment of the 

photoreceptors, the outer and inner nuclear layer, and neurons in the ganglion cell layer were 

moderately labeled; lower contents of ataxin-7 were found in the outer and inner plexiform 

layer (Fig 2.6 L). 

Figure 2.4: Ataxin-7 immunoreactivity in normal human brain using the monoclonal antibody 1C1: A: 
Pons (bar = 200µm); B: inferior olive (bar = 500µm) and C: Cerebellum (bar = 100µm). All sections were 
stained with 1C1. 

Ataxin-7 IR was found to predominate in the cytoplasmatic compartment but was detectable 

as well in the nucleus. In general, the cytoplasmatic staining was stronger than the nuclear IR. 

The percentage of neurons which showed exclusively cytoplasmatic staining varied from 

region to region (Fig.2.5). 
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Figure 2.5: Percentage of neurons in different regions showing exclusively cytoplasmatic (white bars) or 
cytoplasmatic and nuclear ataxin-7 immunoreactivity. 

In the pyramidal cell layer of the CA1-4 region, for example, ataxin-7-IR was prominent in 

the cytoplasma and most of the nuclei in this region were unstained (Fig 2.6 F). Frequently 

neurons showed intensely stained spots of ataxin-7 IR in the cytoplasma (Fig. 2.6 E). In 

pontine neurons, in contrast, ataxin-7-IR was intense in the nuclear compartment and often 

localized around the nucleolus (Fig. 2.6 H). In the inferior olive and in the dentate nucleus 

almost all neurons showed a nuclear and a cytoplasmatic staining. In regions with intense 

ataxin-7 IR, like pons and inferior olive, the IR was almost of same intensity in the 

cytoplasma and nucleus (Fig. 2.6 J), whereas in cortex, striatum, and the substantia nigra the 

nuclear labeling was weaker compared to the cytoplasmatic IR. The preferential distribution 

of ataxin-7 also varied within a single region (Fig. 2.4 A, 2.6 J); some neurons displayed an 

intense nuclear labeling, whereas adjacent neurons had a more prominent cytoplasmatic IR. In 

good agreement with an expression of ataxin-7 in dendrites and axons the neuropil in most 

regions showed a clear, but faint staining. 

2.1.3 Immunolocalization in peripheral organs 

In addition we studied peripheral organs for expression of ataxin-7, including muscle, heart, 

thyroid gland, lung, liver, kidney, spleen and testis. In all organs ataxin-7 IR was found, 

though to a different extent. In particular, the staining was strong in the cytoplasma of the 

Leydig-cells in the testis (Fig 2.6 M). In muscle fibers a diffuse cytoplasmatic staining was 

obtained in a subpopulation of fibers whereas some muscle fiber types appeared unstained 
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(Fig. 2.6 N). Intermediate staining was observed for the renal tubular epithelium; glomeruli 

were not stained (Fig. 2.6 O). 

Region intensity of ataxin7 immunoreactivity and 
subcellular distribution 

 cytoplasmatic nuclear* 

Cortex   
Layer I (Lamina molecularis) ++ + 

Layer II (Lamina granularis externa) ++ + 

Layer III (Lamina pyramidalis)  ++ + 
Layer IV (Lamina granularis interna)) ++ + 

Layer V (Lamina ganglionaris) ++ + 
Layer VI (Lamina multiformis) ++ + 

Hippocampus   

Gyrus dentatus ++ + 
Pyramidal cell layer CA1-4 ++ (+) 

Entorhinal Cortex ++ + 

Striatum    

Caudate nucleus ++ + 

Putamen ++ + 

Globus pallidus (externa+ interna) + + 

Thalamus ++ ++ 

Substantia nigra 

(Pars compacta+reticulata) 

+ + 

Pons +++ ++ 

Inferior olive +++ +++ 

Cerebellum   

Granular layer ++  

Purkinje cells + + 
Molecular cell layer + + 

Dentate nucleus +++ +++ 

Spinal cord   

Dorsal horn + + 

Ventral horn + + 

Retina   

photoreceptors (inner segment) + + 

outer nuclear layer  ++ 
outer plexiform layer + + 

inner nuclear layer  ++ 

inner plexiform layer + + 
ganglion cell layer  ++ 

Table 2.1: Distribution and intensity of the ataxin-7-immunoreactivity assessed by 1C1 antibody in 
different regions of normal human brain. Intensity:-: not labeled; +: lightly labeled; ++: moderately 
labeled; +++densely labeled. 
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Figure 2.6: Immunoreactivity in normal human brain and peripheral organs. A-C: Cerebellum: Purkinje 
cell layer stained with 1C1, 1261 and 1262, respectively (bar = 20µm). D: frontal cortex stained with 1C1 
(bar = 10µm). E: occipital cortex stained with 1C1 (bar = 10µm). F: Cornu ammonis 4 (CA4) stained with 
1261 (bar = 20µm). G: Neurons in the dentate nucleus stained with 1C1 (bar = 20µm). H: Pontine neurons 
stained with 1C1 (bar=20µm). I: Pontine neurons with dot-like structures in the nucleus and in the 
cytoplasma (stained with 1C1) (bar = 20µm) J: Intensely and often nuclearly stained neurons in the 
inferior olive labeled with the 1C1 antibody (bar = 100µm). K: Motoneurons in the spinal cord labeled 
with 1C1 (bar = 20µm). L: Retina stained with  1261 (bar = 20µm). M: Testis stained with 1261 (bar = 
50µm). N: Muscle stained with 1262 (bar = 20µm). O: Kidney stained with 1262 (bar = 20µm). 
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2.2 Transgenic mouse models for SCA7 

To gain further insight into the pathogenesis of SCA7 three mouse models were generated by 

Gaël Yvert at the Institute de Génétique Biologie Moléculaire et Cellulaire (IGBMC), Illkirch, 

France and in a collaborative study we analyzed the pathological phenotype of these mice. In 

the B7 mouse model described in the following section (2.2.1), full length mutant and normal 

ataxin-7 was expressed in many neuronal cells throughout the brain. In two other mouse 

models the expression of the full length mutant and normal ataxin-7 was directed to Purkinje 

cells (P7-mice) and the rods (R7-mice), two neuronal cell population severely affected in 

SCA7 (2.2.2). 

 

Figure 2.7: Schematic view of transgene constructs used for generating the three different mouse models 
for SCA7. In addition the location of the epitopes of antibodies detecting ataxin-7 are shown. 

2.2.1 Mice expressing human mutant ataxin-7 under the control of PDGF 

B develop a progressive ataxic phenotype 

The expression of the full length human SCA7 cDNA was under control of the platelet-

derived growth factor chain B promotor (PDGF-β promotor) (Sasahara et al., 1991). This 

promotor was described to result in a high expression of the hybrid gene in neurons 

throughout the brain. This promotor was successfully used to generate transgenic mouse 

models for Alzheimer´s Disease and Parkinson´s Disease (Duff et al., 1996; Games et al., 

1995; Masliah et al., 2000). The trinucleotide repeat in the SCA7 gene is (CAG)128 for the 

B7E2 and (CAG)10 for the B7N-mice (Fig. 2.7). The letter “E” stands for the expanded and 

“N” for the normal allele, respectively. For methodical details see Yvert et al. (Yvert et al., 

2001). The expression of ataxin-7 was studied using the ataxin-7 specific antibodies 1C1, 

1261 and 1262 (Lindenberg et al., 2000). The three founder animals B, G and E showed 

highest expression levels and were used for further analysis. Ataxin-7 IR in these mice was 

detected in many regions, e.g. cortex, hippocampus, cerebellum, brainstem and retina. Within 

these regions, expression varied among different cell types. For instance, the outer cortical 

layer displayed lower ataxin-7 IR compared to inner cortical layers. Not all neurons within a 
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given region displayed ataxin-7 IR. There was no ataxin.7 IR found in the photoreceptors of 

these mice, but in the ganglion cells of the retina ataxin-7 was found. In cerebellum, ataxin.7 

IR was undectetable in granule cells, which is in good agreement with the PDGF-β promotor, 

described to lead to a very low expression in granular cells (Sasahara et al., 1991). Expression 

of ataxin-7 was easily detectable in Purkinje cells, in Golgi cells and in neurons of the 

molecular layer (basket and stellate cells). The three lines B, G and E differed in the 

immunostaining for ataxin-7 in the cerebellum. Mice of the B-line showed high expression of 

ataxin-7 in Purkinje cells, whereas mice from the G- and E-line did not. 

The phenotype of the mutant B7E2 mice included a progressive motor incoordination, which 

was more obvious for the hind limbs compared to forepaws. B7E2-mice developed a 

progressive ataxic phenotype suggesting a cerebellar involvement in contrast to the 

widespread expression of mutant ataxin-7. No neurological phenotype was observed for the 

B7EG and B7EE mice, possibly related to the low expression of ataxin-7 found by IHC in the 

cerebellum. 

The expression of normal ataxin-7 in the B7N-lines were studied by using the same 

conditions than for the B7E2 mice. In the control lines no specific ataxin-7 immunoreactivity 

was detected and the staining pattern could not be distinguished to WT mice. In situ 

hybridization using the cRNA probes described in 2.1.1 and RT-PCR on brain extracts of the 

B7N-mice (latter performed by Didier Devys at the IGBMC) demonstrated transgene specific 

ataxin-7 mRNA in three of seven B7N-lines. 

2.2.2 Mouse models for SCA7 with expression of ataxin-7 restricted to 

retina or Purkinje cells 

To study the toxic effect of mutant ataxin-7 in two vulnerable populations of cells in SCA7, 

two other mouse models were generated, where the expression of ataxin-7 is targeted to 

Purkinje cells in the cerebellum and a subtype of  photoreceptor cells (rods) in the retina . For 

the P7E and P7N the expression of ataxin-7 is under the control of the pcp-2 promotor 

(Vandaele et al., 1991), which drives expression specifically in the Purkinje cells. The pcp2-

promotor was used before to generate a mouse model for SCA1 (Burright et al., 1995); 

(Klement et al., 1998). The expression of the mutant and the normal ataxin-7 was targeted to 

the rods in the R7 mice by using a 2kb regulatory region of the human rhodopsin gene 

containing the RER enhancer element (Nie et al., 1996). In the R7E and R7N the rhodopsin-

promotor leads to an expression of ataxin-7 restricted to rod photoreceptors. The P7E and the 

R7E carry a (CAG)90 expansion, whereas the P7N and R7N have 10 CAG repeats 
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corresponding to the most frequent allele in the normal population. For further details on 

material and methods see (Yvert et al., 2000). 

No obvious phenotype was observed in the P7E transgenic mice, even at the 1 year of age. To 

detect more subtle impairments of movement or coordination in these mice,  mice were tested 

by Gaël Yvert on an accelerating rotating rod apparatus (rotarod) for four consecutive days. A 

marked difference was observed between wild-type animals and the transgenic littermates. 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Mutant ataxin-7 expressed in Purkinje cells results in reduced performances on the 
accelerating rod apparatus. Eleven months old transgenic mice (black circles; n=7) and wild-type (white 
circles; n=7) were tested on four trials (T) per day on four consecutive days (D). The time the mice spend 
on the rotarod was determined. Bars represent 95% confidence intervals. 

The transgenic mice showed no evidence for motor learning (i.e. were unable progressively 

stay longer on the rotarod), whereas the WT mice significantly improved their scores (Fig. 

2.8). Similar results were described for the transgenic SCA1 mouse model (Clark et al., 

1997). 

The phenotype of the R7-mice regarding the functionality of the retinas was also studied by 

Gaël Yvert together with Serge Picaud and Jose-Alain Sahel from the Laboratoire de 

physiopathologie de la rétina, INSERM, Strasbourg, France. The electrical response of the 

retinas of the R7E, R7N and WT mice to the exposure to light were studied by 

electroretinography (ERG). A typical ERG trace contains three components related to the 

activity of different cells in the retina. The most interesting parameter to test in these mice 

was the response of the photoreceptors to a light stimulus shown as the negative a-wave in the 

ERG- this wave corresponds to the activation of photoreceptors. The R7N mice showed a 

normal ERG, similar to the WT littermates. In comparison R7E mice had a reduced a-wave 

(Fig. 2.9). The reduction of the a-wave was already observed at the age of 4 weeks and were 

found to be even more reduced at the age of 7 weeks. At later time points the response of 

photoreceptors of the R7E-transgenic mice to light stimuli were comparable with the results 
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obtained at the age of 7 weeks. Two independent R7E lines were studied and displayed the 

same phenotype with a similar time course. In contrast R7N controls had no reduction in the 

a-wave at even older ages. 

Figure 2.9: Electroretinograms of WT, R7E and R7N mice, showing a decrease in the a-wave for the R7E-
mice expressing the mutant ataxin-7 in photoreceptors. The mice were 5-6 months of age. 

2.2.3 Mutant ataxin-7 accumulates and forms nuclear inclusions in 

transgenic mice 

In a time course experiment , the distribution of ataxin-7 was investigated on brain sections of 

the B7- and P7-mice and on retina sections of the R7-mice. The location of ataxin-7 was 

studied using the 1261 and 1C1 antibodies (Lindenberg et al., 2000). We found that the 

subcellular location of the mutant protein varied with age, and that the intensity of ataxin-7 

increased over time. The time course differed between all three lines investigated. For the 

B7E-mice a faint IR was observed in the cytoplasm of most neurons; the nucleus was stained 

in only a few scattered neurons. These signals were absent on sections from the wild-type 

littermates (data not shown). At the age of 2 months, nuclear staining was encountered more 

frequently and tended to be more intense, whereas the cytoplasm displayed IR of similar 

intensity as in younger animals. In addition very few dark dots of immunoreactivity was 

found in the neuropil, most likely small aggregates of ataxin-7. At 3 months of age, there was 

almost no cytoplasmatic staining detectable, but a strong IR in many nuclei with numerous 

dense focal accumulations; in neurons containing NIs overall nuclear staining appeared 

reduced. At 4 months of age; NIs were present in most nuclei, their presence was associated 

with a global decrease of the overall nuclear signal. At the age of 5 months the nuclear 

aggregates increased in size (Fig 2.10). It is worth to mention that the size of inclusions varied 

with the size of neurons in different brain regions of the B7E2-mice. 
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Figure 2.10: Brain sections of B7E2-mice at 1, 2, 3, 4 and 5 months of age stained with 1261. The mutant 
ataxin-7 progressively translocated to the nucleus and accumulated in all regions targeted. Arrows: 
cytoplasmatic staining; arrowheads: nuclear staining, open arrowheads: inclusions. Scalebar: 20µm. 

Similar results were observed in cerebella of P7E mice, although the formation of inclusions 

appeared with a different time course. Animals of the P7E-line were investigated from 14 

days to 20 months. For young animals of mice expressing ataxin-7(Q90) in Purkinje cells a 

cytoplasmatic staining with the 1261 antibody was observed. In addition a nuclear 

immunoreactivity was observed in some Purkinje cells at 17 days of age. Ataxin-7 

immunoreactivity in Purkinje cells of P7E mice was already confined to the nuclei at the age 

of 1 month. The nucleus occur to be homogeneously labeled with dot-like focal accentuations 

of immunoreactivity in a perinucleolar localization. Immunoreactivity in the nuclei were 



Results 

 28

rather low. At 4 months, nuclear ataxin-7 immunoreactivity in most Purkinje cells appeared 

more intense; in some Purkinje cell nuclei, in particular the more rostral lobe of the 

cerebellum (lobes 1-8), multiple tiny ataxin-7-positive inclusions were detectable. P7E-mice 

at 8 months of age showed many cells, which developed multiple ataxin-7 immunoreactive 

NIs in addition to an intense general nuclear staining. At 16 months, most Purkinje cells 

contained a single large NI, often in vicinity of the nucleolus. These large inclusions were 

strongly labeled by ataxin-7 antibodies at the expense of the overall nuclear ataxin-7 signal 

(Fig. 2.11), similarly to the observations in brain sections of the B7E2-mice. The time-course 

for the formation of NIs was not uniform throughout the cerebellum: Purkinje cells located in 

cerebellar lobules 9 (uvula) and 10 (nodule) developed nuclear enrichment of ataxin-7 

immunoreactivity and NIs later than Purkinje cells in lobules 1-8. These regional differences 

may reflect a positional effect of the transgene integration site, be a property of the pcp-2 

promotor, or may indicate regional differences in the metabolism of ataxin-7. Inclusions could 

be detected with the 1C2 antibody, recognizing the elongated poly-Q stretch (Trottier et al., 

1995b). 

Figure 2.11: Immunohistochemical staining of cerebellar sections of P7E transgenic mice with 1261-
antibody at different ages. The pattern is changing over time: from a faint cytoplasmatic staining at the 
age of 2 weeks to an intense nuclear staining at the age of 4 months, resulting in the formation of strongly 
labeled inclusions (8, 16, 20 months). The density of Purkinje cells for older mice is much lower. (Scalebar 
= 20µm) 

The time course on retina of R7-mice was done by Gaël Yvert. The stainings of the retina 

showed that aggregation of ataxin-7(Q90) in R7E photoreceptors occured earlier than in P7E 

Purkinje cells. At 13 days, both normal and mutant ataxin-7 are distributed in an alveolar 

diffuse pattern. At later ages, ataxin-7(Q90) progressively aggregates into big inclusions and 

the diffuse nuclear signal disappears. In contrast, normal ataxin-7(Q10) localizes in the 

cytoplasm at 2 months of age. At this age, ataxin-7(Q90) is almost entirely aggregated: very 

few cells have kept a diffuse staining, also cytoplasmic. (see Yvert et al. (2000) figures. 2 and 

3)). 
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2.2.4 Overexpression of mutant ataxin-7 induces neurodegeneration of 

targeted cells 

The cerebellum of P7E and P7N animals were examined for possible changes in the dendritic 

arbor of the Purkinje cells. For visualizing the dendrites of Purkinje cells an antibody against 

calbindin was used on 50µm free-floating brain sections and analyzed using a confocal laser 

microscope. At the age of 11 months no obvious changes in the morphology of Purkinje cells 

dendrites in P7E mice could be detected. This was the age at which the P7-animals were 

tested on the rotarod and no motor learning was observed. In addition intranuclear inclusions 

were already detectable at this age. At the age of 16 months, however, there was a marked 

reduction in the dendritic arbor as shown in Fig. 2.12. The branching was reduced and in 

addition the overall density of Purkinje cells were diminished. 

The changes in Purkinje cells might lead to alterations in neurons communicating with them. 

Axons from Purkinje cells end at neurons of the cerebellar nuclei. Immunohistochemical 

staining with an anti-ubiquitin-antibody of cerebellar sections from a 16 months old P7E 

animal resulted in a marked increase in neuritic immunoreactivity in deep cerebellar nuclei. 

This might be due to changes in the axons of Purkinje cells or in alterations of post-synaptic 

neurites. 

 

 

 

 

 

 

 

Figure 2.12: Calbindin immunofluorescence staining of cerebellar sections from 16 months old P7E and 
wildtype (WT) littermate. Purkinje cells of the P7E animal display reduced dendritic arbor (arrows). 
Scalebar = 60µm. 

2.2.5 Mutant ataxin-7: accumulation of N-terminal fragments and loss of 

C-terminal immunoreactivities, processing and cellular responses 

to aggregating N-terminal fragments 

In order to explore, whether the full-length mutant ataxin-7 is found in  inclusions of brain 

sections of B7E- and P7E-mice and in retina of the R7E mice, two polyclonal antibodies 

P7E WTP7E WT
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directed against the last 20 residues of the ataxin-7 protein were generated (dubbed 1597 and 

1598, see Fig. 2.7). 

This antibodies were applied on brain sections of the B7E and P7E animals. As shown in  

figure 2.12. The nuclear staining and the inclusions in cortical neurons of 4 months old B7E2-

mice were only detected by the 1261 antibody directed against the N-terminal end of ataxin-7,  

 

 

 

 

 

 

Figure 2.12: Brain sections of 4 months old 
B7E- and P7E-mice stained with antibodies 
recognizing different epitopes of ataxin-7. 
1261 detects an epitope at the N-terminus, 
whereas 1598 recognizes the C-terminal end 
of ataxin-7. In cortical neurons of the B7E 
mice and in Purkinje cells of the P7E 
transgenic mice the nuclear staining was only 
observed with 1261, but not with 1598. 
(Scalebar=20µm). 

 

but not by the 1598 antibody. Similar staining features were found in a cerebellar section of a 

4 month old P7E animal, where the nuclear staining in the Purkinje cells is only detected by 

1261 and in contrast the 1598 results in a faint cytoplasmatic IR. Gaël Yvert has performed  

double immunolabeling with the 1C1 (recognizing the N-termius of ataxin-7) and 1598 

(directed against the C-terminus) antibodies on retina sections of R7E- and R7N-mice. 

Incubation with both antibodies resulted in a similar signal in R7N retinas of different ages. 

However, distinct changes in the staining pattern was observed in R7E-retinas of different 

ages. The 1C1 IR changed dramatically from a alveolar nuclear staining at 13 days of age and 

progressively more and more focal accumulations of the N-terminal ataxin-7 IR are observed 

resulting in the formation of nuclear inclusions in almost all photoreceptors. While the N-

terminal ataxin-7 is accumulating the staining with 1598 disappears in the same time. At the 

age of 2 months only very few cells with an uniform staining pattern obtained with 1C1 and 

1598 remained. (see Fig. 3 Yvert et al. (2000)). The lack of staining of the inclusions by the 

1598 antibody is not due to a lower sensitivity of the antibody since it detected the 

homogeneously distributed ataxin-7. Possibly the C-terminal epitope is hidden in the 

inclusions and therefore not recognized by 1598, but a more likely explanation is that the 

mutant ataxin-7 is cleaved and the N-terminal fragment including the poly-Q stretch 
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aggregates. The proteolytic processing was confirmed on a Western blot showing a lower 

band than the full-size ataxin-7 (see Yvert et al. 2000). The apparent loss of the C-terminal 

signal might be explained by an accelerated turn-over of the mutant protein as a response to 

the aggregating ataxin-7. It is unlikely that the gene is not translated, since the C-terminus of 

normal ataxin-7 is detected by 1598 even at older ages in the R7N-retinas. 

2.2.6 Ubiquitin and a distinct set of chaperone and proteasome subunits 

are recruited into NIs 

As an attempt to refold and/ or degrade the mutant poly-Q proteins, chaperones and the 

ubiquitin/ proteasome degradation pathway might be involved in the rescue of the cells. To 

test the cellular response to ataxin-7 NIs in the animal models described here, antibodies 

against several chaperones, ubiquitin and the subunits of the different proteasomal complexes 

(20S core, 19S and 11S regulatory complex) were applied to brain sections and retina-slices. 

Essentially all inclusions defined by N-terminal ataxin-7 are labeled by an antibody directed 

against the hsp-40 chaperone HDJ-2, but no staining was observed with an HDJ-1 antibody. 

In addition Hsc70 chaperone IR in almost all ataxin-7-NIs was observed. Almost all 

inclusions were found to be positive for ubiquitin, labeling the aggregating protein for 

degradation by the proteasome machinery. A subset of inclusions, but not all, were 

immunopositive for the proteasomal subunit S5, the putative recognition site of the 

proteasome for ubiquitin-labeled proteins (Mahaffey and Rechsteiner, 1999). Almost all NIs 

were immunoreactive to a set of ATPase activity containing 19S subunits. A less number of 

NIs displayed IR to subunits of the proteolytic core of the 20S complex, suggesting that not 

all components required for protein degradation are found to be associated with inclusions. 

Antigens associated with the 11S complex were present only in a minority of inclusions. 

Interestingly, in nodules 9 and 10 of the P7E cerebella, where the formation of NIs occurred 

later with age, many NIs were negative for proteasomal subunits. This suggest that 

recruitment of these components is a late response. NI immunoreactivities to chaperones, 

ubiquitin and proteasomal subunits were comparable in all three mouse models, indicating a 

non-cell-type specific response to aggregate formation. Examples of cellular response to 

inclusion formation are shown in Fig. 2.13. 
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Figure 2.13: Immunoreactivity of ataxin-7 inclusions to antibodies directed against chaperones, ubiquitin 
and  proteasomal subunits. Left side: Double labeling of brain sections from a 5 months old B7E2-mouse 
with antibodies to ataxin-7 (1261) and the heat shock protein Hsc70, showing colocalization. Right side: 
Single immunolabeling: A: Brain stem of B7E2-mouse stained with the hsp40 chaperone HDJ-2: B: 
Ubiquitin-positive inclusions in Purkinje cells of a P7E-cerebellum. C+D: Staining with an antibody to the 
19S regulatory complex subunit S4, inclusions in different brain regions (C brain stem; D: cortex) show 
same antigenic properties. E: Inclusions in the cortical neurons are positive for the 20S proteasomal 
subunit β2. Scalebar in Fig. 2.13 A-E: 20µm. 

2.3 Composition of poly-Q aggregates I: cleavage of mutant 

huntingtin in human HD brain 

One potentially important step in the pathogenesis of HD leading to aggregate formation is 

the cleavage of the poly-Q-expanded protein. In a recent study the fragments aggregating in a 

cellular model for HD (Lunkes and Mandel, 1998) and in human brain were characterized and 

the cleavage site and the class of proteases acting on huntingtin identified. My contribution to 

this study was the immunohistochemical analysis of cytoplasmatic and nuclear inclusions in 

human HD brain. A panel of antibodies (Fig. 2.14) directed to different epitopes between 

amino acid 1-500 of huntingtin were applied to sections of human cortex of HD and controls. 

Human frontal cortex of six HD patients (four grade 4 and two grade 3 brains) and three 

controls were included in this study. First the staining pattern of the different antibodies were 

10µm 20µm10µm 20µm
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determined by a single labeling method involving the avidin-biotin-peroxidase complex and 

DAB as a chromogen. Cytoplasmatic neuronal labeling was seen with the antibodies 1259, 

2B4, 1H6, 214, and 4C8 in both control and HD brains (Fig. 2.15). Moreover, 1259 and 2B4 

densely stained NIs in all HD cortices (Fig. 2.15), as well as neuronal CIs. 

 

 

Figure 2.14: Schematic drawing of huntingtin and the location of the epitopes recognized by the different 
antibodies. 1259, 214 and 566 are polyclonal antibodies, and 2B4 and 4C8 are monoclonal antibodies, 
allowing to perform double immunolabeling analysis of htt aggregates. 

Figure 2.15: Immunohistochemical (IHC) study on human frontal cortices of HD and control brain using 
a single labeling method involving the avidin-biotin-peroxidase-complex and DAB. Abs 1259, 2B4, 1H6, 
214 and 4C8 resulted in a cytoplasmic labeling in both control and HD brains. NI’s were visible in 
stainings with Abs 1259 and 2B4, but not in IHC studies using Abs 1H6, 214 and 4C8. The density of NIs 
varied between HD brains studied (2 to 8 NIs per 100 neurons); NIs were preferentially found in the 
deeper cortical layers (in particular lamina multiformis = VI) and more rarely in lamina III and V, in 
good agreement with previous studies (Gutekunst et al., 1999). CI’s were observed in stainings with Abs 
1259, 2B4 and 1H6, but not with 214 and 4C8. 

In double immunofluorescence (IF) studies, a very similar staining pattern was seen with 

antibodies 1259 and 2B4, with no discrepancies in the detection of inclusions (data not 

shown). However, when the polyclonal antibody (mAb) 1259 or the monoclonal antibody 

(mAb) 2B4 were used in combination with mAb 1H6, pAB 214 or mAB 4C8, none of the 

antibodies detecting more C-terminal epitopes labeled NIs (Fig. 2.16, first, third and fourth 

row), whereas some 1259-positive CIs were co-stained with the mAb 1H6 (Fig. 2.16, second 
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row). These results indicate that NIs of HD brain are composed of htt fragments proteolysed 

N-terminal to the epitope of mAb 1H6. The composition of CIs in contrast, is heterogeneous, 

with some CIs bearing the epitope of mAb 1H6 and some not (Fig. 2.16). 

Figure 2.16: Make up of nuclear and cytoplasmatic inclusions in HD brain. Confocal images of double IF 
on HD brain tissue display antigenic properties of NIs and CIs. NIs were stained by Abs 1259 and 2B4 
(rows 1,3 and 4), but not by Abs recognizing more C-terminal epitopes, 1H6 (row 1), 214 (row 3), and 4C8 
(row 4), suggesting that cleavage occurs between the epitopes of Abs 1259 and 1H6. In contrast, a subset o 
1259-labeled CIs (row 2 arrows) were costained with mAb 1H6 while other CIs were exclusively 
immunopositive for pAb 1259 (row 2, arrowheads). The inset in row 2 shows a chain of CIs within the 
neuropil. Scalebar: 20µm. 

These in situ datas on human brain are in good agreement with the data obtained in htt-

expressing cells and thus validate the cellular model as a tool to identify the proteolytic 

cleavage sites relevant in HD. In a detailed analysis the cleavage product A (Cp-A) forming 

the nuclear inclusions and a subset of the cytoplasmatic aggregates were further characterized. 

The cleavage site releasing Cp-A is located between amino acid 104-114 and the proteases 
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involved in the cleavage belongs to the group of the aspartic endopeptidases. In additional 

experiments it was shown that the proteasome pathway together with proteases ensure the 

clearance of huntingtin (Lunkes et al., 2002). 

2.4 Composition of poly-Q aggregates II: proteasomal subunits and 

chaperones in human SCA3 brain 

Intracellular inclusions were also described for Spinocerebellar Ataxia Type 3 (Paulson et al., 

1997b; Schmidt et al., 1998). To compare the cellular responses regarding degradation by the 

ubiquitin-proteasome pathway or a possible attempt for refolding the mutant proteins in the 

different polyglutamine diseases, we have characterized the decoration of intranuclear 

inclusions in pontine neurons of SCA 3 brains. In a comprehensive analysis 33 antibodies 

against different chaperones and proteasomal subunits were included in the 

immunohistochemical analysis. (Table 2.2). 

2.4.1 Frequency of Neuronal Intranuclear Inclusions in Pontine Neurons 

in SCA3 

First the frequency of nuclear inclusions in human pontine sections of SCA3 patients was 

assessed using a monoclonal antibody directed to the carboxyterminus of ataxin-3. This 

antibody is known to detect aggregated ataxin-3 with high intensity (Paulson et al., 1997b; 

Schmidt et al., 1998). In brains unaffected by SCA3, incubation with 1H9 (Fig. 2.17) resulted 

in a neuronal staining, preferentially in the cytoplasmatic compartment. In pontine neurons of 

SCA3 patients, however, an intense IR of NIs was observed. NIs as visualized by 1H9 (Fig. 

2.17) appeared round with a mean cross-sectional area of 5.2 µm2 (SD 2.1: range 1.6-8.7). In 

numerous neuronal nuclei 2 NIs forming a figure of an “eight” could be seen. 1H9-IR-NI 

were found in pontine neurons in all regions of the ventral pons with no obvious regional 

clustering. NIs were found with a high frequency: in 100 pontine neurons sampled at random 

three independent observer counted 72 (± 11) neurons bearing NIs (Fig. 2.18). 

Staining with poly-ubiquitin antibodies (Fig. 2.17) disclosed a somewhat lower frequency of 

ubiquitin-IR NIs. Ubiquitin-IR-NIs tended to be smaller than 1H9-IR NIs (mean cross-

sectional area 2.1 µm2 (SD 1.4: range 0.8-5.1). This phenomenon was also found in a double 

immunofluorescence labeling of B7E2 brain sections using ataxin-7 antibody in combination 

with a ubiquitin antibody (not shown). The number of ataxin-3 positive inclusions were set as 

the ‘gold standard’, therefore numbers of NIs stained with antibodies against chaperones, 

proteasomal subunits are expressed as percentage of 1H9-IR-NIs. 
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Antibody/Subunit Type Dilution 

Antibody against ataxin-3 
Ataxin-3 (1H9)  mAb 1:1,000 
Antibody against ubiquitin 
ubiquitin  mAb 1 :5000 
Ubiquitin  pAb 1:5,000 
Antibodies against heat shock proteins/chaperones 
Hsp 27  mAb 1:500 
Hsp 40 (HDJ-2)  mAb 1:500 
Hsp 60  mAb 1:500 
Hsp 70/Hsc 70  mAb 1:200 
Hsc 70  mrAb 1:50 
Hsp 90_ (Hsp 86)  pAb 1:1,000 
Antibodies against 26S proteasome 
20S core  pAb 1:1,000 
20S _-type subunits 
Subunits _1, 2, 3, 5, 6, and 7  mAb 1:500 
Subunit _2 (HC3)  mAb 1:100 
Subunit _3 (HC9)  mAb 1:200 
Subunit _4 (XAPC-7)  mAb 1:100 
Subunit _5 (zeta)  mAb 1:1,000 
Subunit _6 (HC2)  mAb 1:2,000 
Subunit _7 (HC8)  mAb 1:1,000 
20S _-type subunits 
Subunit _1 (Y)  mAb 1:2,500 
Subunit _1i (Lmp2)  pAb 1:1,000 
Subunit _2 (Z)  mAb 1:2,000 
Subunit _2i (MECL-1)  pAb 1:2,500 
Subunit _3 (HC10)  mAb 1:1,000 
Subunit _5i (Lmp7)  pAb 1:2,000 
Subunit _7 (HN3)  mAb 1:1,000 
11S (PA 28) regulator subunits 
Subunit α (PA28 α)  pAb 1:1,000 
Subunit β (PA28 β)  pAb 1:1,000 
19S (PA 700) regulator subunits 
Subunit 4 (mts2)  pAb 1:500 
Subunit 5a  pAb 1:1,000 
Subunit 6a (Tbp1)  pAb 1:1,000 
Subunit 6b (Tbp7)  pAb 1:2,000 
Subunit 7 (Mss1)  pAb 1:2,000 
Subunit 8 (p45)  pAb 1:1,000 
Subunit 10a (p44)  pAb 1:2,000 
Subunit 10b (p42)  pAb  1 :500 

Table 2.2: Nomenclature and dilution of the antibodies used in the study of inclusions of SCA3 and control 
brains. The nomenclature of the proteasome subunits according to Baumeister et al. (Baumeister et al., 
1998). mAb= monoclonal antibody; mrAb= monoclonal rat antibody; pAb= polyclonal antibody. 

2.4.2 Antibodies against heat shock protein stain neuronal intranuclear 

inclusions in SCA3 

Probably as an attempt to refold aggregated ataxin-3 chaperones could be detected in 

inclusions of SCA3 pons. The strongest staining was obtained with an antibody against 

Hsp90α, about 20% of NIs were immunopositive (see Fig. 2.17 C). A monoclonal antibody to 

HDJ-2, which is a member of the Hsp40 family, however, displayed IR only in a small subset 

of NIs. No staining of inclusions was observed with monoclonal antibodies for Hsp70, Hsc70, 
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Hsp60, and Hsp27 despite clear immunoreactive signals in control tissues processed in a 

similar manner. Beside a strong IR of some inclusions by antibodies against Hsp90α and 

HDJ-2 no obvious redistribution was detected. The staining pattern of SCA3 and control brain 

was preferentially cytoplasmatic. There was no evidence for a marked increase in intensity of 

cytoplasmatic Hsp-IR in SCA3 brains compared to controls: antibodies resulting in faint or no 

labeling in control brain tissue (e.g. Hsp70) and did not give rise to a more intense labeling in 

SCA3 brains. 

Figure 2.17: Immunohistochemical staining of pontine neurons in SCA3 brains demonstrated recruitment 
of chaperones and 19S proteasomal subunit antigens to neuronal intranuclear inclusions. A: Anti-ataxin-3 
IR using the monoclonal antibody 1H9. B. Anti-ubiquitin-IR in a pontine neuron counterstained with 
hematoxylin. The nucleolus appears blue and the IR is confined to the NI. Inclusions are often found in 
the vicinity of the nucleolus. C: Anti-Hsp90-IR. D: Anti-subunit S5a-IR. E: Anti-subunit S7 (lid portion of 
the 19S regulatory complex. F: Anti-subunit S10a-IR (belongs to the base of 19S RC). Scalebar = 10µm. 

Interestingly, the recruitment of chaperones differed between the various poly-Q diseases 

studied (Table 2.3), suggesting that differences in primary protein sequences surrounding the 

expanded poly-Q stretch gives rise to a distinct recruitment of chaperones. 

2.4.3 A small subset of neuronal intranuclear inclusions in SCA3 display 

IR against the 20S catalytic core, but most ataxin-3 inclusions 

exhibit 19S and 11S-proteasome IR 

The high frequency of ataxin-3 inclusions immunopositive for ubiquitin suggested an 

involvement of proteasomal degradation pathways in the clearance of ataxin-3. 15 antibodies 

detecting various 20S proteasomal subunits of the α- and β-ring of the core complex were 
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tested on human SCA3 brain and the frequency of immunopositive inclusions was 

determined. Overall the number of inclusions stained by these antibodies was rather low. 

Table 2.3: Summary of immunohistochemical stainings on brain sections of Huntington´s Disease (HD) 
brain, or a mouse model for HD (R6/2 mice) (Mangiarini et al., 1996), on pons of SCA3 patients and on 
brain sections of mouse models for SCA7. - = no inclusions detected with this antibody; += rarely labeled 
NIs; ++= frequent IR found in NIs, +++= almost all NIs are labeled. 

For example, only 5% of inclusions were immunopositive for a antibody recognizing a 

peptide sequence shared by 6 out of the 7 subunits forming the α-ring of the 20S-proteosome. 

Antibodies detecting distinct epitopes of the α-subunits α2, α5, α6, and α7 resulted in low 

frequency of immunopositive NIs, ranging from 4 to 15%. No NIs were detected by α3 and 

α4-antibodies. Antibodies to subunits of the β-ring of the 20S particle resulted in similar low 

abundance of labeled aggregates. The highest percentage was found for the β2 and β3 

subunits (approx. 20%). NIs were immunonegative for the γ-interferon inducible β-subunits 

(β1i, β2i and β5i). In summary, only few inclusion (average 5±3 NIs/ 100 neuronal profiles) 

are associated with subunits of the catalytic core of the 26S proteasome machinery. Quite 

different results were obtained following staining with antibodies recognizing subunits of the 

19S and 11S regulatory complex (RC) of the proteasome. Eight 19S subunit-specific 

antibodies resulted in staining of numerous NIs (in average 37±10 NIs/ 100 neuronal 

profiles). An antibody detecting subunit 5a of the 19S regulatory particle recognizing and 

binding polyubiquitinated proteins (Mahaffey and Rechsteiner, 1999) labeled a mean number 

of 35 NIs per 100 neuronal profiles. Even higher numbers of immunopositive NIs were 

observed with an antibody detecting the subunit S7 (57±7). The subunit S7 is located at the 

base of the 19S RC and associated with adenosine triphosphatase activity and involved in the 

unfolding of proteins prior to degradation by the 20S core complex. As last example for the 

19S subunits is the subunit S10 belonging to the lid of the 19S particle. This antigen was 

detected in 56 ± 15 NIs/ 100 neuronal profiles. A substantial number of NIs were marked by 

PA28 (11S)-antibodies, approaching almost the quantity observed with anti-ubiquitin. The 

results are summarized in the diagram below (Fig. 2.18). 
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Figure 2.18: Bar graph indicating the relative frequency of neuronal intranuclear inclusions per 100 
neuronal profiles in pontine neurons of spinocerebellar ataxia type 3 brains, with abundant inclusions 
recognized by antibodies to ubiquitin and 11S and 19S subunits of the 26S proteasome. Error bars = 
standard deviation. 

2.4.4 Redistribution of 26S proteasomal subunits in SCA3 pons 

Variations in the immunohistochemical staining pattern at the cellular level were found in 

both, SCA3 and control brains with antibodies to proteasomal subunits. Adjacent neurons 

displayed different distribution of the antigens. Some neurons display predominantly 

cytoplasmatic staining, whereas in neighboring neurons a prominent nuclear IR was observed. 

This probably reflects different functional properties or states of the respective cells. In 

neurons containing NIs, nuclear IR was concentrated to NIs at the expense of overall nuclear 

staining in 54% of neuronal profiles (Fig. 2.19. A-D). A more pronounced staining of the 

cytoplasm of pontine neurons in SCA3 brain than in controls indicates a possible  

upregulation of components of the 26S proteasome (Fig. 2.19 E, F). Especially 

immunohistochemical stainings with antibodies to the inducible subunits (β1i, β2i and β5i) 

resulted in a strong cytoplasmatic staining of SC3 pontine neurons, whereas only a minority 

of neurons in control brains display this staining pattern. The cellular consequences of these 

differences are not clear and functional analysis are needed to determine the activity of 

proteasomes in cells burdened with accumulating poly-Q expanded proteins. 
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Figure 2.19: Immunohistochemical staining of pontine neurons in normal human brain (A, C, E) and 
spinocerebellar type 3 (SCA3) brain (B, D, F) using subunit-specific antibodies directed to subunits of the 
20S core component of the of the proteasome demonstrated reduced nuclear staining ad more prominent 
cytoplasmatic staining in SCA3 tissues. A: Anti-α5-IR in normal human brain. B: Anti-α5-IR in SCA3 
brain. C: Anti-β2-IR in normal human brain. D: Anti-β2-IR in SCA3 brain. E: Anti-β2i-IR in normal 
human brain. F: Anti-β2i-IR in SCA3 brain. Scalebar = 20µm. 

2.5 Proteasomal degradation in the presence of mutant htt protein: 

studies in a cellular model for HD 

2.5.1 Green/ red fluorescent protein (GFP-/RFP) based reporter systems 

for quantifying proteasomal activity in a cellular model for HD 

To study the impact of aggregating mutant polyglutamine proteins on the proteasome pathway 

in vivo, a reporter system to quantify the activity of the proteasomal degradation system was 

generated. A GFP based reporter system was described previously (Dantuma et al., 2000). 

The stable green fluorescent protein (GFP) and the red fluorescent protein (RFP), 

respectively, were converted into a substrate for proteasomal degradation by fusion to 

ubiquitin via a linker sequence (Fig. 2.20). Overall different constructs were made, differing 

in the linker amino acid sequence (see Fig. 2.20). It is well established that the half-life of 

proteins are determined to a large extent by two major internal degradation signals: the 

amino-terminus of a protein (N-end rule) (Bachmair et al., 1986; Gonda et al., 1989) and/ or 

lysine residues for ubiquitination (Ubiquitin-fusion degradation UFD) (Johnson et al., 1995). 

The strength of the N-degron degradation signal in the N-end rule pathway (Varshavsky, 

1992) is dependent on a destabilizing amino acid at the N-terminal end (Bachmair et al., 

1986) and an internal lysine residue (Bachmair et al., 1986; Johnson et al., 1990) serving as 

sites for polyubiquitination. In the ubiquitin fusion degradation pathway (UFD) proteins 
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linked to a non-removable ubiquitin-molecule at the N-terminus of the respective proteins 

results in a rapid degradation by the 26S proteasome (Johnson et al., 1992; Johnson et al., 

1995). The ubiquitin-X-GFP fusion proteins can be used for substrates of the proteasomal 

degradation pathway. By inserting an arginine or leucine as destabilizing amino acids in 

position +1 (see fig 2.20) the fusion proteins are substrates of the N-end-rule pathway, 

whereas a proline residue or the exchange of glycine into valine in position –1 results in a 

poorly cleavable ubiquitin residue. The fusion proteins Ub-G76V-GFP and Ub-R-GFP were 

described to be rapidly degraded by the proteasome; slightly slower degradation was found 

for Ub-L-GFP and Ub-P-GFP, whereas Ub-M-GFP was a poor substrate (Dantuma et al., 

2000). These GFP-based reporter constructs can be used to quantify proteasomal activity in 

living cells. In cells expressing the unstable variants of Ub-X-GFP, an inhibition of the 

proteasome should result in intensifying fluorescence signals. Provided that accumulated 

poly-Q-expanded proteins inhibit the proteasome pathway, cells expressing both mutant poly-

Q-protein and an unstable Ub-X-GFP protein should display intensifying fluorescence 

signals.  

Figure 2.20: Schematic drawing of the green fluorescent protein (GFP) and red fluorescent protein (RFP) 
fused to ubiquitin. These fusion proteins are degraded by the proteasome with different efficiencies, 
depending on the amino acid in position +1. The Lysine residues in position +3 and for the Ub-X-GFP 
constructs in addition in position +17 are potential ubiquitination sites. 

In contrast, cells expressing proteins with poly-Q expansion within physiological limits 

should display no increase in the intensity of the fluorescence signal. In cells expressing the 

stable fusion-protein Ub-M-GFP a bright fluorescent signal should be expected even in the 

absence of any inhibition of the proteasome and was indeed observed (Dantuma et al., 2000); 

cells expressing the stable fusion-protein Ub-M-GFP should be insensitive to any further  

impairment of the proteasomal pathway e.g. by accumulated poly-Q-expanded proteins. 
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For generating the GFP/RFP constructs the ubiquitin open reading frame was amplified by 

PCR from the pMT107 plasmid (Treier et al., 1994) (a generous gift from Dr. Bohmann, 

Heidelberg). The constructs for the Ub-X-GFP fusion proteins were made as described in 

Dantuma et al. (Dantuma et al., 2000). For quantification of the activity of the proteasomal 

pathway it was necessary to generate 4x-transgenic cells, expressing the (1) tet-on-system to 

induce expression of the (2) huntingtin-gene, the (3) proteasome-reporter system and (4) a 

selection marker (blasticidine resistance gene (bsd)). The latter constructs were used to 

stabely transfect an tetracycline-inducible (Gossen et al., 1995) cellular model for HD 

(Lunkes and Mandel, 1998). Four cell lines expressing either mutant or normal variant of full-

length (FL-15; FL-116) or a truncated (T-15; T-122) huntingtin were transfected. In addition a 

blasticidine (bsd) resistance gene were co-transfected for selection purposes. The ratio of Ub-

X-GFP-plasmid and the bsd-plasmid were 10:1. According to Invitrogen, supplying the bsd-

selection vector, co-transfecting of the gene of interest in excess compared to the selection 

marker, should allow a selection of stable transfected cells. However, many clones grown 

were resistant to blasticidine, but did not express the Ub-X-GFP-gene. Beside the difficulty in 

selection, there were two other problems: the induction of huntingtin expression was low, on 

average approximately only 20% of the cells expressed htt after induction with doxicycline. 

Secondly cell clones, in which the expression of GFP was easily visible lost the expression 

over time. To establish a system for studying the proteasomal activity in htt- expressing cells 

using the reporter system described above, two additional constructs were generated using a 

new variant of the red fluorescent protein (dsRed2) (Yanushevich et al., 2002). The 

degradation of the N-end rule pathway is dependent on lysine residues in position 15 or 17 

(Bachmair et al., 1986). There is no lysine in this position for the dsRed2 and therefore only 

two constructs (Ub-M-RFP and Ub-G76V-RFP) were generated. The ubiquitin were 

amplified by PCR from the pMT107-plasmid (Treier et al., 1994) using the same primers as 

described (Dantuma et al., 2000) and cloned into the EcoRI/ BamHI restrictions site of the 

pDsRed2-N1 vector (Clontech, Heidelberg). The Ub-X-RFP sequence were cut by restriction 

digest using SacI and NotI and cloned into the corresponding restrictions site (SacI/NotI) of 

the pUB6/V5-HisA-vector (Invitrogen). This vector includes the ubiquitin C promotor (Wulff 

et al., 1990) (Schorpp et al., 1996). Furthermore the pUB6/V5-HisA-vector contains the 

blasticidine resistance gene allowing for selection of stable cell lines using blasticidine 

(Kimura et al., 1994). The correct sequence of the pUB/V5-HisA-Ub-X-RFP (Ub-X-RFP/V5) 

were confirmed by sequence analysis. The two constructs will be used to stabely transfect an 

ecdysone-inducible mouse Neuro2a cell line expressing huntingtin containing Q16, Q60 or 

Q150 (tNhtt-16Q, tNhtt-60Q and tNhtt-150Q) (Wang et al., 1999). In a first transient 
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transfection of Neuro2a cells the reporter system was tested. For the Ub-G76V-RFP only a 

few red cells were observed, whereas Neuro2a cells transfected with the stable Ub-M-RFP 

variant showed numerous red cells. The cells were treated with the proteasome inhibitor 

lactacystin (5µM) for 12 hours, resulting in an increase of red Neuro2a cells for the Ub-

G76V-RFP/V5-transfected cells, no increase was observed for the Ub-M-RFP/V5 construct. 

(Fig. 2.21). 

The ecdysone-inducible htt-expressing cellular models were kindly provided by Dr. Nukina 

from the Structural Neuropathology Laboratory at the RIKEN Brain Science Insitute, Wako-

shi, Japan. In this model, the amino acids 1-90 of huntingtin were fused to GFP (Wang et al., 

1999) which allows to follow aggregation formation very easily. In approximately 90% of 

cells the htt-expression was induced by adding 1µM Ponasterone A (Invitrogen). tNhtt-16Q 

and tNhtt-150Q cells were transfected with the Ub-G76V-RFP- and Ub-M-RFP constructs 

using LipofectAMINE™ 2000 (Invitrogen) as transfection reagent. The transfection 

efficiency varied between 50-75%. 4-6 hours after transfection, the medium was replaced and 

the transfected cells were differentiated with 5 mM dcAMP (N6, 2´-O-dibutyryladenosine-

3´:5`-cyclic monophosphate sodium salt) and expression of huntingtin was induced with 1 µM  

Figure 2.21: Neuro2a cells transiently transfected with the RFP-based reporter system. Only few red cells 
are visible in transfection experiments using the Ub-G76V-RFP/V5 variant. By adding the proteasome 
inhibitor lactacystin to these cells an increase of red cells was observed. In contrast, many red cells were 
observed in transfection experiments using the stable Ub-M-RFP/V5 constructs: the inhibition of the 
proteasome had hardly any effect on the number of red cells 

Ponasterone A. 2 Days after induction man red cells were visible in both tNhtt-16Q and tNhtt-

150Q cells transfected with the stable Ub-M-RFP/V5 plasmid, whereas in cells transfected 

with the unstable Ub-G76V-RFP/V5 variant, a remarkable increase of red cells were only 

observed in the tNhtt-150Q cells 3 days after induction of the htt expression. In contrast the 

Ub-G76V-RFP Ub-M-RFP
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Ub-G76V-RFP Ub-M-RFP
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number of red cells did not increase in Ub-G76V-RFP/V5-transfected tNhtt-16Q cells after 

expression of the normal huntingtin was induced. A stable transfection of these cell lines will 

allow to monitor the htt-GFP expression (λex.GFP= 488nm, λem GFP=507nm) and in parallel the 

quantity of RFP (λex.RFP = 558nm, λem RFP =583nm). In addition, the expression level of the 

htt-GFP in this model can be varied by using different (lower) concentrations of Ponasterone 

A, resulting in a delayed aggregation formation.  

2.5.2 Altered proteasomal activity in cells expressing mutant huntingtin 

The proteasomal activity in the cytoplasmatic and nuclear compartment of the ecdysone-

inducible HD Neuro2a model was studied in vitro. Cells were cultured in DMEM (high 

glucose) with 10% fetal bovine serum and differentiated by adding 5 mM dcAMP. Expression 

of htt was induced with 1µm Ponasterone A for 3 days. The tNhtt-150Q cells displayed 

inclusion formation after 3 days; in the tNhtt-16Q cells an uniform distribution of the htt is 

found in the cytoplasm. Cells were harvested and fractionated under non-denaturing 

conditions using a standard protocol (Rosenberg, 1996). All steps were carried out on ice and 

all solutions were pre-chilled to 4°C. No protease inhibitors were added, because most of the 

commonly used inhibitors may effect the proteasomal activity. The protein content were 

quantified using a Coomassie Plus Protein Assay reagent kit (Pierce, Rockford, IL, USA) and 

10µg protein were used in an in vitro 20S proteasome activity assay with 50µM Succinyl-

LLVY-AMC as fluorogenic substrate (λex: 355nm, λem: 460nm). Protein were diluted in the 

proteasome activity assay buffer (25mM HEPES, 0,5mM EDTA, 0,03%SDS, final 

concentration). There is no interference of the fluorogenic spectra for GFP and the Suc-

LLVY-AMC substrate. Each sample was tested as triplicates. 

To compare the results obtained for htt-expressing cells, Neuro2a cells were transfected with 

plasmids carrying the ataxin-3-gene, with 20 and 80 CAG repeats, respectively. In these 

vectors the ataxin-3 gene is combined with GFP (Wang et al., 2000), which allows easily the 

detection the gene product and for the mutant variant the formation of inclusions can be easily 

detected. 3 days after transfection, inclusions were build in cells transfected with the mutant 

ataxin-3 gene and cells were harvested, fractionated as the htt-expressing cells and the 

proteasome activity quantified. 
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Figure 2.22: Proteasomal activity in the cytoplasmatic and nuclear compartment of stable transfected cells 
expressing either normal or mutant huntingtin (Htt-Q16 and HttQ150, respectively) (n=5). Neuro2a cells 
were transiently transfected  with ataxin-3 constructs and the proteasomal activity determined 3 days 
after transfection (n=4). error bars: 95% confidence interval. 

As shown in figure 2.22 the proteasomal activity in the cytoplasmatic compartment was much 

higher compared to the nuclear compartment. For cells expressing mutant huntingtin or 

mutant ataxin-3, the proteasomal activity was lower compared to WT controls (Htt_Q16 and 

ataxin-3_Q20). The low activity in the nuclei did not decrease further, but was almost 

unchanged in cells expressing the mutant poly-Q protein. At present it is unclear, why the 

proteasomal activity in cells transiently transfected with ataxin-3 showed a much lower 

proteasomal activity. 
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3 Discussion 

3.1 Widespread expression of ataxin-7 does not account for the 

focal pathology in SCA7 

The brunt of pathological alterations in spinocerebellar ataxia type 7 is observed in  

cerebellum, especially in the Purkinje cell layer, dentate nucleus, pons and inferior olive. In a 

detailed analysis of the expression pattern of ataxin-7 in human brain, ataxin-7 mRNA could 

be detected in all brain regions studied and is associated with neurons. Regional differences in 

in-situ hybridization signal intensity are accounted by differences in neuronal packing density 

resulting in e. g. a strong signal in the granular cell layer of the cerebellum and in the dentate 

gyrus in the hippocampus. In regions with marked neuronal loss in SCA7, like cerebellum, 

pons and medulla oblongata, mRNA expression levels was not higher than in less susceptible 

areas. In summary, the distribution of ataxin-7 mRNA does not correlate with the selective 

neuronal cell death in SCA7. 

Since polyglutamine diseases are regarded as proteinopathies and the distribution of ataxin-7 

may be more informative in relation to pathogenesis. Using three different antibodies ataxin-7 

was detected in all brain regions examined, reflecting the widespread distribution on the 

mRNA level, similar results were obtained with additional antibodies (Cancel et al., 2000; 

Jonasson et al., 2002). But the intensity of the immunoreactivity varied more than predicted 

from the ISHH studies. Interestingly a strong immunoreactivity in the inferior olive was 

detected with all ataxin-7 antibodies described so far (Cancel et al., 2000; Jonasson et al., 

2002; Lindenberg et al., 2000). On the other hand a faint cytoplasmatic IR was observed in all 

studies in Purkinje cells of the cerebellum. Both regions, the inferior olive and the cerebellum, 

display neuronal cell loss in SCA7, although these regions differ in their content of ataxin-7. 

Cell-type specific factors are probably important for the selective neuronal cell death in poly-

Q diseases. Recently, the rod-specific transcription factor cone-rod homeobox protein (CRX) 

was identified by yeast two-hybrid assay (La Spada et al., 2001). The CRX colocalize with 

ataxin-7 in the retina and the expression of CRX-regulated genes is changed by mutant ataxin-

7 (La Spada et al., 2001). This explains a possible step in the retinal degeneration observed in 

SCA7. 

As described for Huntington´s Disease, SCA1, SCA3/ MJD and DRPLA, the mRNA 

expression level of the mutant and normal allele of the respective genes in these diseases is 

not found to be altered (Landwehrmeyer et al., 1995; Li et al., 1993; Nishiyama et al., 1996; 

Nishiyama et al., 1997; Paulson et al., 1997a; Servadio et al., 1995). In recent publications 
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data on ataxin-7 immunoreactivity of different brain regions were compared of controls and 

SCA7 patients and a similar staining pattern was observed in both groups (Cancel et al., 2000; 

Jonasson et al., 2002). 

On the cellular level, cytoplasmatic and nuclear immunoreactivity was found in the different 

brain regions examined in our study. Ataxin-7 contains a nuclear localization signal (NLS) 

(David et al., 1998; Kaytor et al., 1999) and was described to be associated with the nuclear 

matrix and localized next to the nucleolus in transfected COS cells (Kaytor et al., 1999). A 

nuclear localization of ataxin-7 was found in all brain regions although to a different extent. A 

more intense nuclear staining was found of neurons of the inferior olive, pontine nuclei and 

the nucleus dentatus, regions primarily affected in SCA7. In contrast, staining of Purkinje 

cells, another target in the disease, was moderate. The frequency and the intensity of nuclear 

staining of ataxin-7 varied within the different brain regions, but it is of interest that neuronal 

populations with a more intense apparent IR belong to the class of neurons most vulnerable to 

degeneration in SCA7. Differences in the staining of nuclei and cytoplasm of neurons in 

different brain regions were also described by Cancel et al. (Cancel et al., 2000), but in 

contrast to our results, the nuclear staining of neurons in the pons and the inferior olive were 

described to be less intense, whereas a strong nuclear staining was observed in cells of the 

putamen. These discrepancies in the studies of ataxin-7 distribution on cellular level might be 

due to the variety of antibodies detecting different epitopes of ataxin-7 (summarized in 

(Jonasson et al., 2002)). Possibly the turn-over of ataxin-7 is regulated in a regionally specific 

way, resulting in a relative accumulation of ataxin-7 in certain neuronal populations reflecting 

a more intense IR. Studies of SCA7 brains exhibit neuronal intranuclear inclusions (Cancel et 

al., 2000; Holmberg et al., 1998; Jonasson et al., 2002), whereby highest numbers of 

inclusions were found in the inferior olive (Holmberg et al., 1998). In this region, the more 

frequent occurrence of inclusions might be related to the higher content of ataxin-7. 

In summary, the widespread expression of ataxin-7 on mRNA and protein level suggests an 

involvement of ataxin-7 in many cellular processes. Further investigations to identify 

interacting proteins might help to clarify the function of this protein. 

3.2 Mouse models in SCA7: Pathological aspects in comparison to 

other polyglutamine disease 

Three transgenic murine models for SCA7 were generated, in which ataxin-7 is either 

expressed throughout the brain (B7-mice) or selectively in two cell populations vulnerable in 

SCA7: the Purkinje cells in the cerebellum (P7-mice) and the photoreceptors in the retina 

(R7-mice). In all models expressing the mutant ataxin-7 (with 128 glutamine residues for the 
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B7E-mice and 90 glutamines for the P7E- and R7E-line, respectively) a translocation of the 

mutant protein from the cytoplasm to the nuclei, followed by accumulation and aggregation of 

the mutant protein was found in the targeted neurons. Fragments of ataxin-7 formed 

intranuclear inclusions, positive for ubiquitin, several proteasomal subunits and chaperones. 

The inclusions consisted an N-terminal fragment of ataxin-7 resulting in dysfunction of cells. 

In control animals (B7N, P7N and R7N), the expression of ataxin-7 with 10 CAG repeats 

does not result in a pathological phenotype. 

The polyglutamine diseases share the same type of mutation - an elongated CAG-repeat in the 

coding sequence of the effected genes (1993; Banfi et al., 1994; David et al., 1997; Imbert et 

al., 1996; Kawaguchi et al., 1994; La Spada et al., 1991; Nagafuchi et al., 1994b; Nakamura et 

al., 2001; Riess et al., 1997), but beside this stretch of (CAG)n, no sequence homology is 

known. Although all these genes are widely expressed, a distinct pathology is found for each 

disease. The common pathological feature at the cellular level is the formation of intranuclear 

inclusions, independently of the primary subcellular localization of the respective proteins. 

For example, nuclear inclusions are found in spinocerebellar ataxia type 1, although ataxin-1 

is a predominantly nuclear protein (Skinner et al., 1997). In contrast, the cytoplasmatic 

proteins huntingtin and atrophin-1 are translocated to the nucleus and form aggregates 

(DiFiglia et al., 1995; DiFiglia et al., 1997; Schilling et al., 1999). As established by the 

expression study of ataxin-7 in human brain (Lindenberg et al., 2000), ataxin-7 is 

physiologically found in both the cytoplasm and in the nuclei and therefore differs regarding 

this aspect from SCA1, HD and DRPLA. In good agreement with the results obtained from 

the ataxin-7 expression analysis in human brain, ataxin-7 was found in the cytoplasmatic and 

nuclear compartment of B7E2-, P7E- and R7E mice. Changes in the distribution of ataxin-7 at 

different time points were observed in all mutant mice. In general, an increase of ataxin-7 

content and inclusion formation in the nuclei was observed in all neurons targeted in these 

models. Intranuclear inclusions are one of the pathological hallmark of poly-Q diseases and 

were found in cellular models (Lunkes and Mandel, 1998; Wyttenbach et al., 2000), in mouse 

models for SCA1, DRPLA (Schilling et al., 1999; Skinner et al., 1997), and in brains of 

patients affected with HD, DRPLA, SCA1, and SCA3 (Becher et al., 1998; DiFiglia et al., 

1997; Paulson et al., 1997b; Skinner et al., 1997). In cases of HD the increasing length of the 

polyglutamine stretch correlates with an increasing number of NIs (DiFiglia et al., 1997). In 

juvenile cases of HD aggregates of mutant htt are predominantly found in the nuclei of 

neurons, whereas in brains of HD patients with adult age of onset, cytoplasmatic inclusions 

(CI) are also found in dystrophic neurites and in the cytoplasm of neurons in the cortex and 

striatum (DiFiglia et al., 1997). With an antibody recognizing the aggregated form of mutant 



  Discussion 

 49

huntingtin (EM48) a high number of cytoplasmatic inclusions are also observed in the R6/2 

HD mouse model. (Li et al., 1999). Only few cytoplasmatic aggregates were detected in 2 

months old B7E2-mice, but none at other ages. The differences in the occurrence of 

cytoplasmatic aggregates of huntingtin and ataxin-7, respectively might be due to the primary 

sequence of the two proteins or their physiological function. To clarify this assumption, more 

studies to identify the normal function of those proteins are necessary. The rare occurrence of 

inclusions in the cytoplasm might be explained by the different protein context in the two 

cellular compartments or a different turn-over (see below), whereas for all so far known 

mutant poly-Q proteins, the formation of intranuclear aggregates was described (Becher et al., 

1998; Davies et al., 1997; Holmberg et al., 1998; Nakamura et al., 2001; Pang et al., 2002; 

Paulson et al., 1997b; Schilling et al., 1999; Skinner et al., 1997) and seems to be primarily 

dependent on the expanded polyglutamine stretch, the only common amino acid sequence in 

these poly-Q expanded proteins. This hypothesis was tested by Ordway and co-workers, who 

inserted an elongated long CAG repeat into the mouse hypoxanthine-guanine 

phosphoribosyltransferase gene (Hprt) encoding an enzyme involved in the nucleotide 

metabolism. Mice expressing this mutant Hprt developed a progressive neurological 

phenotype with premature death and NIs were found in brains of these animals (Ordway et al., 

1997). This results provide evidence that the neurotoxic effect and the aggregate formation is 

caused by the elongated poly-Q stretch. Somehow the poly-Q expanded proteins end up in the 

nucleus and even exclusively cytoplasmatic protein, like the manipulated Hprt in the work of 

Ordway et al., aggregates. So far it is still not clear, if the formation of intranuclear inclusions 

itself or the localization of the mutant protein in the nucleus is harmful to neuronal cells, 

considering the relatively low number of 2-8 NIs/ 100 neurons found in human HD brain in 

this study. A transgenic mouse model for SCA1, expressing ataxin-1 with 82 glutamine 

residues and a mutated nuclear localization sequence did not develop an ataxic phenotype and 

IR for ataxin-1 was found exclusively in the cytoplasm of Purkinje cells (Klement et al., 

1998). In the same study, another mouse model, where the expression of ataxin-1 with 77 

glutamines and a deletion in the self association domain was targeted to Purkinje cells, was 

described. In Purkinje cells of this model, ataxin-1 was found in the nuclei, but no aggregation 

of the mutant protein was observed. These mice developed an ataxic phenotype accompanied 

with Purkinje cell pathology similar to the original SCA1 mouse model established by 

Burright et al (Burright et al., 1995). These results indicate that pathogenic events in poly-Q 

diseases take place in the nuclei and as inclusions and cytoplasmatic aggregates are observed 

before the onset of symptoms (Davies et al., 1997; Gutekunst et al., 1999), the impact of NIs 

and CIs on neuronal function is a slowly progressing event, leading to cellular dysfunction 
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and finally to cell death. However, the appearance of inclusion do not solely account for the 

selective neuronal dysfunction and cell loss. 

Surprisingly, the ataxin-7 IR in the cytoplasmatic compartment disappears in most of the 

photoreceptors from R7E-retinas and decreased dramatically in neurons of B7E2- and P7E-

mice. The alteration of ataxin-7 distribution in these mice is likely caused by an altered turn 

over of the mutant protein. In the B7N-and P7N-mice ataxin-7 mRNA was detected, but the 

ataxin-7 protein was not detectable. It was therefore not possible to compare the ataxin-7 

localization in these mice to the findings in human brain. The apparent absence of ataxin-7 in 

the B7N- and P7N lines does not represent an experimental artefact since all constructs for 

B7N, P7N and R7N were derived from the same pαIA construct and especially in the R7N 

mice, a high expression was observed, as two independent mutational events are unlikely. 

This conclusion is supported by the fact that the B7E2 constructs derived from the B7N 

constructs and ataxin-7 expression was observed in B7E2 mice. Mutations in the constructs 

can be ruled out, because ataxin-7 expression was detected in cells transfected with the final 

plasmid preparation and the integration of the constructs in the genome of the transgenic mice 

was confirmed by Southern Blots and in addition the entire open reading frame of the 

constructs were amplified by RT-PCR. On the basis of these facts, the apparent absence of 

ataxin-7 IR in the two models is possibly caused by a high turn-over for the normal ataxin-7. 

This is in good agreement with the faint ataxin-7-IR found in several brain regions of human 

brain (Lindenberg et al., 2000), arguing for low levels of endogenous ataxin-7. 

The increase and accumulation of ataxin-7 found in the B7E2 and the P7E mice in contrast 

may reflect an impaired degradation process. The accumulation in other poly-Q diseases were 

also linked to a stabilizing effect of the poly-Q expansion in the protein. Normal ataxin-1 was 

shown to be degraded three-times faster than the mutant counterpart (Cummings et al., 1999). 

Other observations in lymphoblastoid cells derived from HD patients and normal individuals 

used for pulse-chase experiments showed no differences in the stability of mutant versus 

normal huntingtin (Persichetti et al., 1996). It is worth to mention that in an actively mitotic 

cell the mutant protein is “diluted” and cannot accumulate as it is the case for post-mitotic 

neuronal cells. In cultivated fibroblast derived from R6/2 transgenic HD mice, no inclusions 

are found, whereas in brains of these mice multiple aggregates are already detected at the age 

of 4 weeks (Sathasivam et al., 2001), (own observations). 

The different time courses found for the ataxin-7 aggregation in the three SCA7 mouse 

models studied and especially within the Purkinje cells in the P7E line, might mirror different 

expression levels induced by the different promotors and/ or a different metabolic handling of 

the mutant proteins.  
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The selective neurodegeneration found in SCA7 is not observed in the B7E2 mouse model 

although the ataxic phenotype suggests a preferential involvement of the cerebellum. A 

similar distribution of ataxin-7 and cleavage of the mutant protein with identical time course 

was observed throughout the brain of these mice. There are two possible explanations for this 

finding: First, in contrast to knock-in mouse models, in the B7E2-lines, several copies of the 

ataxin-7 constructs are randomly integrated into the genome and under the control of a strong 

nonphysiological promotor to obtain overexpression of the mutant protein. The high 

expression level might induce pathological changes in many more cell types than compared to 

knock-in models described for other neurological diseases. In a knock-in mouse model for 

HD, the re-localization of huntingtin fragments in striatal neurons- described for human HD 

brain (DiFiglia et al., 1997) was also observed in these mice (Wheeler et al., 2000).  

Nevertheless, the B7E2 mice display several features found in poly-Q disorders. Beside the 

inclusions observed in these mice, proteolytic processing is observed. In all three mutant 

mouse models (B7E2, P7E and R7E) the inclusions were recognized by an antibody against 

the N-terminal part, but not for the one recognizing the C-terminal end of ataxin-7. The 

cleavage is not restricted to vulnerable cell populations. Recently, another SCA7 mouse 

model was described, sharing similar features than observed in the models described in this 

work and among gait ataxia and histopathological changes in Purkinje cells, ataxin-7-positive 

inclusions were not detected with the 1598 antibody recognizing the C-terminus of ataxin-7 

(Garden et al., 2002). In Western Blot analysis, a possible cleavage product was detected in 

brain extracts of these mice (Garden et al., 2002).  

Truncated fragments of poly-Q proteins have a higher tendency to aggregate (Lunkes and 

Mandel, 1998), therefore it is likely that proteolytic cleavage of ataxin-7 takes place before 

aggregation, beside the fact that no full length ataxin-7 was detected in inclusions. The “toxic 

fragment hypothesis” (Wellington and Hayden, 1997) was supported by the fact that in 

cellular models of HD the length of the mutant protein correlates inversely with its tendency 

to aggregate (Lunkes and Mandel, 1998), (Hackam et al., 1998). The build up of inclusions is 

dependent on the length of the poly-Q stretch and the length of the protein fragment. The 

shorter the fragment and the longer the poly-Q stretch the faster inclusions are formed. The 

fragmentation of ataxin-7 in our mouse models are in good agreement with this hypothesis. 

Another question to answer will be, what type of proteases act on mutant ataxin-7 and if these 

are the same enzymes cleaving huntingtin. 

Several classes of proteases were identified to process huntingtin (Gafni and Ellerby, 2002; 

Kim et al., 2001; Lunkes et al., 2002; Wellington et al., 2002), resulting in distinct fragments 

found to aggregate. In 1996 it was shown by Goldberg et al. that huntingtin is a substrate for 
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apopain in vitro - a human variant of caspase-3, whereby the rate of cleavage increased with 

the length of the poly-Q stretch. (Goldberg et al., 1996). Cleavage of poly-Q proteins by 

caspases were also reported for atrophin-1, ataxin-3 and the androgen receptor, whereby all 

these proteins are cleaved by caspase-1 and-3 and the androgen receptor and atrophin-1 are in 

addition processed by caspase-7 and -8 (Ellerby et al., 1999; Wellington et al., 1998). The 

possible involvement of caspase activity in building/ generation of toxic fragments is 

supported by the beneficial impact of caspase inhibitors on the survival of htt expressing cells 

(Kim et al., 1999; Wellington et al., 2000) and also seen in a crossbreed of the HD exon-1 

mouse model with a dominant-negative caspase-1-mutant mouse resulting in a delayed 

disease progression (Ona et al., 1999). It is worth to stress that the inhibition of caspase 

cleavage does not completely abolish cell death (Kim et al., 1999; Ona et al., 1999; 

Wellington et al., 2000). More recent studies report additional cleavage of huntingtin by 

calpain (Gafni and Ellerby, 2002; Kim et al., 2001). Calpains are proteases which are 

activated by an increase of intracellular Ca2+. An increase of Ca2+ might be caused in neurons 

of HD brain by an excitotoxic mechanism via activation of Ca2+- permeable glutamate 

receptors and/ or altered expression of Ca2+-regulating proteins (Luthi-Carter et al., 2000). 

The proteolytic activity of calpain further processes the caspase-cleaved htt fragments into 

smaller fragments. The fragments built by caspases, calpain and aspartic proteases differ in 

their size, suggesting (Gafni and Ellerby, 2002; Lunkes et al., 2002; Wellington et al., 2002) 

that a sequence of proteolytic events results in small fragments carrying the elongated 

polyglutamine stretch prone to form cytoplasmatic and nuclear aggregates and possibly leads 

to cellular dysfunction. The proteolytic cleavage of ataxin-7 might also include more than one 

step, as two different degradation products were described: for the R7E retina a cleavage 

product of 120kD was observed, and in the work of Garden et al. a 55kD cleavage fragment 

was found (Garden et al., 2002). It is likely that the proteolytic cleavage of ataxin-7 precedes 

aggregation and the possible multistep process of cleavage resulting in different ataxin-7 

fragments might recruit distinct sets of other proteins forming subpopulations of inclusions as 

recently described by Takahashi et al. (Takahashi et al., 2002). It would be of great interest to 

identify the proteases, which are commonly found in the different poly-Q diseases and 

possibly the attenuation of fragmentation of the poly-Q proteins might be a therapeutical 

target. 



  Discussion 

 53

3.3 Unfolding and degradation: The proteasome pathway and 

chaperones in poly-Q-disorders 

Ubiquitin-positive inclusions can be regarded as a characteristic marker in the polyglutamine 

diseases (reviewed in (Alves-Rodrigues et al., 1998; Taylor et al., 2002). NIs in SCA7 

transgenic mice are ubiquitinated, as in human SCA7 brains (Holmberg et al., 1998; Mauger 

et al., 1999). In addition these ataxin-7 inclusions were found to be immunopositive for 

several proteasomal subunits. Colocalization of proteasomes and inclusion formations was 

detected among others in human SCA1 brain and a transgenic SCA1 mouse model 

(Cummings et al., 1998), as well as in human SCA3 brain (Chai et al., 1999b), in a cellular 

and a murine model for HD (Jana et al., 2001). The implication of the proteasomal pathway in 

the pathogenesis of the polyglutamine diseases is not entirely clear, a cross breed of ataxin-1 

mice with ubiquitin-conjugating-enzyme-deficient mice resulting in a more rapid and more 

severe phenotype of earlier onset (Cummings et al., 1999), suggesting that impaired 

proteasomal degradation of mutant ataxin-1 may contribute to SCA1 pathogenesis. So far it 

was not demonstrated directly that ataxin-7 is ubiquitinated in vivo and degraded by the 

proteasome since ubiquitin-like IR inclusions in SCA7 might be due to sequestered 

ubiquitinated proteins. Almost all ataxin-7 NIs displayed a IR against 19S subunits antibodies 

and many, but not all, NIs displayed IR to three antibodies recognizing 20S components (α3, 

α-all, β2). The high number of ataxin-7 inclusions stained with the S4 subunit of the 19S 

regulatory complex might be explained by datas from a recent study demonstrating an 

interaction of ataxin-7 with this subunit (Matilla et al., 2001). In the comprehensive study on 

human SCA3 brain (this thesis) (Schmidt et al., 2002), a surprisingly low percentage of 

inclusions were immunoreactive for antibodies against the 20S proteolytical core of the 

proteasome, whereas many inclusions contained 11S and 19S regulatory antigenes. A similar 

low labeling of NIs using 20S antibodies were also found in human HD brain, in the R6/2 HD 

mouse model (Krebs et al., unpublished results) and in a cellular model for Spinobulbar 

muscular atrophy (Stenoien et al., 1999). This low number of NIs displaying all components 

necessary for degradation, suggests an impairment of this pathway in the poly-Q diseases. It is 

unlikely that the low percentage of NIs displaying evidence for the presence of 20S 

proteasome subunits in HD, SCA7 and SCA3 brains/ models is due to epitope masking, since 

of more than 6 20S antibodies recognizing distinct epitopes (Hendil et al., 1995) were 

employed. 

An inhibition of the proteasome by mutant huntingtin was demonstrated in a study of Bence 

et al. (Bence et al., 2001). In good agreement with these results are our findings of a reduced 
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proteasomal activity in cells expressing either mutant huntingtin or mutant ataxin-3 (this 

thesis), although these are preliminary results. It will be interesting to investigate, if this 

decrease of proteasomal activity is correlated to a lower content of proteasome or to a 

functional blockage of proteasomes. The latter hypothesis is attractive since there is a possible 

prolonged retention period of the poly-Q expanded protein in the proteasome during the 

degradation process as there are no predicted cleavage sites in the poly-Q stretch (Nussbaum 

et al., 2001) and (http://www.paproc.de)). In addition, the kinetics of poly-Q-protein 

degradation is possibly altered, as it might take longer to unfold the mutant protein prior to 

degradation as suggested by the high percentage of 19S RC detected in inclusions of htt, 

ataxin-3 and ataxin-7. The degradation of mutant poly-Q protein is not completely impossible, 

as shown in a recent study, in which ataxin-1 was combined with a strong degradation signal 

resulting in a more efficient clearance of the mutant ataxin-1 (Verhoef et al., 2002). In 

addition Verhoef and co-workers demonstrated that mutant poly-Q proteins resisted 

proteasomal degradation once aggregated (Verhoef et al., 2002). Our finding that the rare 

decoration of nuclear aggregates with 20S proteasome antigens might be an explanation for 

the inaccessibility of inclusions for the proteasome found in the study of Verhoef et al. Taken 

together these results suggest the following: since the synthesis of these proteins is not 

altered, these proteins accumulate due to a slow kinetic of proteasomal degradation of poly-Q 

expanded proteins, which results in the formation of inclusions after proteolytic cleavage. 

The observation of a low proteasomal activity in the nuclear compartment may account for 

differences in the size of the inclusions: intranuclear inclusions tend to be big and 

cytoplasmatic aggregates tend to be smaller- the prelimimary results of the in vitro assay on 

nuclear fractions have to be supplemented by quantification of the proteasomal content in the 

two cellular compartments. Consistent with a low concentration of proteasomes in the nuclear 

compartment, the 20S α3 subunit was detectable in cytoplasmatic, but not in the nuclear 

fraction using Western blot, although proteasomes are present in nuclear fractions (Rivett, 

1998)  

In good aggreement with these hypothesis are findings reported from a conditional HD mouse 

model: These mice display inclusions at the age of 18 weeks (Yamamoto et al., 2000). 

Turning off the poly-Q-htt expression from week 18-34 resulted in a clearance of the 

inclusions, indicating that a constant synthesis of mutant protein in combination with an 

impaired degradation promotes the formation of aggregates. These results seem to contradict  

findings in SCA1 that aggregates are not accessible for proteasomal degradation. This 

contradiction may be resolved taking into account a role of chaperones in this context. For 

clearance of the aggregated proteins chaperones are required to unfold the respective 
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molecules. This would also explain the surprising results on stainings of human HD and 

SCA3 brain, where inclusions were frequently IR-positive for 19S subunits, but not 

immunopositive for the catalytical core. Prior to degradation via the proteasomal pathway, the 

polyubiquitinated proteins are bound to the 19S regulatory complex and have to be unfolded 

before they are headed to the proteolytic core (Voges et al., 1999). The 19S mediates this 

process under the consumption of ATP (Voges et al., 1999). The base of the 19S particle 

present a chaperone-like activity (Braun et al., 1999) and the high frequency of 19S positive-

inclusions found in at least 4 polyglutamine diseases might be interpreted as an attempt to 

unfold the mutant proteins and thereby resolve aggregates. It is conceivable that this process 

is prolonged in poly-Q disorders or that the mutant proteins are resistant to unfolding. 

Similarly, 11S regulatory subunit (or PA28) antigenes were found frequently in inclusions of 

human SCA3 pons and may assist in the activation of Hsp90-dependent refolding of proteins 

(Minami et al., 2000) - the latter one was also detected in inclusions of SCA3 pons. The 

implication of Hsp90 in the degradation of certain proteins (Imamura et al., 1998) may also 

account for the frequent staining of htt-NIs in human HD brain (unpublished results) with an 

hsp90 antibody. In contrast, inclusions of SCA7 mouse brain or retina did not show any hsp90 

antigen. In comparison almost all ataxin-7-NIs colocalized with Hsc70 and HDJ-2. The 

recruitment of different chaperones in HD, SCA3 and SCA7 can be explained by the different 

primary amino acid sequence of these proteins, resulting in unique structures and topology, 

which might be recognized by distinct sets of chaperones. Furthermore, different expression 

levels and distinct stages of the disease may contribute to the observed differences in 

chaperone decoration of inclusions. A beneficial effect by overexpression of Hsp 40 and 

Hsp70 in form of reduced cytotoxicity were found among others- in cellular poly-Q models, 

in a transgenic mice for SCA1 or in a Drosophila model for SCA3 (Bailey et al., 2002; Chai et 

al., 1999a; Cummings et al., 2001; Jana et al., 2000; Kazemi-Esfarjani and Benzer, 2000; 

Muchowski et al., 2000; Wyttenbach et al., 2000). Despite the different model systems and 

constructs which were used in these studies, all these results describe a reduction/ suppression 

of aggregate formation and toxicity. However, the paucity of NII decorated with Hsp40 and 

Hsp70 in patient brains and the lack of evidence for an upregulation of chaperones suggest 

that this potential mechanism of reducing poly-Q toxicity is employed only by a minority of 

neurons in end stage patient brains. Some evidence argues for a link between the two main 

strategies to protect cell from misfolded protein, refolding by chaperones and selective 

degradation by the ubiquitin-proteasome pathway. It was shown that inhibition of the 

proteasome can induce a heat shock response (Bush et al., 1997). Other data indicate that 

Hsp70 can activate the ubiquitination and degradation of misfolded proteins (Bercovich et al., 
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1997; McClellan and Frydman, 2001). The role of the proteasome pathway and of chaperones 

in the pathogenesis of CAG-triplet repeat diseases is not yet completely understood. However, 

it appears that cleavage of mutant poly-Q expanded proteins, unsuccessful attempts of 

refolding by chaperones and a slowed down degradation process by the proteasome converge 

in an accumulation of mutant protein fragments and the formation of intranuclear inclusions. 

The accumulating poly-Q fragments can interrupt normal cellular function at several levels; in 

particular changes in expression profiles are getting more and more into the focus of 

polyglutamine disease research as recently outlined in an issue of Human Molecular Genetics 

(Orr, 2002).  
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4 Summary 

Huntington´s Disease (HD), spinocerebellar ataxia type 3 (SCA3) and 7 (SCA7) belong to a 

group of neurodegenerative diseases caused by an expansion of CAG trinucleotide repeats in 

the coding region of the affected genes. The CAG-expansion is translated into an expanded 

polyglutamine (poly-Q) stretch, altering the conformation of the mutant protein. A widespread 

expression of huntingtin (htt) and ataxin-3 were reported in earlier studies, but it was 

unknown, whether ataxin-7 was enriched in sites of pathology. An expression analysis in 

human brain disclosed a widespread neuronal expression of ataxin-7 throughout the brain, 

with a preferentially localization of ataxin-7 protein in the cytoplasm and a more prominent 

nuclear staining in some populations of vulnerable neurons in SCA7. However, ataxin-7 was 

not enriched at all sites of pathology. The neuronal cell populations most prone to cell loss in 

SCA7 are Purkinje cells and rod photoreceptors in the retina. Three different mouse models 

for SCA7, expressing mutant or normal ataxin-7 either throughout the brain or exclusively in 

Purkinje cells or rod photoreceptors, respectively, were generated. In all models, an N-

terminal fragment of mutant ataxin-7 accumulated in the nuclear compartment and formed 

ubiquitin-positive intranuclear inclusions. A similar formation of nuclear inclusions by 

fragments surrounding the poly-Q expanded stretch was suspected in HD. In a detailed study 

in human brain and a cellular model for HD cleavage sites in htt were characterized. The 

cleavage of huntingtin in a domain between amino acid 104-114 by a pepstatin-sensitive 

aspartyl protease results in a small htt fragment with high aggregation potential leading to the 

formation of intranuclear aggregates and contributing to the formation of cytoplasmatic 

inclusions.  

Once formed, cellular reaction to aggregated ataxin-7 involved a recruitment of molecular 

chaperones (Hsp40, Hsc70) and of proteasomal subunits. Surprisingly, only in a minority of 

inclusions all elements thought to be essential for proteasomal degradation were assembled: 

no more than 30% of inclusions displayed immunoreactivity against the 20S catalytical core 

of the proteasome, whereas most inclusions contained 19S antigens, suggesting an attempt to 

unfold mutant aggregated protein. Similar results were found in NIs in human SCA3 pons. To 

test the hypothesis of an impairment of proteasomal degradation in poly-Q expressing cells, a 

reporter system was generated, in which red-fluorescent protein was linked to ubiquitin and 

therefore targeted for proteasomal degradation. Transient expression of these probes in 

inducible HD-cellular models resulted in an increased percentage of ‘red cells’ indicating an 

impairment of the proteasomal pathway. An in-vitro 20S proteasome activity assay using 

cytoplasmatic and nuclear extracts of cells expressing either mutant or normal huntingtin 
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confirmed a reduction of proteasomal activity in the cytoplasmatic fraction of cells expressing 

mutant, but not normal huntingtin. Similar results were observed in transient transfection 

experiments with mutant and normal ataxin-3 constructs. Compared to the cytoplasmatic 

proteasomal activity, activity in the nuclear fraction was rather low, which likely contributes 

to the formation of relatively big NIs in the nuclear compartment.  

In summary, the cleavage of mutant poly-Q proteins giving rise to fragments prone to 

aggregation. An altered degradation pathway involving an impaired unfolding are features 

shared by different poly-Q disorders and are potential targets for therapeutic interventions in 

these neurodegenerative diseases. 
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5  Zusammenfassung 

Eine Verlängerung einer (CAG)n-Basentriplettwiederholung im kodierenden Bereich 

bestimmter Gene über den pathologischen Schwellenwert von >35 repetitiven Elementen, 

resultiert in einer verlängerten Polyglutaminkette in den betreffenden Proteinen. Dieser 

Mutationstyp wurde mittlerweile bei acht hereditären neurodegenerativen Erkrankungen 

identifiziert. Zu dieser Gruppe von Erkrankungen zählen der Morbus Huntington, 

verschiedene Formen von spinozerebellären Ataxien (SCA1, SCA2, SCA3, SCA7, SCA17), 

die spinobulbäre Muskelatrophie (Kennedy Syndrom) und die Dentato-Rubro-Pallido-

Luysische Atrophie (DRPLA). Neben der verlängerten (CAG)n-Sequenz weisen die bei diesen 

Erkrankungen betroffenen Gene keine Homologien auf. Obwohl für die fraglichen Gene eine 

weitverbreitete Expression in allen Gehirnregionen und peripheren Organen beschrieben 

wurde, kommt es für jede dieser Erkrankungen zu einem charakteristischen Neuronenverlust 

in bestimmten Gehirnregionen. Für die spinozerebelläre Ataxie Typ 7 (SCA7) konnte die 

regionale und zelluläre Verteilung des Ataxin-7-mRNA-Transkript mittels ISHH in 

zahlreichen Gehirnregionen nachgewiesen werden. . Weiterhin wurden drei Antikörper gegen 

Ataxin-7 in immunhistochemischen Färbungen eingesetzt, um die Verteilung von Ataxin-7 im 

Gehirn, der Retina und einigen peripheren Organen zu ermitteln. Sowohl auf mRNA- als auch 

auf Proteinebene konnte Ataxin-7 in allen untersuchten Gehirnregionen nachgewiesen 

werden; es fand sich keine Korrelation zwischen dem Expressionsniveau von Ataxin-7-

mRNA und der Vulnerabilität der Neuronenpopulationen für den krankheitstypischen 

Zellverlust. Ataxin-7 Immunreaktivität war überwiegend zytoplasmatisch; in der Pons und der 

unteren Olive - zwei in SCA7 vulnerablen Gehirnregionen – allerdings zeigten auch  

Neuronenkerne eine deutliche Immunreaktivität.  

Um genauere Einblicke in den Pathomechanismus bei SCA7 zu bekommen, wurden drei 

murine SCA7-Modelle in einer Zusammenarbeit mit der Gaël Yvert aus der Arbeitsgruppe 

von Prof. Jean-Louis Mandel (IGBMC, Illkirch, Frankreich) untersucht. Mit dem PDGF-B-

Promotor konnte das mutante Ataxin-7 Protein im gesamten Gehirn der Mäuse exprimiert 

werden. Bei zwei weiteren Mausmodellen wurde durch die Verwendung von 

zelltypspezifischen Promotoren (pcp-2 bzw. Rhodopsinpromotor) mutantes bzw. normales 

Ataxin-7 in den bei SCA7 vulnerablen Neuronen, den Purkinje-Zellen bzw. den 

Photorezeptoren der Retina, exprimiert. In allen drei Mausmodellen mit CAG-Expansion 

wurde eine Translokation in den Kern, eine Akkumulation und Aggregation des mutanten 

Ataxin-7 beobachtet. Die für Polyglutaminerkrankungen charakteristischen nukleären 

Einschlüsse waren nur mit Antikörpern gegen das aminoterminale Ende von Ataxin-7, nicht 
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aber mit Antikörper gegen das carboxyteminale Ende von Ataxin-7 anfärbbar, so dass 

Aggregate nur aus einem Fragment von Ataxin-7 in der Nachbarschaft der Polyglutaminkette 

gebildet zu werden scheinen. Vergleichbare Beobachtungen wurden im Gehirn von 

Huntingtonkranken gemacht. Die genaue Charakterisierungen der nukleären Huntingtin-

Aggregate in humanem HD-Gehirngewebe und einem zellulären Modell ergaben, dass  

Huntingtin durch Aspartylproteasen in einer Domäne zwischen Aminosäure 104-114 

gespalten wird. Die dabei entstehenden kurzen poly-Q-Fragmente bilden Aggregate und 

werden über das Proteasom abgebaut.  

Passend dazu waren  Aggregate von Ataxin-7-Fragmenten immunreaktiv für Ubiquitin, einem 

Markermolekül, das Proteine für den Abbau über das Proteasom adressiert.. Nur in einer 

Subpopulation von Einschlüssen liessen sich alle Elemente nachweisen, die nach 

gegenwärtigem Verständnis Voraussetzung für einen proteasomalen Abbau sind: viele 

Ataxin-7-Einschlüsse waren assoziiert mit Untereinheiten des 19S regulatorischen Komplexes 

des 26S Proteasoms, dagegen fand sich nur in einer geringen Anzahl von Aggregaten 

Untereinheiten des katalytischen 20S Proteasomen-Kernkomplexes. Ähnliche Ergebnisse 

wurden auch in intranukleären Einschlüssen in humanem SCA3 Gehirngewebe gefunden. 

Diese Ergebnisse legen einen beeinträchtigten proteasomalen Abbau der mutanten 

polyglutamin-expandierten Proteine nahe, wobei die 19S regulatorischen Komplexe in diesen 

Ablagerungen möglicherweise wie Chaperone an dem Versuch beteiligt sind, Aggregate 

wieder aufzulösen. Um den Einfluß des mutanten polyglutamin-Proteins auf den 

proteasomalen Abbau funktionell untersuchen zu können, wurden Reporterkonstrukte 

generiert; dabei wurde Ubiquitin über eine kurze Ankersequenz entweder an das Grün-

Fluoreszierende-Protein (GFP) bzw. das Rot-Fluoreszierende-Protein verknüpft und somit zu 

einem Substrat für den proteasomalen Abbau. Diese Konstrukte erlauben eine in-vivo-

Quantifizierung der proteasomalen Aktivität in Zellen, die mutantes Polyglutamin-Protein 

expremieren. In Transfektionsversuchen mit diesen Konstrukte in einem induzierbaren 

zellulären Huntington-Modell konnte eine Zunahme fluoreszierender Zellen nach Expression 

von mutantem Huntingtin beobachtet werden entsprechend einem verlangsamten 

proteasomalen Abbau in der Anwesenheit dieses Polyglutamin-expandierten Proteins. 
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9 Abbreviations 

ADCA Autosomal-dominant cerebellar ataxias 

bsd blasticidine resistance gene 

CI Cytoplasmatic inclusion 

dcAMP N6, 2´-O-dibutyryl-adenosine-3´:5`-cyclic-monophosphate sodium salt 

DM Myotonic dystrophy 

DRPLA Dentato-rubro-pallido-Luysian atrophy 

FL Full length huntingtin 

FRDA Friedreich´s Ataxia 

GFP Green fluorescent protein 

HD Huntington´s Disease 

htt Huntingtin 

IHC Immunohistochemistry 

IR Immunoreactivity 

ISHH in-situ hybridization histochemistry 

IT15 Interesting transcript 15 

MJD Machado-Joseph disease (= SCA3) 

NI Nuclear inclusions 

OPCA Olivo-ponto-cerebellar atrophy 

Poly-Q Polyglutamine 

RC Regulatory complex 

RFP Red fluorescent protein 

SBMA Spinobulbar muscular atrophy 

SCA Spinocerebellar Ataxia 

T Truncated huntingtin 

UTR Untranslated region 
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