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Abstract 

Huntington disease (HD) is an inherited progressive neurodegenerative disorder, 

characterized by motor, cognitive and psychiatric deficits as well as 

neurodegeneration and brain atrophy beginning in the striatum and the cortex and 

extending to other subcortical brain regions. A number of mouse models expressing 

full-length mutant htt (mhtt) or truncated mhtt fragments were developed for 

therapeutic studies and to better understand the pathogenesis of HD. However, 

mouse models are limited for studying certain functional and behavioural aspects of 

the disease, which are better mirrored in rats. Therefore, rat models have made 

substantial contributions to our understanding of biological function and behaviour. 

The major objectives of this thesis were: 

• To generate and characterize two HD transgenic rat lines that express fl-mhtt 

(BACHD rats) with different protein expression levels. 

• To determine whether BACHD rats recapitulate symptoms and pathological 

changes as seen in HD patients. 

• To develop a standard protocol for subsequent preclinical therapy trials in 

these rats.  

• To potentially uncover yet unknown neuropathological abnormalities in HD 

using these rat models.  

• To provide further disease-relevant insights allowing new strategies for 

therapeutical approaches. 

The findings demonstrate that BACHD transgenic rats display a robust, early-onset 

and progressive HD-like phenotype including motor deficits, impaired cognitive 

function and anxiety-related symptoms as well as metabolic changes. 

Neuropathologically, the distribution of neuropil aggregates and nuclear 

accumulations of N-terminal mutant huntingtin in BACHD rats is similar to that seen 

in HD patients. Neuropil aggregates in the sensorimotor circuitry may be associated 

with motor dysfunction and aggregates in the limbic-based circuitries could be related 

to anxiety changes and thus render this model suitable for the ongoing research in 

how these circuitries are affected in HD. In addition, dark neurons and dark axons 

accompanied by a brain volume reduction in advanced ages reflecting neuronal 

degeneration were observed in BACHD rats. BDNF transcription was down-regulated 

in our BACHD rats, rendering them valuable for understanding mhtt- associated 

transcriptional dysregulations as well as BDNF- mediated treatment of HD.  
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An imbalance in the striosome and matrix compartments in early stages of the 

disease, as well as a reduction of some pre-synaptic proteins and a relative increase 

in the post-synaptic marker PSD-95 in BACHD rats provide new insights into disease 

pathogenesis and may give a new approach to the treatment of HD. 

Overall, the data in this thesis demonstrate robust neuropathological changes in 

addition to the early HD-like phenotype in BACHD rats. Therefore BACHD rats may 

be a valuable model for further understanding the disease mechanism and for 

preclinical pharmacological studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



XI 
 

Table of contents 

Acknowledgements ..................................................................... 1 

Abstract ...................................................................................... IX 

Table of contents ....................................................................... XI 

List of figures ........................................................................... XIV 

List of tables ........................................................................... XVII 

List of abbreviations .............................................................. XVIII 

1. Introduction .............................................................................. 1 

1.1 GENETIC ASPECTS OF HD .......................................................................................................................1 

1.1.1 Inverse correlation between expanded CAG repeat size and age at onset .............................1 

1.1.2 Paternal origin and  juvenile HD ..............................................................................................2 

1.1.3 HD homozygotes .....................................................................................................................3 

1.1.4 Mosaicism in HD ......................................................................................................................3 

1.1.5 Modifier genes in HD ...............................................................................................................4 

1.2 CLINICAL DESCRIPTION OF HUNTINGTON DISEASE .......................................................................................4 

1.3 NEUROPATHOLOGY OF HUNTINGTON DISEASE ...........................................................................................5 

1.3.1 Selective neuronal loss in HD brain .........................................................................................5 

1.3.2 Aggregates of N-terminal htt in HD brain ...............................................................................9 

1.4 BIOLOGICAL FUNCTION OF THE HUNTINGTIN PROTEIN ..................................................................................9 

1.4.1 Huntingtin influences neuronal gene transcription ...............................................................10 

1.4.2 Huntingtin as an essential integrator of intracellular vesicular transport ............................11 

1.4.3 Function of huntingtin at the synapse ...................................................................................11 

1.4.4 Neuroprotective properties of wild-type htt ..........................................................................12 

1.5 PROTEOLYSIS, AGGREGATION AND DEGRADATION OF MUTANT HUNTINGTIN ..................................................14 

1.5.1 Proteolysis of huntingtin .......................................................................................................14 

1.5.2 Aggregation of mutant huntingtin ........................................................................................15 

1.5.3 Degradation of mutant huntingtin ........................................................................................16 

1.6 EXCITOTOXICITY IN HD........................................................................................................................17 

1.7 ENERGY METABOLISM IN HUNTINGTON DISEASE.......................................................................................18 

1.8 MITOCHONDRIAL DYSFUNCTION AND OXIDATIVE STRESS IN HUNTINGTON DISEASE ..........................................21 

1.9 THERAPEUTIC STRATEGIES ....................................................................................................................23 

1.10 ANIMAL MODELS OF HUNTINGTON DISEASE ..........................................................................................24 

1.10.1 Knock-out HD models ..........................................................................................................24 

1.10.2 Huntington knock-in mouse models ....................................................................................24 

1.10.3 HD mouse models expressing truncated fragments of mhtt ...............................................25 

1.10.4 HD models expressing full-length mhtt ...............................................................................26 

1.10.5 Large-animal HD transgenic models ...................................................................................27 

1.10.6 Transgenic rat model for HD ...............................................................................................28 

2. OBJECTIVES OF THIS STUDY ....................................................................................................................31 

3. MATERIALS AND METHODS ....................................................................................................................32 

3.1 MATERIALS .......................................................................................................................................32 

3.1.1 Oligonucleotides ....................................................................................................................32 

3.1.2 Enzymes and kits ...................................................................................................................33 

3.1.3 Gels and buffers ready to use ................................................................................................34 

3.1.4 DNA and protein markers ......................................................................................................34 

3.1.5 Membranes and papers ........................................................................................................34 



XII 
 

3.1.6 Antibodies ............................................................................................................................. 34 

3.1.7 Buffers and solutions ............................................................................................................ 36 

3.1.8 Regularly used equipment and chemical reagents ............................................................... 37 

3.2 METHODS ....................................................................................................................................... 40 

3.2.1 Generation of transgenic rats ............................................................................................... 40 

3.2.2 RNA analysis ......................................................................................................................... 43 

3.2.3 Protein analysis..................................................................................................................... 45 

3.2.5 TUNEL staining ..................................................................................................................... 48 

3.2.6 Behavioural assessment ....................................................................................................... 49 

3.2.7 Statistical analysis ................................................................................................................ 52 

4. Results ....................................................................................54 

4.1 GENERATION AND ESTABLISHMENT OF BACHD RATS ............................................................................... 54 

4.1.1 BACHD construct................................................................................................................... 54 

4.1.2 Genotyping of BACHD rats .................................................................................................... 54 

4.1.3 Analysis of mRNA and protein expression in BACHD rats ..................................................... 56 

4.1.4 Stable CAG repeat number in BACHD rats ............................................................................ 58 

4.1.5 Sequencing of the construct ................................................................................................. 59 

4.1.6 Alternative splicing variants of mutant human huntingtin in BACHD rats ........................... 60 

4.3 BEHAVIOUR STUDY............................................................................................................................. 61 

4.3.1 Early-onset progressive motor deficits in BACHD rats .......................................................... 61 

4.3.2 Emotional changes in BACHD rats ........................................................................................ 65 

4.3.3 BACHD rats show a cognitive deficit in a simple swimming test .......................................... 67 

4.3.4 Early cognitive decline in the Skinner Box tests .................................................................... 69 

4.4 METABOLIC DISTURBANCES IN BACHD TRANSGENIC RATS OVER-EXPRESSING FULL-LENGTH MUTANT HUNTINGTIN74 

4.4.1 Body weights and body composition in BACHD rats ............................................................. 74 

4.4.2 Changes in metabolism related factors detected by PhenoMaster system .......................... 75 

4.5 HUNTINGTIN AGGREGATES INCREASE OVER TIME AND ARE WIDELY DISTRIBUTED IN BACHD RATS ..................... 80 

4.6 IMBALANCE OF STRIOSOME AND MATRIX COMPARTMENTS IN EARLY DISEASE STAGES IN BACHD RATS ............... 84 

4.7 ANALYSIS OF APOPTOSIS IN BACHD RATS .............................................................................................. 85 

4.7.1 TUNEL assay and anti-PARP staining .................................................................................... 85 

4.7.2 Analysis of caspase activity in BACHD rats ........................................................................... 86 

4.7.3 Analysis of calpain activation and spectrin cleavage ........................................................... 88 

4.7.4 Assessment of neuronal architecture (number, morphology and organization of neurons) in 

BACHD rat brains ........................................................................................................................... 91 

4.7.5 Reduction in cross-sectional thickness of axon bundles in the striatum ............................... 93 

4.8 ANALYSIS OF GLIOSIS IN BACHD RATS ................................................................................................... 94 

4.8.1 Analysis of microgliosis ......................................................................................................... 94 

4.8.2 Analysis of astrocyte regulation ........................................................................................... 97 

4.9 ANALYSIS OF PROTEIN CHANGES IN A CONSEQUENCE OF HTT AGGREGATION .................................................. 99 

4.9.1 Soluble mutant huntingtin and endogenous rat huntingtin ................................................. 99 

4.9.2 Huntingtin-associated protein 1 ......................................................................................... 101 

4.9.3 Brain-derived neurotrophic factors .................................................................................... 101 

4.10 CHANGES OF SYNAPTIC PROTEINS ..................................................................................................... 102 

5. Discussion ............................................................................ 105 

5.1 ADVANTAGES OF BACHD RATS ......................................................................................................... 105 

5.1.1 Generation of BACHD transgenic rats ................................................................................ 105 

5.1.2 BACHD rats express splicing variants of HTT as observed in humans................................. 106 

5.1.3 Comparable body weight in BACHD rats and WT controls excludes body weight as a 

confounding factor in behavioural tests ...................................................................................... 106 



XIII 
 

5.2 DELIBERATION ON EXPERIMENTAL DESIGNS .......................................................................................... 108 

5.2.1 Rotarod tests ...................................................................................................................... 108 

5.2.2 Skinner box tests................................................................................................................. 111 

5.2.3 Simple swimming tests ....................................................................................................... 112 

5.2.4 PhenoMaster ...................................................................................................................... 113 

5.3 EARLY ONSET OF MOTOR DYSFUNCTION AND HYPOKINESIA IN BACHD RATS ............................................... 113 

5.4 REDUCED ANXIETY-LIKE BEHAVIOR IN BACHD RATS ............................................................................... 116 

5.5 AGGREGATION AND INTRANUCLEAR ACCUMULATION OF MHTT IN BACHD RATS.......................................... 118 

5.5.1 Regional and subcellular distribution of mhtt aggregates in BACHD rat brains ................ 118 

5.5.2 Association of mhtt aggregates with neurodegeneration ................................................. 119 

5.5.3 Intranuclear accumulation of N-terminal mhtt .................................................................. 122 

5.5.4 Soluble mhtt in BACHD rats ................................................................................................ 123 

5.6 CELL DEATH IN BACHD RATS ............................................................................................................ 123 

5.7 IMBALANCE OF STRIOSOME AND MATRIX COMPARTMENTS ...................................................................... 127 

5.8 METABOLIC CHANGES IN BACHD RATS ............................................................................................... 128 

6. Conclusion and outlook ...................................................... 133 

7. References ........................................................................... 136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



XIV 

 

List of figures  

Figure 1.1: Reverse correlation of age at onset and CAG repeat length22222222222222.2 

Figure 1.2: Cumulative frequency of age at onset in offspring of affected mothers compared with 

offspring of affected fathers222222222222222222222222222222222.3 

Figure 1.3: Gross pathology of HD222222222222222222222222222222.6 

Figure 1.4: Schematic representation of basal ganglia pathway22222222222222222...7 

Figure 1.5: Model of huntingtin aggregation described by Thakur and colleagues222222222..15 

Figure 1.6: Toxic function of mhtt222222222222222222222222222222.20 

Figure 1.7: A schematic diagram of the mitochondrial respiratory chain with its subcomplexes222...22 

Figure 3.1: Primer design for the analysis of BDNF mRNA2222222222222222222.44  

Figue 3.2: Working flow of sectioning rats brain in the company NeuroScience Associates22222.47 

Figure 3.3: Skinner Box set up2222222222222222222222222222222..52 

Figure 4.1: Schematic representation of the BACHD construct22222222222222222..54 

Figure 4.2: PCR results from a screen of 155 rat pups22222222222222222222.255 

Figure 4.3:  Three lines were found to have only a fragment of the mutant human huntingtin geneJJ55 

Figure 4.4: Relative quantification of transgenic copy numberJJJJJJJJJJJJJJJJJJ56 

Figure 4.5: Western Blot analysis of mutant huntingtin (mhtt) expression in different transgenic lines and 

compared to a BACHD mouse2222222222222222222222222222222..57  

Figure 4.6: Comparison of copy number of BAC insertion22222222222222222...2257 

Figure 4.7: Western blot analysis of mhtt expression in various brain regions22222222222.58 

Figure 4.8: Stable polyglutamine repeat length in BACHD transgenic rats222222222222...59 

Figure 4.9: Both protein-encoding variants of htt mRNA22222222222222222222..60 

Figure 4.10: Motor function analysis of BACHD rat lines TG5 and TG9 using rotarod test22222263 

Figure 4.11: Impaired acquisition of new motor skill in BACHD rats222222222222222..63 

Figure 4.12: Footprint analysis2222222222222222222222222222222..64 

Figure 4.13:  Hind limb clasping in BACHD transgenic rats at 3 weeks of age2222222222265 

Figure 4.14: Emotional changes in BACHD rats22222222222222222222222266 

Figure 4.15: Social interaction screening22222222222222222222222222267 

Figure 4.16: Initial simple swimming test at 4 months of age222222222222222222..68 

Figure 4.17: Repeated simple swimming test at 6 months of age2222222222222222..69 

Figure 4.18: Body weight screening  and of rats during Skinner Box tests and Percentage of rats 

receiving 100 pellets in the acquisition stage.222222222222222222222222271 

Figure 4.19: Correct responses of rats during acquisition stage22222222222222222.71 



XV 

 

Figure 4.20: Correct responses of rats during reversal stage222222222222222222..72 

Figure 4.21: Number of lever pushes in different learning stages2222222222222222..73 

Figure 4.22: Comparison of body weights of BACHD rats and WT littermates22222222222.74 

Figure 4.23: Body composition22222222222222222222222222222...2..75 

Figure 4.24: Similar circadian pattern of ambulatory and rearing activity in BACHD and wild type rats..76 

Figure 4.25: Reduced food consumption and locomotor activity in BACHD rats2222222222.77 

Figure 4.26: Reduced oxygen consumption, heat and RER 222222222222222222..78 

Figure 4.27: Time course of oxygen consumption, heat and RER measurements over a period of 3 days 

at 18 months of age22222222222222222222222222222222222278 

Figure 4.28:  Mutant htt S830 immunoreactivity is widely distributed in different layers of cerebral cortex 

22222222222222222222222222222222222222222222281 

Figure 4.29:  Mutant htt immunoreactivity is widely distributed in limbic structures in BACHD rats22.82 

Figure 4.30: Summary of aggregates distribution in BACHD rats brain at 12 months of age2222283 

Figure 4.31: Spatio-temporal accumulation of mhtt2222222222222222222222...83 

Figure 4.32: Nuclear accumulation of N-terminal mhtt in BACHD transgenic rats at 12 months of age..84 

Figure 4.33: Striosome abnormalities in the striatum of BACHD rats22222222222222.285 

Figure 4.34: TUNEL assay in BACHD rats at 18 months of age2222222222222222.286 

Figure 4.35: Caspase-3 immunohistological staining222222222222222222222287 

Figure 4.36: Activated caspase-3 detected via western blotting22222222222222222.87 

Figure 4.37: Immunofluorescence staining of calpain-2 and calpain-102222222222222....89 

Figure 4.38: Western blot analysis of calpain-2 and calpain-10 in striatum222222222222..90 

Figure 4.39: Western Blot analysis of spectrin cleavage22222222222222222222..90 

Figure 4.40: Staining of brain sections with thionine reveals a normal brain architecture in BACHD 

transgenic rats at 12 months of age22222222222222222222222222222.91 

Figure 4.41: Staining of brain sections with anti-NeuN reveals a normal brain architecture and neuron 

density in BACHD transgenics2222222222222222222222222222222..92 

Figure 4.42: Axonal change in BACHD rats at young and old ages222222222222222...93 

Figure 4.43: Immunochemistry staining using anti-Iba122222222222222222222...94 

Figure 4.43: Immunochemistry staining using anti.ferritin2222222222222222222295 

Figure 4.45: Western blot probed using anti- Iba-1 and anti-ferritin222222222222222296 

Figure 4.46:  Immunohistochemical analysis of astrocytes using anti-GFAP22222222222..98 

Figure 4.47:  Large variability of GFAP expression levels in rats of the same genotype222222298 

Figure 4.48:  Western blot quantification of GFAP expression level222222222222222.99 

Figure 4.49:  Western blot detection of soluble mhtt and wt-htt in cortical brain lysates of BACHD rats at 

different ages 22222222222222222222222222222222222222100 



XVI 
 

Figure 4.50:  Western blot detection of HAP1 in the cortex22222222222222222......101 

Figure 4.51: Quantification of BDNF using real-time PCR2222222222222222222.102 

Figure 4.52:  Synapse protein markers were assessed in BACHD transgenic rats22222222...103 

Figure 4.53:  NMDAR2B is decreased in BACHD transgenics in the striatum2222222222...104 

Figure 5.1: Progression of various phenotypes in BACHD TG5 rats222222222222222107 

Figure 5.2: Comparison of performance on rotarod and body weight between BACHD and tgHD 

rats222222222222222222222222222222222222222222...109 

Figure 5.3: The network of all the brain regions involved in motor coordination2222222222115 

Figue 5.4: The afferent projections of the amygdala222222222222222222222...118 

Figure 5.5: Neurodegeneration and subcellular localization of mhtt aggregates in TG5 brains222..121 

Figure 5.6: Progressive brain volume reduction is seen in aged BACHD rats using ex vivo MRI22...122 

Figure 5.7: Organization of patch-matrix compartments in corticostriatal and striatonigral pathways2128 

Figure 5.8:  Plasma IGF-1 and leptin levels in BACHD rats in comparison to WT 222222222129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



XVII 
 

List of tables 

Table 1.1: Neurodegeneration observed in HD patients222222222222222222222.6 

Table 1.2:  Advantages and disadvantages in different HD animal models222222222222..30 

Table 3.1: Oligonucleotides used for DNA analysis2222222222222222222222..32 

Table 3.2: Oligonucleotides used for mRNA analysis222222222222222222222...33 

Table 3.3: Enzymes and kits used22222222222222222222222222222233 

Table 3.4: Primary antibodies and secondary antibodies used for Western blot (WB), 

immunohistochemistry (IHC) and immunoflorescence (IF)2222222222222222222..34 

Table 3.5: Secondary Antibodies used for Western blot (WB), immunohistochemistry (IHC) and 

immunoflorescence (IF)2222222222222222222222222222222222..35 

Table 3.6: Regularly used equipment2222222222222222222222222222..37 

Table 3.7: Regularly used chemical reagents222222222222222222222222237 

Table 3.8: Standard PCR for genotyping22222222222222222222222222240  

Table 3.9: Reaction Mix for TagMan PCR with a total volume of 20 µl22222222222222..41 

Table 3.10: Thermo-cycler program for TagMan PCR222222222222222222222..41 

Table 3.11: Sequencing reaction222222222222222222222222222222..42 

Table 3.12: Reaction mix (total 10 µl each sample) for SYBR Green real-time PCR22222222..43 

Table 3.13: Thermo-cycler program for SYBR Green real-time PCR222222222222222.43 

Table 3.14: Composition of separating and stacking gel22222222222222222222..45  

Table 3.15: Several series of brain sections were used for immonohistological staining2222.22..47 

Table 3.1: Primary basic healthy screen in BACHD ratsJJJJJJJJJJJJJJJJJJJJ..59 

Table 5.1: The number of rats using backwards jumping strategy2222222222222..22.111 

Table 5.2: The age of onset in motor functions alterations in different HD animals models22222.114 

Table 5.3: Changes in glucose and lipids in serum2222222222222222222222.129 

Table 5.4: Disturbed metabolism homeostasis in BACHD rats in comparison to other HD rodent 

models22222222222222222222222222222222222222222.130 

 

 

 

 

 

 

 



XVIII 
 

List of abbreviations 

8OH2´dG 8-hydroxy-2’deoxy-guanosine 

24-OHC 24-hydroxycholesterol 

Ac anterior commissure 

Acb nucleus accumbens 

AbcC nucleus accumbens core 

ADP adenosine diphosphate 

Amg amygdala 

ANOVA analysis of variance 

APP amyloid precursor protein 

ATP adenosine triphosphate 

BAC bacterial artificial chromosome 

BBB brain-blood barrier 

BDNF Brain-derived neurotrophic factor 

BNST stria terminalis 

BP binding potential 

BSTpi posterointermediate bed nucleus of stria terminals 

BT biotinylated tyramine 

CBP CREB binding protein 

CMC cingulate motor cortex 

CPu caudate putamen 

Crb cerebellum 

CSF cerebrospinal fluid 

Ctx cortex 

DAB 3,3'-diaminobenzidine 

DAPI 4' 6-diamidino-2-phenylindole 

DARPP-32 Dopamine- and cyclic-AMP-regulated phosphoprotein 

of molecular weight 32,000 

DA dark degenerated neurons 

De neuronal dendrites 

DG dentate gyrus 

DNA Deoxyribonucleic Acid 

DRP1 dynamin-related protein-1 

DT dark terminals 

ELISA Enzyme-linked immunosorbent assay 

ER endoplasmic reticulum 

FDG Fluor-18-Deoxyglucose: glucose metabolism 

FeS iron-sulphur 

GAPHD glyceraldehydes-3-phosphate dehydrogenase 

GP globus pallidus 

GPe gloubus pallidus external segments 

GPi gloubus pallidus internal segments 

GTP Guanosintriphosphat 

HAP1 Huntingtin-associated protein 1 



XIX 

 

Hc hippocampus 

HD  Huntington disease 

HIP1 Huntingtin interacting protein 1 

HIPP1 HIP1 protein interactor  

HMG-CoAR 3-hydroxy-3-methyl-glutaryl-CoA reductase 

HTT gene encoding htt 

htt huntingtin  

HRP Horseradish peroxidase 

IGF-1 Insulin-like growth factor 1 

IF immunoflorescence 

IHC immunohistochemistry 

IHD infantile HD 

JHD juvenile HD 

InsP3R1 type 1 inositol (1,4,5)-trisphosphate receptor 

i.p. Intraperitoneal injection 

kb kilobase 

kDa kilodalton 

KI knock in  

KO knock out  

LS lateral septum 

LTP long-term potentiation 

M1 primary motor cortex 

MBP Myelin Basic Protein 

MEF mouse embryonic fibroblast 

MF mossy fiber 

Mhtt mutant huntingtin  

MRI Magnetic resonance imaging 

MRS magnetic resonance spectroscopy 

MSNs medium spiny neurons 

NIIs nuclear inclusions 

NMDA N-methyl-D-aspartate 

NMDAR2 NMDA type 2 receptor 

NMDAR2B NMDA type 2B receptor  

NES nuclear export signal 

NLS nuclear localization signal 

NRSF neuronal restrictive silencing factor 

PARP poly (ADP-ribose) polymerase 

PCA principal component analysis 

PCR Polymerase Chain Reaction 

PD Parkinson disease 

PDe pallidal dendrites 

PET positron emission tomography 

PGC-1α  PPARγ coactivator-1α 

PI3K phosphoinositide 3-kinase 

PMC premotor cortex 



XX 

 

PPARγ proliferator activated receptor-γ 

PSD-95 postsynaptic density protein 95 

Q glutamine 

RNA Ribonucleic acid 

PARP anti-poly (ADP-ribose) polymerase 

ROI region of interest 

RH humidity 

RER respiratory exchange ratio 

REST repressor element-1 transcription factor 

SCA spinocerebellar Ataxia 

SEM standard error of the mean 

SLu stratum lucidum 

SMA supplementary motor area  

SNr substantia nigra pars reticulate 

SNc substantia nigra pars compacta 

SOD superoxide dismutase 

SP1 specific protein 1 

SPRD Sprague-Dawley 

STN subthalamic nucleus 

SUV standard uptake volume 

TBP TATA-binding protein 

TAFII  TBP-associated factor 

TG5 transgenic line 5 

TG9 transgenic line 9 

 

TUNEL terminal deoxynucleotidyl transferase-mediated dUTP 

nick end-labeling 

UPS ubiquitin-proteasome system 

WB western blot 

WT wild type 

YAC yeast artificial chromosome 

 



INTRODUCTION 

1 

 

1. Introduction  

Huntington disease (HD) is an autosomal dominant inherited, progressive 

neurodegenerative disorder caused by an expansion of CAG triplet repeats in the 

gene encoding the huntingtin (htt) protein (Harper, 1991). HD commonly manifests in 

adulthood with usually an onset between ages of 35 and 55 years (Huntington 1872).   

Despite of the world wide distribution, the prevalence of HD differs geographically 

accounting for 5 per 100 000 in the western population including Europe and America 

and 0.1-0.5 per 100 000 in Asian populations including China and Japan (al-Jader et 

al., 1992; Leung et al., 1992; Chang et al., 1994; Al-Jader et al., 2001). 

1.1 Genetic aspects of HD 

1.1.1 Inverse correlation between expanded CAG repeat size and age at onset  

HD is an autosomal dominant inherited disease. Expansions of the CAG repeat  

(>38) in exon 1 of the gene encoding htt (HTT) were first discovered in 1993 and 

represent to date the sole genetic cause of the disease (The Huntington's Disease 

Collaborative Research Group, 1993). The HTT gene comprises of 67 exons and is 

located on the short arm of chromosome 4 at position 4p16.3. Two of 13 splice 

variants encode proteins with a size of 3,142 and 112 amino acids, respectively. The 

350 kDa isoform is ubiquitously expressed with higher levels in brain tissue and testis 

(Sharp et al., 1995). The small isoform lacking the polyQ stretch was not well studied. 

Interestingly, the majority of HD pathological changes have been found in the central 

neuron system, especially the selective vulnerability in the striatum.  

The expansion of CAG repeats has been clearly identified as genetic cause of HD in 

1993. However, the upper range of normal alleles is reported to vary from 30 to 39 

repeats (Andrew et al., 1993; Myers et al., 1993; Zuhlke et al., 1993). Alleles with 30-

38 CAG repeats have been termed intermediate alleles, which possess a CAG 

repeat range between that observed in general population and HD patients without 

HD expression (Goldberg et al., 1993; Myers et al., 1993). Alleles with 36-39 CAG 

repeats show a reduced penetrance in comparison to those with 40 or more repeats 

(McNeil et al., 1997). Nervertherless, numerous studies focused on the influence of 

CAG repeat length on disease phenotype. One major outcome is the strong inverse 

correlation between CAG repeat length and the age of onset (Figure 1.1), patients 

with juvenile Huntington disease (JHD), or early-onset HD usually carry a large 
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number of CAG repeats than individuals with adult-onset HD (Andrew et al., 1993; 

Norremolle et al., 1993). The correlation of CAG repeat length and the severity of 

symptoms was studied as well. It seems that the CAG length influences the severity 

of symptoms only in the early stages of the disease but not at later stages (Foroud et 

al., 1995; Siemers et al., 1996). No correlation of CAG repeat length and disease 

progression have been reported, while a clear relation between CAG length and the 

degree of pathology was revealed in several studies (Penney et al., 1997; Becher et 

al., 1998). 

  

1.1.2 Paternal origin and  juvenile HD 

Although HD is autosomal inherited, parental transmission shows an effect on age at 

onset. The first observation was reported by Bruyn that most juvenile and patients 

with early-onset were descendents of an affected father (GW, 1968). Further detailed 

analysis revealed that affected children displayed an 8-year earlier age at onset in 

paternally transmitted cases. In contrast, only an approximately 1.4-years earlier age 

at onset in maternally transmitted cases was observed (Conneally, 1984). A later 

study with 254 parent-child pairs of HD patients showed a similar proportion of small 

increase in CAG repeat number (<7 repeats) in transmission by both sexes, however 

a huge difference in frequency of large increase (> 7 repeats, 21.0% in paternal 

transmission, 0.7% in maternal transmission) (Kremer et al., 1995). 

 

 

Figure 1.1: Reverse correlation of age 
at onset and CAG repeat length. The 
plot shows data points from 1,200 HD 
subjects of known age at neurologic 
onset. For each individual, the measured 
CAG repeat length in blood DNA (x-axis) 
is plotted against age at neurologic onset 
(y-axis). The line represents the best-fit 
simple logarithmic regression to the data. 
The CAG repeat length accounts for 
approximately 67% of the overall variation 
in age at neurologic onset, and the 
remaining variation shows a heritability of 
approximately 0.56. (from James F 
Gusella and Marcy E MacDonald, 2009) 
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1.1.3 HD homozygotes 

The clinical features and age at onset were also compared between homozygotes 

and heterozygotes in the affected families. There was no difference in these between 

siblings with one or two affected alleles (Wexler et al., 1987; Durr et al., 1999). In 

transgenic mice carrying 150 CAG repeats, earlier onset of symptoms and 

pathological changes were found in homozygous animals compared to heterozygous 

littermates (Lin et al., 2001). However a recent report shows no difference in the 

onset of the disease in Htt knock-in mice with 140 CAG having one or two copies of 

the mutant gene (Rising et al., 2011).  

 

1.1.4 Mosaicism in HD  

Mosaicism is another genetic aspect in CAG repeat diseases including HD. During 

DNA replication, hairpin structure formation by DNA polymerase slippage at CAG 

repeat either thenascent strand or the template strand results in an expansion or 

contraction of CAG stretches (Mirkin, 2006; Mirkin, 2007). This mechanism explains 

the basis of germline instability in trinucleotide repeats (TNR). In contrast, somatic 

instability is generally related to the operations of other processes on the level of the 

DNA. One remarkable study has reported that the lacking of the mismatch repair 

gene Msh2 caused a reduction of trinucleotide expansion in mutant HTT exon1 

transgenic mice. This suggested that the expansion of CAG stretch takes place 

during gap-filling synthesis when DNA loops formed by the CAG repeats sequence 

are sealed into the DNA strand (Manley et al., 1999). In both HD patients and 

transgenic mice, the greatest somatic instability has been found in the striatum 

(Telenius et al., 1993; Aronin et al., 1995; Kennedy and Shelbourne, 2000).  

 

Figure 1.2: Cumulative frequency 

of age at onset in offspring of 

affected mothers compared with 

offspring of affected fathers. (from 

Conneally et al., 1984) 
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1.1.5 Modifier genes in HD  

Although several studies revealed an inverse correlation between the number of 

CAG repeats and the age at onset, it remains unclear, why HD patients carrying the 

same repeat length sometimes have a huge variation in the age at onset. Thus, other 

modifying factors, especially genetic modifiers influencing the age at onset of HD 

symptoms evoked the scientists’ attention. Several studies have focused on genes 

encoding proteins, which are involved in HD pathogenesis. Positive results have 

been reported in processes and/or pathways of glutamate transmission (MacDonald 

et al., 1999; Cannella et al., 2004), protein degradation (Naze et al., 2002; Metzger et 

al., 2010), gene transcription (Holbert et al., 2001; Chattopadhyay et al., 2005) as 

well as energy metabolism (Taherzadeh-Fard et al., 2010; Che et al., 2011). These 

studies will be extended in the coming years and potentially contribute to uncovering 

the HD pathogenesis.  

1.2 Clinical description of Huntington disease  

Clinical features of HD can be divided in three major subgroups: motor deficits, 

cognitive decline and psychiatric disturbances (Vonsattel and DiFiglia, 1998).  

The most prominent aspect in loss of motor function is the development of chorea, 

which gave the disease its initial name “Huntington’s chorea”. Chorea is defined by 

excessive spontaneous movements, which occur abrupt and in a random temporal 

pattern. They cannot be suppressed voluntarily.  Chorea occurs in over 90 percent of 

HD patients, increasing at early stages of the disease but tending to disappear in 

progressed stages. A further component adding to the movement defects observed 

in patients is the progressive decline of voluntary movements, which appear 

gradually at the beginning and dominant in advanced stages of the illness. The 

prominent features are bradykinesia (slowness of movement), all patients develop 

hypokinesia, akinesia, and rigidity. Dystonia, characterized by slow abnormal 

movements and posturing with increased muscle tone, may be the first sign of HD 

patients passing on towards advanced stages of the disease. During the course of 

disease, some patients display speech (dysarthria) and swallowing (dysphagia) 

abnormalities. Gait disturbances and oculomotor disturbances (eye movements) are 

also present in HD patients,  specifically on the early onset HD which do not manifest 

with chorea but rather spasticity. 
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Cognitive decline is a further major sign observed in HD. It can appear prior to the 

onset of motor symptoms or mild in advanced stages of the illness. Many studies 

have revealed that HD patients have difficulties in the performance in tasks involving 

multiple cognitive domains such as strategy shifting (Lawrence et al., 1999), episodic 

memory (Caine et al., 1977; Butters et al., 1978; Moses et al., 1981), as well as 

executive functions (organization, regulation and perception) and mental flexibilities 

(Norton, 1975; Josiassen et al., 1983; Butters et al., 1985). The most common 

cognitive impairment is a difficulty in performing tasks requiring a shift in strategy, 

which is typically involved in the hierarchy of inhibitory and attentional mechanisms, 

which is controlled by the striatum (Sutherland and Mackintosh, 1971).  

HD patients also exhibit psychiatric disturbances, frequently observed in early 

disease stages, often prior to the onset of motor symptoms. The most frequent 

neuropsychiatric feature is depression followed by secondary symptoms comprising 

anxiety, guilt feelings and apathy.  Apathy is related to the disease stage, depression 

and anxiety are not. It seems that non-neurological factors play a prominent role in 

depression and anxiety symptoms rather than in the pathophysiology of motor and 

cognitive disorder. Compulsion leading to irritability and aggression, psychosis as 

well as hyper-sexuality in early stages and hypo-sexuality in later stages is also 

present in HD patients (Craufurd and Snowden 2002). 

Weight loss has been reported as an additional secondary symptom in all patients 

being not associated with the movement disorder. This suggests a connection of the 

disease with metabolism defects throughout the body or loss of neurons in the 

hypothalamus regulating metabolism (van der Burg et al., 2008). Furthermore, sleep- 

and circadian rhythm disturbances as well as autonomic disturbances have also 

been observed in HD patients (Morton et al., 2005). 

1.3 Neuropathology of Huntington disease  

1.3.1 Selective neuronal loss in HD brain   

The hallmark of HD neuropathology is initial striatal atrophy, which expands at later 

stages to the cerebral cortex and other subcortical brain regions (Bruyn, 1979; 

Vonsattel et al., 1985). Interestingly, neuropil and nuclear huntingtin (htt) aggregates 

are abundantly observed in the cortex, but only sparsely seen in the striatum of HD 

affected brains (Gutekunst et al., 1999; Kuemmerle et al., 1999).  
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Gross pathology shows a reduction of size and weight in HD patient brains, occurring 

in both gray and white matter

cerebellum, and also the brainstem and spinal cord. Especially in the neostriatum, 

gross atrophy arises in caudate nucleus and putamen with the caudate nucleus 

shrinking to a thin rim of tissue (Figure 1.

 

Table 1.1: Neurodegeneration observed in HD patients

Brain region Neuron loss observed

neostriatum more than 90% in grad

globus pallidus 40% 

subthalamus 25% 

Substantia nigra 45% 

neocortex 10-55% within various regions

hypothalamus up to 90% in lateral tuberal nucleus

oxytocin-expressing neuron, 

vasopressin-expressing neurons

thalamus 55% in the centromedial

complex  

hippocampus 35% in CA1 

cerebellum  

brainstem  

By using quantitative microscopy, neuron cell death was observed in many different 

brain regions starting in the neostriatum 

cortex and other basal ganglia region. The severity of HD pathology is divided into 5 

grades (0-4) correlating with clinical stages, up

Gross pathology shows a reduction of size and weight in HD patient brains, occurring 

in both gray and white matter in the cerebral hemispheres, the diencephalon, the 

cerebellum, and also the brainstem and spinal cord. Especially in the neostriatum, 

gross atrophy arises in caudate nucleus and putamen with the caudate nucleus 

shrinking to a thin rim of tissue (Figure 1.3). 

 

Table 1.1: Neurodegeneration observed in HD patients 

Neuron loss observed Reference

ore than 90% in grade 4  (Vonsattel et al., 1985, 

Bruyn, 1981) 

(Lange et al., 1976) 

(Lange et al., 1976) 

(Ferrante et al., 1987; Oyanagi

al., 1989) 

ithin various regions (Macdonald et al., 1997; Thu

2010) 

up to 90% in lateral tuberal nucleus, 45% in 

expressing neuron, 24% in 

expressing neurons 

(Kremer, 1992; Gabery

55% in the centromedial-perafasicular (TCP) (Heinsen et al., 1996) 

(Spargo et al., 1993) 

(Jeste et al., 1984) 

(Roos et al., 1986) 

 

ive microscopy, neuron cell death was observed in many different 

brain regions starting in the neostriatum (Heinsen et al., 1994), and spreading to 

cortex and other basal ganglia region. The severity of HD pathology is divided into 5 

4) correlating with clinical stages, up to 50% neuron loss has been 

Figure 1.3: Gross pathology of HD.

image of HD brain (left) and an age-matched
control (right). Note the marked atrophy in caudate 
nucleus (Cd), and putamen (Pt) resulting 
lateral ventricle (Vt), cortical atrophy and white mater 
loss in HD brain. (modified according to  

http://naota.medgen.iupui.edu/hdrosternew/AboutHD/brai
nAndHD.asp) 

 

Gross pathology shows a reduction of size and weight in HD patient brains, occurring 

in the cerebral hemispheres, the diencephalon, the 

cerebellum, and also the brainstem and spinal cord. Especially in the neostriatum, 

gross atrophy arises in caudate nucleus and putamen with the caudate nucleus 

Reference 

Vonsattel et al., 1985, Bots and 

, 1987; Oyanagi et 

, 1997; Thu et al., 

(Kremer, 1992; Gabery et al., 2010) 

 

 

ive microscopy, neuron cell death was observed in many different 

, and spreading to 

cortex and other basal ganglia region. The severity of HD pathology is divided into 5 

to 50% neuron loss has been 

Figure 1.3: Gross pathology of HD. Macroscopic 
matched normal 

control (right). Note the marked atrophy in caudate 
 in an enlarged 

, cortical atrophy and white mater 

medgen.iupui.edu/hdrosternew/AboutHD/brai
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detected in HD brains of grade 1. In the most severe grade 4, a depletion of more 

than 90% of the striatal neurons is observed (Bots and Bruyn, 1981; Roos et al., 

1985). Numerous studies have reported neurodegeneration in other brain regions in 

HD patients including globus pallidus, subthalamus, substantia nigra as well as 

neocortex, hypothalamus, thalamus and hippocampurs. Neuronal loss has also been 

reported in Purkinje cells in the cerebellum and brainstem (Table1.1). 

In summary, neuron loss occurs predominantly in the basal ganglia, which is strongly 

connected with the cortex and thalamus. Basal ganglia are a group of interconnected 

subcortical nuclei consisting of the striatum (caudate and putamen), globus pallidus 

(internal (GPi) and external (GPe) segments), the substantia nigra (pars reticulate 

(SNr), and pars compacta (SNc)), and the subthalamic nucleus (STN). The major 

excitatory input to the basal ganglia comes from the cerebral cortex, which receives 

its input from the thalamus. Two populations of striatal spiny neurons containing 

either D1-type receptor or D2-type receptor convey the output signal through a direct 

(D1 receptor expressed neuron) or indirect (D2 receptor expressed neuron) pathway 

into GPi and SNr. The bulk arises from GPi and SNr projecting to the thalamus, 

where the signal will be forwarded to the cerebral cortex, the originating region of the 

basal ganglia input. The dopaminergic projection from SNc is the extrinsic modulating 

input to the striatum, which reacts on the striatal output. The direct pathway consists 

of 2 cascades of inhibitory signals, the excitatory signaling of D1 neurons leads to an 

increase of thalamic activity. However the indirect pathway contains 3 cascades of 

inhibitory signals, three times negative effect results in a decrease of activity in the 

thalamus after excitation of D2 neurons in the striatum. The balance of the direct and 

indirect pathway plays an essential role in the striatum-thalamus-cortex circuit. In the 

case of HD, it was suggested that the preferential loss of D2 neuron in the striatum 

results in excitatoxicity affecting the signiling of the whole pathway.   
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Figure 1.4: Schematic representation of basal ganglia pathway under normal condition and in HD 
pathogenesis.  Continued line and dotted line represent excitatory and inbitory signal. The width of 
each line indicates the strength of each signal. Gpe, Globus pallidus external segment; Gpi, globus 
pallidus internal segment; STN, subthalamic nucleus; SNr, substantia nigra pars reticulata; SNc, 
substantia nigra pars compacta. Modified according to (Gutekunst, 2002). 

Notably, GABAergic medium spiny neurons (MSNs) are most affected in the striatum. 

Neuronal cell death has been shown to be driven by both apoptosis and necrosis 

dependent pathways. Structural and ultra-structural observations revealed a dendritic 

remodeling in MSNs (Ferrante et al., 1991), as well as recurving and branching of 

distal dendritic segments and an increase of dendritic spines. Moreover, non-

phosphorylated axonal neurofilaments have been reported to show morphology 

abnormalities and the number of non-phosphorylated neurofilaments is significantly 

reduced in HD brains (Goto and Hirano, 1990).  

In addition to cell loss, neuroinflammation has been observed in HD brain since 

1991. Later reports described the activation of microglia cells in HD in more detail. 

Activation of microglia cells occurs in HD brains in grade 1-4 (Sapp et al., 2001), and 

activated microglia are distributed throughout the neostriatum, neocortex, globus 

palidus, and also in the subcortical white mater. Numbers of microglia cells increase 

with the grade of the pathology. Activated microglia has been observed frequently in 

close proximity to neuron cell bodies containing nuclear aggregates (Sapp et al., 

2001). Several recent studies indicated an activation of microglia in brains of 

presymptomatic HD gene carriers (Tai YF, 2007) and immune activation in plasma 

before clinical onset of HD (Bjorkqvist et al., 2008). 

Recently, astrocytes have been implicated in contributing to the neurodegeneration in 

HD via changing the extracellular environment. Earlier analysis of the function of 

Normal HD 
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astrocytes revealed that expression of mutant htt in mouse astrocytes induced age-

dependent neurological symptoms (Bradford et al., 2009; Bradford et al., 2010), while 

double transgenic mice expressing mhtt in both astrocytes and neurons displayed 

more severe neurological symptoms and earlier death (Bradford et al., 2010). In 

2012, Wang and colleagues could show, that an in vivo expression of a N-terminal 

fragment of mhtt in astrocytes suppresses BDNF transcription and secretion (Wang 

et al., 2012).   

1.3.2 Aggregates of N-terminal htt in HD brain 

Another hallmark of HD pathogenesis is the deposition of mhtt containing nuclear 

inclusions (NIIs) and cytoplasmic aggregates of N-terminal mhtt. After cleavage of 

full-length mhtt the N-terminal fragment of mhtt is released, which interacts with and 

recruits hundreds of other proteins, subsequently forming aggregates in different 

neuronal compartments. These aggregates can be found in every subcellular 

compartment of neurons including the nucleus, perikaryon, dendrites, axons, and 

also the synaptic terminal. The Cortex is the brain region showing aggregates most 

abundantly, especially in layer V and VI (Gutekunst et al., 1999). Less abundance of 

aggregates has been observed in the hypothalamus, thalamus, hippocampus, and 

substantia nigra. Interestingly, aggregates are less common in the striatum where the 

highest degree of neurodegeneration occurs. A lower number of aggregates is also 

present in the molecular and granule cell layers of the cerebellum (Gutekunst et al., 

1999). Nearly all transgenic animal models of HD exhibit aggregates of mhtt. For 

example the R6/2 mice carrying exon 1 of mhtt display predominantly NIIs and the 

YAC mice expressing full-length mhtt present both NII and neuropil aggregates in 

different brain regions (Kosinski et al., 1999; Wang et al., 2008). Numerous 

experiments have been performed to answer the question whether aggregate 

formation correlates with neuron death; however, the answer remains still elusive.     

1.4 Biological function of the huntingtin protein 

Huntingtin is a soluble cytoplasmic protein consisting of 3144 amino acids, which is 

associated with various organelles including the nucleus, Golgi complex, 

endoplasmic reticulum (DiFiglia et al., 1995; Hilditch-Maguire et al., 2000), as well as 

vesicular  structures in neurites and the synapse (Li et al., 2003). 

Huntington disease is an autosomal dominantly inherited disease suggesting a toxic 

gain of function of mhtt. Several experimental evidences have supported this idea  



INTRODUCTION 

10 

 

(Sipione and Cattaneo, 2001) and shown that mhtt initiates the disease with a 

reverse correlation between the number of CAG repeats and the age of onset of HD 

(Andrew et al., 1993; Snell et al., 1993). In contrast, it was also demonstrated that a 

depletion of htt is lethal in the embryonic stage of mice whereas in heterozygous htt 

knock-out (KO) mice, abnormalities in brain development and morphology as well as 

behavioural deficits have been observed (Nasir et al., 1995; Zeitlin et al., 1995). 

Subsequent studies revealed that an increase of wild-type htt in mice leads to 

neuroprotection from apoptosis and excitotoxicity and increased the transcription of 

BDNF (Zuccato et al., 2001). Notably, mhtt is able to rescue wild-type htt KO mice 

from embryonic lethality, indicating an essential function of wild-type htt.  

1.4.1 Huntingtin influences neuronal gene transcription 

In both HD patients and HD animal models, it has been observed that a large number 

of genes are dysregulated in striatum and cortex with the majority of them being 

down-regulated (Hodges et al., 2006; Kuhn et al., 2007; Nguyen et al., 2008). 

Huntingtin is suggested to interact with several proteins involved in the transcription 

process. Mutant htt is able to impair the chromatin folding via interacting with 

chromatin regulation proteins, subsequently interfering transcription (Faber et al., 

1998; Boutell et al., 1999; Steffan et al., 2000). Mutant htt can also dysregulate 

transcription through direct interaction with transcription factors and co-activators, 

this has been particularly well studied with factors such as TBP, CBP, SP1 and TAFII 

(Steffan et al., 2000; Pelton et al., 2002; Goehler et al., 2004).  Furthermore, the 

abnormal interaction of mhtt with members of the transcription machinery can also 

affect the transcription process (Steffan et al., 2000; Zhai et al., 2005).  

The most explicit determination of gene dysregulation is in BDNF transcription. 

Down-regulation of BNDF by mhtt has been demonstrated both in vitro and in vivo 

(Zuccato et al., 2005), while the over-expression of wild-type htt enhanced BDNF 

level in mice (Zuccato, 2001). The proposed underlying mechanism is that wild-type 

htt maintains the REST/NRSF (repressor element-1 transcription factor/neuronal 

restrictive silencing factor) in the cytoplasm, whereas the expression of mhtt results 

in a translocation of REST/NRSF into the nucleus forming a repressor complex, thus 

suppressing the transcription of severall genes including BDNF (Zuccato et al., 

2003).  
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1.4.2 Huntingtin as an essential integrator of intracellular vesicular transport  

It is widely accepted that an altered intracellular axonal transport contributes to HD 

pathologenesis. Wild-type htt plays a role in the intracellular transport by interacting 

with proteins that are involved in protein trafficking, secretory and endocytic 

pathways.  

Huntingtin associated protein 1 (HAP1) was first identified to interact with htt (Li et al., 

1995). HAP1 and htt were shown to bind to the large domain of dynactin P150 

forming a protein complex, which through coupling with the dynein-dynactin complex 

facilitates intracellular trafficking (Li et al., 1998). Increased binding affinity of mhtt to 

HAP1 and P150 compared to wt htt leads to a dissociation of the dynein-dynactin 

microtubule motor complex, eventually impairing axonal transport (Trushina et al., 

2004). Compelling evidence for wild-type htt function in axonal transport was shown 

using striatal neurons of embryonic Htt-/- mice. A dose-dependent effect of wildtype 

htt was observed by comparing homozygous and heterozygous KO animals, which 

revealed a worsening of intracellular trafficking after complete loss of wildtype htt 

(Trushina, 2004). Another example is the transport of BDNF, which has been 

described to be associated with htt during anterograde and retrograde transport. 

Both, in vitro and in vivo analysis showed that modulating wildtype htt levels affects 

the transport of BDNF along axons (Gauthier et al., 2004; Trushina et al., 2004). The 

defective trafficking of other organelles such as mitochondria and the amyloid 

precursor protein (APP) vesicles has also been demonstrated in HD (Li et al., 2001; 

Rong et al., 2006). 

N-terminal htt forms aggregates in the nucleus as well as in the cytoplasm, mainly 

located in axon processes and synaptic terminals. This results in a recruitment of 

soluble htt as well as its interaction partners such as HAP1 and P150, which are the 

keys protein for the axonal transport. In addition, the aggregates in the axon 

processes may cause a mechanic block of vesicle and organelle circulation in 

neurons leading to axonal neurodegeneration (Li et al., 2001).  

1.4.3 Function of huntingtin at the synapse 

Huntingtin also interacts with several proteins implicated in synaptic function. 

Especially the interaction of htt with Huntingtin interacting protein 1 (HIP1) and 

postsynaptic density protein 95 (PSD-95) were studied in more detail.  HIP1 and 

clathrin are essential for the clathrin-mediated coating of vesicles therefore playing 
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an important role in clathrin-mediated endocytosis (Engqvist-Goldstein et al., 1999; 

Mishra et al., 2001; Waelter et al., 2001b). This raised the hypothesis that mhtt 

influences endocytosis via an interaction with HIP1, potentially impairing the recycling 

of synaptic vesicles and trafficking of neurotransmitter receptors. PSD-95 has been 

reported to be associated with htt via an SH3 domain, as well as to interact with the 

NR2 subunit of the NMDA receptor (Sun et al., 2001). An important finding came 

from a mutant mouse model lacking PSD-95. This model displayed an increased 

NMDA dependent long-term potentiation (LTP) accompanied with spatial learning 

abnormalities (Garcia et al., 1998) indicating a key role of PSD-95 in coupling to the 

NMDA receptor in synaptic plasticity and spatial learning. In the presence of mutant 

huntingtin with a prolonged polyQ tract, PSD-95 is less associated with mhtt leading 

to an increased interaction with NMDA2B and subsequent signaling and cell death 

(Sun et al., 2001). Fan and colleagues could verify an enhanced interaction of PSD-

95 and NMDAR2 with increased polyQ length in YAC transgenic mice in vitro. Either 

blocking the binding of PSD-95 to NMDA2B or knock-down of PSD-95 by siRNA 

resulted in a reduction of NMDA expression on the cell surface and reduced 

susceptibility to excitotoxicity (Fan et al., 2009).  

1.4.4 Neuroprotective properties of wild-type htt 

The first observation that wildtype htt protects neurons from cell death originated 

from a study indicating that an increased apoptosis and embryonic lethality occurs in 

htt KO mice (Zeitlin et al., 1995). Another important finding was reported by White 

and colleagues. The experiment used HdhneoQ50 and HdhQ50  homozygous mice. 

HdhneoQ50 homozygous mice carring hypomorphic alleles (HdhneoQ50) possessed only 

reduced expression of mhtt at one-third the level of  endogen as in WT controls, 

while HdhQ50 homozygous mice only expressed mhtt at a comparable level as Htt in 

WT mice.Mice with reduced mhtt expression level exhibited a characteristic 

aberration of brain development and perinatal lethality. In comparison, mice with 

normal levels of mhtt do not exhibit these abnormalities (White et al., 1997). A 

subsequent study was done by creating a targeted disruption in exon 5 of HTT 

homologue mouse Htt (Httex5), homozygotes mice for the Httex5 mutation displayed 

embryolethality, while the heterozygotes exhibited neurodegeneration in basal 

ganglia and behavior abnormalities as well as impaired synaptic plasticity (O'Kusky et 

al., 1999). Other studies have assessed normal htt function in adult animals. For this 

purpose a conditional KO mouse model using the Cre/loxP site-specific 
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recombination strategy was used to enable the inactivation of endogenous Htt 

expression in forebrain and testis. The Htt KO mice developed a progressive 

neurodegeneration phenotype and sterility (Dragatsis et al., 1998). These studies 

imply an essential role of htt in neuronal function not only during development and 

but also at later stages.   

The neuroprotective properties of wild-type htt were confirmed by a series of 

experiments using immortalized striatal neurons over-expressing human wild-type 

htt. The level of apoptosis was measured after treatment of the cells with 

mitochondrial toxins, serum deprivation and over-expression of proteins involved in 

cell death pathways (Rigamonti et al., 2000). These experiments showed a protective 

role of wildtype htt against polyglutamine toxicity. Ho and colleagues observed that 

over-expression of wild-type htt was able to prevent apoptosis caused by expression 

of CAG repeat in N-terminal mutant htt (Ho et al., 2001). Recently, a study 

investigating cell fate after depletion of wild-type htt was carried out utilizing 

neuroepithelial cells from various brain regions. KO of htt resulted in a disturbed cell 

migration and reduced proliferation in neuroepithelial cells isolated from the 

neocortex but not in neuroepithelial cells isolated from cerebellum. This experiment 

indicated a spatial and temporal influence of htt expression in neural development 

(Tong et al., 2011). 

The mechanisms underlying anti-apoptotic effects of htt have been investigated in 

several pathways. Wildtype htt is involved in transcription of several genes including 

BDNF, and is also able to facilitate BDNF transport along axons to the pre-synapse 

thus supporting neuronal survival by enriching neurotrophic factors. Furthermore, it 

has been shown that htt prevents activation of caspase-3 through inhibiting the 

cleavage of pro-caspase-9, therefore suppressing the caspase cascade, which 

induces apoptotic processes (Rigamonti et al., 2001).   

Another pathway of htt exerting its anti-apoptotic function is by interacting with HIP1, 

which is involved in the initiation of pro-apoptotic proteins through interaction with 

HIP1 protein interactor (HIPP1) and activation of caspase-8. Mutant htt has a 

reduced binding affinity to HIP1, which results in an increase of free HIP1, 

subsequently leading to apoptosis (Hackam et al., 2000). Furthermore, 

overexpressing wildtype htt in transgenic mice protected against excitotoxicity 

induced by increased NMDA receptor signaling (Van Raamsdonk et al., 2005; Leavitt 

et al., 2006). Phosphorylation of htt by Akt (a serine/ threonine kinase) also plays an 

important role in neuroprotection. Huntingtin has been implicated in the 
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phosphoinositide 3-kinase (PI3K)-Akt pathway by stimulating the expression of pro-

survival genes (Humbert et al., 2002; Rangone et al., 2004). Recently, it has been 

reported that the ganglioside GM1 promotor activity of Akt leads to an increase of htt 

phosphorylation and reduces neurodegeneration in HD mice (Maglione et al., 2010). 

The role of htt in calcium signaling pathways was revealed using a mouse embryonic 

fibroblast (MEF) cell line from htt KO mice. The inositol 1,4,5-trisphosphate receptor 

signaling pathway possesses a reduced sensitivity to stimulation in the absence of htt 

leading to an abnormal ER-mitochondrial calcium coupling and ATP-induced calcium 

mobilization (Zhang et al., 2008). These results support the hypothesis that htt 

expression induces a calcium overload in cytosol and mitochondria resulting from 

sensitization of IP3R1 in MSN (Zhang et al., 2008). Moreover, numerous genes 

related to calcium homeostasis are down-regulated in HD patients and HD animals 

supporting the important role of htt in calcium signaling pathways (Kuhn et al., 2007).  

1.5 Proteolysis, aggregation and degradation of mutant huntingtin 

1.5.1 Proteolysis of huntingtin 

Formation of both nuclear and cytoplasmic aggregates is a hallmark of HD pathology. 

N-terminal fragments of mutant huntingtin are the major component of these 

aggregates raising the question whether the proteolysis of huntingtin affects 

aggregate formation. Both, wildtype and mutant htt are substrates of caspase-3, 

caspase-6, calpain as well as aspartyl proteases indicating that cleavage of htt may 

be a normal physiological process (Kim et al., 2001; Wellington et al., 2002; Graham 

et al., 2006). However, cleavage of mhtt is dependent on the length of the polyQ tract 

suggesting that the proteolytic process of htt is involved in htt pathogenesis. It was 

demonstrated that inhibition of calpain activity in mhtt expressing cells resulted in a 

reduction of aggregated N-terminal htt in the nucleus (Gafni et al., 2004). Caspase-3 

and -6 were studied more extensively in in vivo experiments. The caspase-3 htt 

cleavage product comprising of 552 amino acids was found at early ages in YAC72 

transgenic mice but not in the wildtype littermates, suggesting a role of the cleaved 

mutant htt in initiating HD pathology (Wellington et al., 2002).  A remarkable finding 

was yielded in HD transgenic mice carrying modulated caspase-3 and caspase-6 

cleavage sites. Inhibition of htt cleavage at a specific caspase-3 site did not prevent 

the behavior abnormalities and neuropathological findings associated with HD. In 

contrast, caspase-6-resistant mutant htt mice displayed a statistically significant 
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reduction in neurodegeneration as well as ameliorated behavioral abnormalities and 

resistance to exitotoxicity (Graham et al., 2006). Furthermore, several studies 

showed that N-terminal fragments of htt produced by caspase-3 and caspase-6 are 

localized in different subcellular regions. The fragment generated by caspase-6 is 

present in the nucleus, while those generated by caspse-3 show a perinuclear 

localization in the cytoplasm (Warby et al., 2008). Most of the caspase activity occurs 

in cortical projections of neurons (Wellington et al., 2002).  

1.5.2 Aggregation of mutant huntingtin  

Aggregates have been well characterized in different transgenic HD mice, showing a 

predominant nuclear localization of aggregates in transgenic HD model carrying a 

truncated huntingtin fragment, while full-length transgenic models presented both, 

nuclear and neuropil aggregates (Wang et al., 2008). It was suggested that htt is 

cleaved by caspase-3 in the cytosol, whereas the primary location of the fragment 

generated by caspase-6 is in the nucleus. Both mutant and wild-type htt contain a 

highly conserved nuclear export signal in the carboxy-terminus (Xia et al., 2003). 

Transgenic fragments and those generated by cleavage of caspases are prevented 

from being transported back into cytoplasm as the export signal has been removed 

through cleavage and release of the c-terminal fragment (Warby et al., 2008).  

 

 

 
Figure 1.5: Model of huntingtin aggregation described by Thakur and colleagues. N-terminal 
fragments of htt oligomerize and form micelle-like structures with the first 17 amino acids forming a coil 
in the core and polyQ sequence positioned peripherally. With increasing number of htt fragments, the 
oligomers or protofibrils rearrange into amyloid-like seeds rapididly growing into aggregates (Zuccato et 
al., 2010). 

 

Two models of htt aggregation have been described. In the first one, aggregation of 

mhtt is thought to arise through a nucleation-dependent fibrillation (Scherzinger et al., 

1999), similar to ß-amyloid and α-synuclein aggregates (Harper and Lansbury, 1997; 

Wood et al., 1999). The random coil structure of mhtt may change into a hair-pin 

structure, and when the polyglutamine stretch exceeds a critical length, the hair-pin 
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structure is further stabilized. Once the intermediate structures (seeds) are formed, in 

the presence of a high concentration of mhtt, they will grow very quickly into high-

molecular-weight fibrillar structures. Thakur and colleagues observed ten years later 

that during the initial aggregation process micelle-like structure are formed with the 

first 17 amino acids of htt in the core and polyQ sequences being present on the 

surface of the micelle-like structures. As more monomer fragments involve in this 

loosely packed structure, it is rearranged into amyloid nuclei followed by a rapid fibril 

elongation process (Figure 1.3) (Thakur et al., 2009). Nevertheless, cleavage of mhtt 

by caspases or calpains and/or interaction with other cellular proteins could 

accelerate the aggregation process (Sittler et al., 1998; Welch and Gambetti, 1998). 

In contrast, increased proteasomal or lysosomal clearance can slow down or inhibit 

the formation of aggregates (Chen, 1977; Carmichael et al., 2000). 

1.5.3 Degradation of mutant huntingtin  

The ubiquitin-proteasome system (UPS) and the lysosome system are two pathways 

responsible for protein degradation in cells. The contribution of the UPS in degrading 

htt was studied by two approaches using either an N-terminal htt fragment resistant 

to proteasomal degradation or a selective inhibition of the UPS.  After cleavage of htt 

by caspases or calpain, the released N-termini form into cores (as described above), 

which are resistant to proteasomal degradation (Holmberg et al., 2004). Since the 

mhtt seeds cannot be degraded by the UPS, which on the other hand is occupied 

and therefore blocked by mhtt, the degradation of other protein substrates is 

inhibited. This idea is supported by a recent study, which showed that the purified 

fibrillar structure of htt aggregates isolated from HD animals and human HD post 

mortem brains was able to reduce UPS activity in vitro (Diaz-Hernandez et al., 2006). 

The second mechanism is that UPS is impaired in the presence of mhtt. 

Immunocytochemical analysis of cells isolated from brains of HD animal models or 

HD post mortem brains have revealed a sequestration and altered subcellular 

localization of UPS components, suggesting an impairment of UPS function (Davies 

et al., 1997; DiFiglia et al., 1997). 

The UPS has only capacity to degrade soluble mhtt, once aggregates are formed, 

they are no longer degraded by the UPS. In contrast, the lysosomal pathway can 

degrade misfolded proteins, protein aggregates as well as organelles. Inhibiting 

autophagy increased the accumulation of mutant huntingtin and the formation of 
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aggregates, whereas a stimulation of lysosomal activity caused its reduction (Qin et 

al., 2003). 

The formation of huntingtin aggregates is toxic for neuronal cells, especially when it 

is localized in the nucleus (Waelter et al., 2001a; Bates, 2003). This can be explained 

by per se toxicity of aggregates in neuronal cell and recruitment of proteins into 

aggregates, which are essential for cell viability. However, there is a conflicting 

hypothesis that aggregates might protect neuronal cells since aggregates can 

remove misfolded mhtt monomers and oligomers, which may be more toxic (Bence 

et al., 2001). Nevertheless, inhibition of huntingtin aggregation as a therapeutic 

approach has been extensively studied in the last decade. Chemical compounds 

have been screened and selected for further testing their ability to prevent htt 

aggregation. Notably, small peptides and antibodies against either full-lenth 

huntingtin or the polyQ tract itself have also been analyzed. The reports showed that 

the antibody 1C2 is able to bind to the polyQ stretch of mhtt and prevents aggregates 

formation in vitro (Trottier et al., 1995). A further study demonstrated that a single-

chain Fv antibody from a phage display library, which recognizes the first 17 amino 

acids of htt, inhibits mhtt aggregation in vitro (Lecerf et al., 2001).  Additionally, 

antisense oligodeoxynucleotides and antisense oligonucleutides were also used to 

down-regulate mhtt expression thereby preventing its aggregation (Boado et al., 

2000; Nellemann et al., 2000; DiFiglia et al., 2007). 

1.6 Excitotoxicity in HD 

Excitotoxicity is defined as a pathological process, which is induced by 

overstimulation of receptors thus releasing large quantities of excitatory 

neurotransmitters causing neuronal damage or death. The main excitatory 

neurotransmitter is glutamate, which stimulates the N-methyl-D-aspartate (NMDA) 

receptor and non-NMDA receptors such as the AMPA receptor, which may induce 

excitotoxicity by allowing high levels of calcium ions to enter the cell. 

Excitotoxicity has been proposed as a major mechanism of pathogenesis in HD 

based on predominant degeneration of MSNs in the striatum, which mainly receives 

signals from glutamatergic neurons of the cortex. Overstimulation of glutamate 

receptors in MSNs by high levels of extracellular glutamate induces excitotoxicity 

(Coyle and Schwarcz, 1976; Beal et al., 1994). A reduction of glutamate receptors 

has been observed in HD brains, in particular a reduction of the mGluR2 receptor 
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(Cha et al., 1999). Furthermore, this hypothesis was supported by manipulating 

NMDA receptor output by agonists and antagonists applied to striatum of animals 

resulting in a selective loss of MSNs accompanied with neurological symptoms and a 

reduced excitotoxicity, respectively (Greene et al., 1993). Most HD animal models 

present an increased NMDA receptor activity (Levine et al., 1999; Zeron et al., 2002). 

The mechanism for the increased excitotoxicity in HD is based on an altered mhtt 

interaction with PSD-95 resulting in an increased level of free PSD-95, which can 

interact with the NMDA receptor and influence excitotoxicity (Fan et al., 2009). 

Several studies have indicated that the cause for cell death is rather an increased 

susceptibility to excitotoxicity than an increase of excitotoxicity in HD animal models. 

Heng and colleagues crossed Htt knock-in (KI) mice with a transgenic mouse line 

overexpressing NMDA2B. This double transgenic mice exhibited a exacerbation of 

selective degeneration of striatal neurons (Heng et al., 2009). A recent study 

revealed that PGC-1a, which has been observed to be downregulated in HD brains, 

displayed a negative regulation of extrasynaptic NMDA activity in a rat model 

(Puddifoot et al., 2012). Another experiment in HD mice showed an impaired 

trafficking of GABAA receptor leading to a diminished inhibitory synaptic efficacy, 

which could contribute to the increase of neuronal excitotoxicity in HD (Puddifoot et 

al., 2012). 

1.7 Energy metabolism in Huntington disease 

Recently, an impaired cholesterol metabolism has been found to play a role in the 

pathogenesis of neurodegenerative diseases. Several studies reported that 

cholesterol synthesis and metabolism are impaired in HD patients as well as in cell 

culture and animals models. Plasma cholesterol level was reduced in manifest HD 

patients and a reduced cholesterol synthesis was detected in HD brains (del Toro et 

al., 2010; Leoni et al., 2011). The findings of an impaired cholesterol homeostasis in 

HD were supported by numerous studies in cell culture and animal models. 

Decreased cholesterol levels in brain were detected in R6/2 and YAC128 transgenic 

mice, which carry exon 1 of the mutant human HD gene and full-length Htt genomic 

DNA, respectively (Valenza et al., 2005; Valenza et al., 2007a). Symptomatic R6/2 

mice exhibited a reduced expression of cholesterol mRNA as well as a reduced 

activity of the enzyme HMG-CoAR, which is involved in the synthesis of cholesterol. 

This results in decreased levels of cholesterol precursors, however the level of 

cholesterol does not change until later stages of the disease (Valenza et al., 2005, 
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Valenza et al., 2007). In YAC128 mice, reduced levels of cholesterol were found 

starting with the symptomatic stage corresponding to reduced HMG-CoAR activity, 

as well as reduced levels of cholesterol precursors and the cholesterol metabolite 24-

OHC (24-hydroxycholesterol) (Valenza et al., 2007). Cholesterol and 24-OHC were 

also found to be reduced in HD KI mice carrying a CAG expansion and HD 

transgenic rats expressing truncated mutant Htt with 51 CAG repeats (Valenza et al., 

2010). 

However, accumulations of free cholesterol at the plasma membrane have been 

observed in isolated and cultured neurons expressing mutant htt (Trushina et al., 

2006; Luthi-Carter et al., 2010). These can lead to an increased excitotoxicity 

because the elevated cholesterol content in the plasma membrane clusters the 

distribution of neurotransmitter receptors, thereby creating signaling platforms that 

contribute to intercellular transmission. These accumulations of cholesterol at the 

plasma membrane is in contrast to the reduction of cholesterol found in plasma, 

maybe could be explained by a decreased conversion of cholesterol into 24-OHC to 

compensate for an impaired cholesterol synthesis.  

Two mechanisms could contribute to the cholesterol changes observed in HD: 1. loss 

of neurons, which control cholesterol synthesis and metabolism; 2. direct effects of 

mutant htt on cholesterol homeostasis. Several reports suggest that an impairment of 

cholesterol metabolism is related to an abnormal interaction of mutant htt with the 

specific transcription factor Sp1, which cooperates with the sterol regulatory element-

binding protein (Harjes and Wanker, 2003). 
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Figure 1.6: Toxic function of mhtt. Mutant huntingtin is cleaved by caspases or calpains in the 
cytoplasma. The translocation of N-terminal fragments of htt into the nucleus leads to an altered 
transcription. Mutant huntingtin also impairs calcium homeostasis in the cytoplasm. An Altered 
interaction with HAP1 and motor protein impairs the axonal transport, e.g. in the case of BDNF. 
Furthermore, the formed aggregates in axons can also mechanically block intracellular transport. In 
synaptic terminals, abnormal interaction of mutant huntingtin with HIP1 and other synaptic proteins 
leads to an impaired endocytosis and exocytosis. Additionally, decreased interaction between mutant htt 
and PSD-95 results in an increased interaction between PSD-95 and NMDA2R leading to excitotoxicity. 
Increased levels of N-terminal mhtt fragments result in aggregate formation, which can not be degraded 
by the proteasome, thereby inhibiting proteasome activity. (adapted from (Borrell-Pages et al., 2006)). 

 

As result of an reduced cholesterol synthesis in HD synapse maturation, 

neurotransmitter vesicle generation and fusion with the synaptic membrane as well 
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as signal transduction in cell membrane due to fluidity could be impaired (Pfrieger, 

2003). 

The defective energy metabolism in HD brains was first found in 1982 via positron 

emission tomography (PET) with FDG (Fluor-18-Deoxyglucose: glucose metabolism) 

was decreased in striatal regions in symptomatic patients and correlated with disease 

severity (Kuhl et al., 1982; Young et al., 1986). Several follow-up studies have 

verified the impaired glucose metabolism in cerebral cortex and striatum, but not in 

thalamus and cerebellum (Kuwert et al., 1990; Martin et al., 1992). Using (1)H-MRS, 

elevated lactate has been observed in optical cortex, frontal and parietal cortices as 

well as in striatum. Interestingly, it was also revealed that striatal lactate levels 

correlated with the length of CAG repeats, especially when these were more than 45 

(Harms et al., 1997; Jenkins et al., 1998). Similarly, a reduced glucose metabolism 

has also been found in HD transgenic rats (von Hörsten S). The reduction of muscle 

adenosine triphosphate (ATP) in most symptomatic and presymptomatic patients 

was demonstrated by utilizing (31)P-MRS supporting the hypothesis of a 

mitochondrial dysfunction in HD. Moreover, the decreased ATP level in muscle is 

also correlated with CAG length (Lodi et al., 2000). 

1.8 Mitochondrial dysfunction and oxidative stress in Huntington disease 

Since the respiratory chain in the mitochondria is the main source of energy in 

eukaryotic cells, defects in the energy metabolism are closely associated with 

mitochondrial dysfunction in neurodegenerative diseases. The mitochondrial 

respiratory chain is composed of five multisubunit protein complexes (I, II, III, IV and 

V), embedded in the inner membrane. Early studies have demonstrated a decrease 

in complex II/III activity in caudate and putamen but not in cortex and cerebellum of 

HD brains (Mann et al., 1990; Browne et al., 1997), A defect in complex IV was also 

observed in putamen but nowhere else (Brownw, 1997). The generation of free 

radicals analyzed with the marker 8-hydroxy-2’deoxy-guanosine (8OH2´dG) was also 

observed to be increased in caudate nuclear NDA, but no change in superoxide 

dismutase (SOD) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in either 

caudate or putamen (Tabrizi et al., 1999). In addition, aconitas was shown to be 

deceased in activity by 92% in HD caudate, 73% in putamen and 48% in cortex, 

whereas no changes was observed in the cerebellum (Tabrizi et al., 1999). Both 

aconitas and complex II/III are iron-sulphur (FeS)-containing enzymes, and are in 

consequence especially susceptible when exposed to free oxygen radicals 
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suggesting an important role of oxidative stress and excitotoxicity in HD 

pathogenesis with mitochondrial dysfunction. A later study has shown a considerable 

increase in depolarization of mitochondria isolated from lymphoblasts of HD patients 

when treated with a complex IV inhibitor. Again, this effect correlated with the length 

of CAG repeats (Sawa et al., 1999). 

 

 

Figure 1.7: A schematic diagram of the mitochondrial respiratory chain with its subcomplexes. 

According to Joseph-Horne et al., 2001. 

 

In follow-up studies, a decreased cell basal calcium level and increased calcium 

sensitivity of the permeability transition pore in mitochondria have been 

demonstrated in various HD cell lines as well as HD animal models indicating an 

impairment in mitochondrial calcium handling in the presence of mutant htt (Panov et 

al., 1999; Gizatullina et al., 2006; Lim et al., 2008). Isolated cells from Htt150Q/150Q  KI 

mice displayed an increased sensitivity in response to NMDA undergoing calcium 

deregulation (Oliveira et al., 2007). Moreover, the decreased activities of enzyme 

aconitas and complex IV have been demonstrated in R6/2 mice (Tabrizi et al., 2000) 

as well as an abnormal morphology of mitochondria (Mihm et al., 2007).  

Recent studies have further elucidated the mechanisms underlying mitochondrial 

dysfunction. The dearrangement of cytosolic calcium signaling in HD can be 

explained by association of htt and HAP1 with the type 1 inositol (1,4,5)-

trisphosphate receptor (InsP3R1) forming a functional protein complex, which can be 

activated by InsP3. This protein complex is only sensitized in presence of mutant htt 

but not normal htt facilitating calcium release in response to NMDAR stimulation 

(Tang et al., 2003). PGC-1α is a member of a family of transcription coactivators, 

which regulate transcription of numerous proteins involved in mitochondrial 

biogenesis and respiration. Abnormal interaction between mutant htt and PGC-1α 
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causes a repression of PGC-1α dependent gene expression. It has been reported 

that depletion of PGC-1α in HD KI mice resulted in increased neurodegeneration and 

neuronal symptoms. In contrast overexpression of PGC-1α reversed the toxic effect 

in cultured HD striatal cells (Cui et al., 2006). Another study showed that 

overexpression of PGC-1α could reverse mitochondrial loss in HD neurons (Wareski 

et al., 2009). The finding of an impaired dynamic and fragmentation of mitochondria 

came from several in vitro and in vivo studies. Abnormal interaction between mhtt 

and mitochondrial fission GTPase dynamin-related protein-1 (DRP1) subsequently 

stimulate GTPase activity leading to an impairment of the fission-fusion balance, 

thereby affecting mitochondrial axonal transport (Bossy-Wetzel et al., 2008; Song et 

al., 2011).   

1.9 Therapeutic strategies 

Therapeutic strategies in HD have been focused on symptomatic therapy using 

motor sedatives, cognition enhancers and agents against psychiatric disturbances. 

However, there have been little benefits reported after treatment with these drugs 

(Goety et al., 1990; Peyser et al., 1995). As mentioned before HD is affected by 

multiple pathogenic mechanisms based on loss-of-function and gain-of-function of 

htt. Recently, the therapeutic strategies point to neuroprotective and preventive 

therapies. The drugs against exitotoxicity, which inhibit glutamate release and/or 

reduce the reactivity of glutamate receptors as well as dopamine signaling pathway 

inhibitors, might play a neuroprotective role in HD (Zeron et al., 2002; Cyr et al., 

2006). Increasing BDNF via gene therapy of infusion of recombinant BDNF is 

another approach to protect striatal cells. It is even considered to design the BDNF 

minetics molecularly, which are able to bind to the BDNF receptor and mimic the 

function of BDNF (Fletcher and Hughes, 2009). Furthermore, improving 

mitochondrial function or modulating the levels of cholesterol and its’ derivatives is a 

further neuroprotective approach for HD (Beckman and Clements, et al., submitted, 

(Tabrizi et al., 2005). Another promising strategy is the use of stem cells, which are 

introduced into the striatum and are able to differentiate into neurons thus replacing 

the damaged MSNs. Allele specific targeting of mutant htt transcription via siRNA 

and also targeting of its general transcription can reduce htt gain-of function (Hu et 

al., 2009). Inhibiting caspase-6 activity leads to a reduction of proteolysis and release 

of potentially toxic fragments in HD (Graham et al., 2010). In addition, targeting htt 

aggregation via anti-aggregation compounds and enhancing htt clearance have been 
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considered for HD therapy to postpone the onset of the disease (Tanaka et al., 

2004).  

1.10 Animal models of Huntington disease 

The discovery of the sole genetic cause - the expansion of CAG repeats – allowed 

the generation of animal models resembling many features of HD. In the past 17 

years, a number of rodent and large animal models expressing full-length mhtt or 

truncated mhtt fragments were developed for therapeutic studies and to better 

understand the pathogenesis of the disease (Menalled and Chesselet, 2002; 

Ehrnhoefer et al., 2009; Crook and Housman, 2011; Munoz-Sanjuan and Bates, 

2011). The majority of HD animal models are mouse models, which can be divided in 

4 groups, KO models, KI models, fragment transgenic mice and full-length transgenic 

mice. 

1.10.1 Knock-out HD models 

To assess the wildtype function of htt protein, Htt KO mice were generated by 

targeted ablation of the homologous mouse gene (Duyao et al., 1995; Zeitlin et al., 

1995). Nullizygous mouse embryos show an increased apoptosis and lethality 

indicating an essential role of htt in development. Further experiments were done in 

the heterozygous Htt KO mice and revealed a decreased mRNA level of BDNF 

(Zuccato et al., 2003), as well as neuron loss in the subthalamic nuclei and the 

globus pallidus, which is accompanied by an abnormal motor and cognitive behavior 

implying an anti-apoptotic function of htt (Nasir et al., 1995).  

1.10.2 Huntington knock-in mouse models 

KI mice were generated by introducing an expanded CAG repeat stretch into the 

mouse Htt using a homologous strategy, thereby carrying the mutation in its 

appropriate genomic context as in HD patients. Five different KI mouse models were 

created expressing mouse htt with an expansion of polyQ repeats ranging from 50Q 

to 150Q (Shelbourne et al., 1999; Wheeler et al., 2000; Lin et al., 2001), with 50Q 

leading to an adult age of onset in humans and 150Q being larger than the repeat 

size that would cause juvenile HD. These KI mouse models display a more severe 

neurological phenotype with increasing length of CAG repeats. However, even in the 

homozygous state of htt140CAG only mild abnormalities were observed including 

impaired motor function, reduced activity as well as aggregation of htt and increased 
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sensitivity towards NMDA (Menalled et al., 2003), while the KI mice with 50Q present 

no distinguishable phenotype in comparison to wildtype mice (White et al., 1997) 

mice present slowly progressive, mild behavioral changes and neuronal pathology, 

making them suitable to understand the early pathological events occuring in HD and 

to develop a strategy for delaying the onset of the disease. However with this mild 

phenotype, therapy studies using KI mice seem to be less suitable requiring a higher 

number of animals and might need a longer period of testing.    

1.10.3 HD mouse models expressing truncated fragments of mhtt 

Several HD mouse models expressing a truncated N-terminal fragment of htt with 

expanded polyQ stretches were created. The R6 lines were the first generated 

fragment HD transgenic mice, which carry exon 1 with 115-150 CAG repeats 

(Mangiarini et al., 1996).  These mice develop a robust progressive neurological 

phenotype of HD, especially the R6/2 mice carrying approximately 150 CAG repeats. 

R6/2 mice show a reduce life span, weight loss starting at 5 weeks of age, cognitive 

decline starting at 3-4 weeks of age and an impaired rotarod performance beginning 

at 4-8 weeks. Furthermore, striatal neuron loss and volume reduction were observed 

as well as predominantly nuclear aggregates is another crucial pathologic change in 

R6/2 mice (Mangiarini et al. 1996; Wang et al., 2008; Menalled et al., 2009).  

A mouse line expressing a slightly larger htt fragment than R6/2 mice was generated 

by Schiling and coworkers. This mouse expresses the first 171 amino acids of htt 

under the control of the prion promoter showing a less abundant expression than 

endogenous htt (Schilling et al., 1999). The transgenic line N171-82Q (carrying 82 

glutamines) developed a neuronal pathology starting at 2 months of age. N171-82Q 

mice have a very short life span during which they suffer from a body weight loss, 

behavioral abnormalities including clasping, hyperactivity and gait changes. Neuropil 

and nuclear aggregates with accumulations of htt in the nucleus were found after 

immunohistochemical stainings (Schilling et al., 1999). In a further study, a nuclear 

localization signal (NLS) was fused to the N171-82Q construct, resulting in a solely 

expression of the N-terminal mhtt fragment in the nucleus. Interestingly, this 

relocation of mhtt did not show any effect on NLS-N171-82Q mice, with the 

pathological phenotype in these mice being identical as in N171-82Q mice (Schilling 

et al., 2004).  
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Mouse lines expressing the first 1 kb of human htt with normal (CD18) or expanded 

(HD46, HD100) polyglutamine tract were generated later. The line CD18 carrying 18 

CAG repeats displayed a phenotype similar to wildtype littermates, while the other 

two lines HD46 and HD100 carrying 46 and 100 CAG, respectively, presented a 

progressive HD-like phenotype. HD100 mice exhibited abnormal behavior including 

clasping, hypoactivity, and a worsening in the performance on the rotarod. 

Pathological examinations revealed mhtt accumulation in the nucleus and cytoplasm 

accompanied by a formation of nuclear aggregates and striatal atrophy. HD100 mice 

also show an altered response to cortical stimulation and increased intracellular 

calcium levels after activation of NMDA receptors. In comparison, HD46 mice display 

a less severe change in behavioral abnormalities and neuronal pathology (Laforet et 

al., 2001). 

Overall, the mouse model expressing a htt fragment shorter than the fragment 

generated after caspase cleavage show a rapid early-onset of behavioral deficits, 

abundant htt accumulation and aggregation and a reduced life span. In contrast, the 

age of onset in mice expressing fragments with a size of one third of full-length htt is 

similar to the mice carrying full-length htt with the same CAG repeat number. These 

mice develop a relatively mild phenotype and normal life span. Notably, 

neurodegeneration was found in none of the fragment models.  

1.10.4 HD models expressing full-length mhtt 

The first mouse model expressing full-length human htt was generated using the htt 

cDNA (Reddy, 1998). With widespread expression of the transgenic htt in all brain 

regions, these mice presented a selective neuronal loss in striatum, cortex, thalamus 

and hippocampus, which is consistent with findings in HD patients. In all the 

transgenic lines carrying either 18 (HD18), 48 (HD48) or 89 (HD89) CAG repeats, 

both HD48 and HD89 lines developed a progressive neuronal phenotype, while 

HD18 preserved a normal phenotype similar to the wildtype situation. HD48 and 

HD89 develop progressive motor dysfunction, aggregation of htt, neurodegeneration 

and gliosis. Unfortunately, these lines are no longer available for research.  

Michael Hayden’s group has used artificial yeast chromosomes (YAC) to generate 

transgenic mice carrying the human genomic DNA sequence encoding for the full-

length HTT (Hodgson et al., 1999). One mouse line carrying 72Q expressed lower 

mhtt levels in comparison to the endogenous wild-type protein and developed a mild 
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neurological phenotype including hyperactivity, nuclear accumulation of mhtt, dark 

neurons as well as an altered electrophysiology in the hippocampus. Another YAC 

mice line expressing full-length mhtt was generated carrying 128 polyglutamines 

(Slow et al., 2003). These mice presented an increased body weight, hyperkinesis at 

younger age followed by a hypokinesis at later stages of the disease, abnormal but 

not progressive performance on rotarod starting at 3 months of age (Menalled, 2010), 

abundant mhtt aggregates in the striatum and cortex as well as selective brain 

atrophy and neuron loss in striatum and cortex (Wang et al., 2008). Remarkably, 

motor deficits in YAC mice were highly correlated with neuropathology (Slow et al., 

2003). Additionally, Increased NMDA and NMPA were observed in YAC128 mice 

(Fan et al., 2007; Fernandes et al., 2007).  

BACHD mice is another transgenic line expressing full-length human mutant htt. 

These mice were generated using a human bacterial artificial chromosome (BAC), 

which contains the full-length HTT genomic sequence with 97 CAG/CAA repeats and 

all regulatory elements (Gray et al., 2008). BACHD mice exhibited an equal 

expression of mhtt in the striatum, cortex and cerebellum with a level of 

approximately 2.5 folds higher compared to endogenous mouse htt, and a selective 

brain atrophy and neuron loss in striatum and cortex. These mice showed an 

increased body weight, hypoactivity at later stage of the disease as well as a highly 

significant progressive motor decline starting at 4 weeks of age (Menalled et al., 

2010). A depressive-like and anxiety-like behavior was observed in a further study 

(Hult, 2010). A widespread formation of aggregates with selective neuronal loss and 

a reduction of synaptic activity in the striatum were observed in this model (Gray et 

al., 2008,). Recent studies have shown reduced cortical excitatory output and thus a 

loss of inhibition onto pyramid cell signaling as well as synaptic degeneration in 

BACHD mice (Spampanato et al., 2008; Shirendeb et al., 2012). 

In summary, mice expressing full-length htt possess increased body weight, 

hypoactivity as well as neurodegeneration, which is lacking in fragment models. Mild 

and progressive neuronal phenotypes in context of accurate replication of the human 

condition make them suitable for the understanding of pathogenesis in HD.  

1.10.5 Large-animal HD transgenic models 

Very recently, an ovine transgenic model was created by pronuclear injection of HTT 

cDNA with 73 CAG repeats under the control of the human huntingtin promoter  
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(Jacobsen et al., 2010). Widespread expression was found in CNS and non-CNS 

tissues, but no information about the expression levels is available. 

Immunohistological investigations revealed a reduction in DARPP-32 (Dopamine- 

and cyclic-AMP-regulated phosphoprotein of molecular weight 32,000) positive cells 

in the caudate nucleus at 7 months of age. In the same year a miniature pig model 

carrying the first 208 amino acids of human htt with 105 polyQ repeats (N208-105Q) 

was published (Yang et al., 2010). The transgene is expressed under the control of 

the cytomegalovirus enhancer and chicken beta-actin (CAG) promoter. Three of five 

newborn pigs died within 53 hours, while one lived for 25 days. The last animal did 

not show any abnormalities with up to four months of age, later time points have not 

been investigated so far.  Typically, cell apoptosis and an increased number of 

caspase-3 positive cells were observed in the brains of N208-105Q pigs, while no 

aggregates were found. 

Notable, one non-human primate HD model was developed carrying exon 1 of 

human htt (first 67 amino acids) by (Information einfügen), yielding five transgenic 

monkeys. One animal carried wildtype human htt with 29 CAG repeats, four monkeys 

expressed mutant human htt with 69-88 CAG repeats. Similar to the transgenic pigs, 

three out of four transgenic mhtt monkeys showed an early postnatal death, only the 

monkey expressing wildtype human htt and another one carrying mutant htt survived. 

The transgenic monkeys expressing mutant htt exhibited dystonia and chorea at 

young age, while the transgenic monkey with wild type htt displayed no disease-

related phenotype. Abundant aggregates and nuclear accumulation of htt were 

demonstrated in striatum and cortex of monkeys that died postnatally and expressed 

mutant htt. However, no neurodegeneration was observed.  

1.10.6 Transgenic rat model for HD 

All the mendtioned HD animals including the HD transgenic mice and large animal 

models have made a great contribution to therapeutic studies and better 

understanding of the pathogenesis of HD. However, the suitablitity of mouse models 

is in general limited for studying certain functional and behavioural aspects, 

especially related to cognition. Large animals share the disadvantage of high cost in 

contrast to low reproductive output due to the difficulty for maintaining large colonies, 

as well as a long developmental period.  
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Rat models have made substantial contributions to our understanding of biological 

function and behaviour. Numerous rat disease models have successfully proven their 

utility for modelling the human condition (Hammer et al., 1990; von Horsten et al., 

2003; Yamada et al., 2004; Liu et al., 2008). Although learning and memory can be 

studied with some restrictions in mice, the current scientific knowledge concerning 

the complexity of learning and memory, as well as the multiplicity of brain systems 

supporting it, has come largely from behavioural research using rats. Compared to 

mice (Report of the NIH rat Model Priority Meeting, 1999, 

http://www.nhibi.nih.gov/resources/docs/ratmtg.pdf), rats show excellent learning 

abilities, a mandatory requirement for the identification of the subtle cognitive deficits 

that may be present in the early stages of HD. Another practical advantage of rats is 

their larger brain size, which facilitates direct invasive procedures. In addition, 

miniaturized physiological in vivo approaches, such as structural and functional 

imaging of small brain structures, are more difficult in mouse models due to size 

limitations.  

We have previously generated an HD transgenic rat line, which expresses a 

fragment of mutant human htt with 51 polyQ under control of a rat htt promoter (von 

Horsten et al., 2003). These transgenic rats developed an abnormal performance on 

the rotarod, cognitive decline, as well as reduced anxiety behaviour. Aggregates of 

mhtt are abundantly distributed in striatum, amygdala, nucleus accumbens, the 

substantia nigra and the midbrain nuclei of optic and auditory pathways, but there 

was no direct sign of neurodegeneration found in this model (Nguyen et al., 2006). 

This rat model mirrored many aspects of HD, but because of the lack of the full-

length mutant htt (fl-mhtt) protein, certain aspects of the human disease would be 

imperfectlyreplicated. 
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Table 1.2:  Advantages and disadvantages in different HD animal models 

Model Gene expression  Advantage Disadvantage Example 

Knock-in 

mouse 

Target insertion of CAG 

repeat into mouse Htt  

appropriate genomic and 

protein context 

 

Lower costs, 

short 

generation 

time 

Mild phenotype, slow 

disease progression,  

therapy studies less 

feasible 

 

small body 

size, 

aggressive 

behavior, not 

well suited for 

cognitive tests 

HdhQ50 (White et al., 1997); 

HdhQ111 (Wheeler et al., 2000); 

Hdh150 (Lin et al., 2001); 

HdhQ140 (Manelled et al., 2003) 

Fragment 

mouse 

 

Transgenic expression of 

N-terminal fragment of 

human mutant  HTT  in 

mouse 

clear and early onset of 

behavioural abnormalities, 

fast progression, premature 

death  

unspecific 

neuronpathology, no 

neuron loss 

R6/2, R6/1 (Mangiarini et al., 

1996); 

N-171-82Q (Schilling et al., 1999); 

Full-length 

mouse 

Transgenic  expression 

of full-length human 

mutant HTT in mouse 

present both altered 

behaviour and 

neuropathological changes 

including cell death 

 YAC 72 (Hodgson et al., 1999); 

YAC128 (Slow et al., 2003) 

 

Ovine Transgenic  expression 

of mutant HTT in mouse 

anatomically closer to human 

brain 

Large body 

size make 

them suitable 

for imaging 

measurement  

Working methods need to 

be etablished 

Long life span, 

higher living 

costs, lower 

reproductivity, 

and ethical 

concerns 

HTT-73Q (Jessie et al., 2010) 

Pig Transgenic expression of 

mutant  HTT  in mouse 

N208-105Q (Yang et al., 2010) 

Non-human 

primate 

Transgenic expression of 

mutant HTT in monkey 

Biologically, neurologically, 

physiologically and 

immunologically closer to 

human brain 

 rHD-2, rHD-3, rHD-4, rHD-5 (Yang 

et al., 2008) 

Fragment 

rat 

Transgenic expression of 

N-terminal fragment of 

mouse mutant  Htt  in rat 

Relatively large body size and suitable for 

cognitive tests, lower living costs and higher 

reproductivity compared to large animal 

models 

Lacks full-length human htt tgHD-51Q (von Horsten et al., 

2003) 
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2. Objectives of this study  

The general goal of the present study was to generate and characterize a transgenic 

rat model of HD expressing full-length human mutant htt to fill the gap occurring in 

HD models for therapeutic studies and understanding of HD pathogenesis. Mouse 

models are limited by a small brain size and their limited ability to perform cognitive 

tasks, whereas large-animal models have a low reproductivity and long lifespan, 

which makes therapeutic studies less feasible and at a higher cost. So far, the only 

existing rat HD model carries an N-terminal fragment of htt and therefore lacks the 

entire context of a full-length htt protein in human patients.  

The initial point of this work was to establish transgenic rat lines (BACHD rats), which 

have a stable germ-line transmission of the transgene with a high protein mhtt 

expression level. The subsequent object was to assess whether BACHD rats 

recapitulate clinical features and neuropathological changes at different ages as seen 

in human HD.  

The specific goals of this study were as follows: 

• To generate and select transgenic lines for further characterization 

based on confirmation of a single integration site, high expression 

levels of full-length htt mRNA and protein. 

• To assess the degree, onset and progression of impairments and 

symptoms in rats. Accordingly, assess motor function, cognitive 

function and psychiatric changes using behavioral tests. 

• To determine aggregation of mhtt and neurodegeneration by 

apoptosis assay, electron microscopy, caspase and calpain activity 

and analyze gliosis in transgenic rats. 

• To analyze the transcriptome in brains of transgenic rats in 

comparison with human HD data, especially considering changes in 

mRNA level of BDNF. 

• To determine synaptic plasticity using pre- and post-synaptic markers. 

• To assess metabolic abnormalities including feeding, activity, and 

body weight as well as lipid and glucose metabolism in transgenic rats
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3. Materials and methods 

3.1 Materials 

3.1.1 Oligonucleotides  

All oligonucleotides (primers) used in this thesis were synthesized by Metabion 

(Germany) in a concentration of 100 mM. For usage, oligonucleotides were diluted 

into various concentrations, especially for real-time PCR. The amount of primers was 

optimized until efficiency of amplification was between 1.9 and 2.0. For mRNA 

quantification, the target genes and reference genes were amplified in the same 

plate, thus the annealing temperatures of reference genes were validated according 

to the target gene. For all DNA analyses including genotyping, transgene copy 

number estimation, fragment analysis, and sequencing, primers in Table 3.1 were 

used. For mRNA expression levels analysis including mRNA of mhtt expression 

level, alternative splicing variant of htt as well as mRNA transcription level of BDNF, 

primers in Table 3.2 were used.  

Table 3.1: Oligonucleotides used for DNA analysis  

Target Code 

 

Sequence of primers AT 
(°C) 

Concentration 

to use (µM) 

Exon 1 of 
HTT and Htt 

A898 ATGGCGACCCTGGAAAAGC 60 10.0 

A899 AGGTCGGTGCAGAGGCTCCTCTG 10.0 

Exon 67 of 
HTT 

C121 TGTGATTAATTTGGTTGTCAAGTTTT 58 10.0 

C122 AGCTGGAAACATCACCTACATAGACT 10.0 

Intron 29 of 
HTT 

A956 ACCGACCTTCTGAAGCCTACTTCT 60 2.0 

A957 TTCTCCTCCAAAGGATCACAACTC 2.0 

B005 5’FAM-CTAAGTGGCGCTGCGTAGTGCGAA-
3’Bhq 

2.0 

Exon 2 of ß-
Actin 

A924 AGCCATGTACGTAGCCATCCA 60 4.0 

A925 TTCTCCTCCAAAGGATCACAACTC 4.0 

A926 5`FAM-CTAAGTGGCGCTGCGTAGTGCGAA-
3`Bhq 

4.0 

Exon 1 of 
HTT 

3787 5`Cy5’-GAT GAA GGC CTT CGA GTC CCT 
CAA GTC CTT CT 

60 10.0 

3788 CGG CTG AGG CAG CAG CGG CTG T 10.0 
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Table 3.2: Oligonucleotides used for mRNA analysis  

Target Code 

 

Sequence of primers AT (°C) Concentration 

to use (µM) 

Exon 12 and13 
of  HTT and Htt 

A779 ATCTTGAGCCACAGCTCCAGCCA 60 2.0 

A780 GGCCTCCGAGGCTTCATCAGG 60 2.0 

A781 TCTGAAAACGTCTGAGACTTCACCAG
A 

60 2.0 

BDNF I I629 CCAGGACAGCAAAGCCACAATGT 56 3.0 

BNDF IIa I631 GCAAGCTCCGGTTCCACCAGGT 56 2.0 

BDNF V I633 GGACCGGTCTTCCCCTAGAGCA 56 2.0 

BDNF VI I634 TGGACCCTGAGTTCCACCAGGT 56 3.0 

BNDF total 
H449 AGCGCGAATGTGTTAGTGGT 

60 
1.2 

H450 GCAATTGTTTGCCTCTTTTTCT 1.2 

Exon 31, 32 of 
HTT-001 and 

HTT-011 

J034 GCAGGAGAACGACACCTCGGG  

60 

2.0 

J035 TCGTGCTTCCACCAACGACAGC 2.0 

J036 GCACGGTTCTTTGTGACACTCGTG 2.0 

ATP5B 
H451 GGGTACAATGCAGGAAAGAATC 

variable 
accordin

g to 
target 
gen 

 

1 

J094 GGGTACAATGCAGGAAAGAATC 1 

CanX3 
H453 TGTCTGGCAGCGACCTATGATTGA 1.2 

H454 TCCTTGGTTTCCAGATTCCCTGGT 1.2 

Eif4a2 
H455 AAATGCATGCCAGGGACTTCACAG 1 

H456 TTGTTGCACATCAATCCCACGAGC 1 

3.1.2 Enzymes and kits 

Table 3.3: Enzymes and kits used  

Enzymes/Kits Manufacture 

BioThermTM DNA Polymerase 1000 U 5 U/µl GeneGraft 

DNase Sigma-Aldrich Chemie 

Proteinase K Roche Diagnostics GmbH 

CEQ 2000 Dye Terminator Cycle Sequencing Kit Beckman-Coulter 

High Pure PCR Template Preparation Kit Roche Roche Diagnostics GmbH 

In Situ Cell Death Detection Kit, TMR red Roche 

LightCycler 480 Probes Master Roche 

Nuclear Extract Kit Active Motif 

QIAquick Gel Extraction Kit Qiagen 

QuantiTect ReverseTranscription Kit Qiagen 

QuantiTect SYBR Green PCR Kit Qiagen 

RNeasy Mini/Midi/Large Kit Qiagen 

Vectastain ABC Elite Vector Laboratories 
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3.1.3 Gels and buffers ready to use 

It is difficult to present the loading control α-tubulin and proteins of interest with large 

sizes (>200 kDa) in the same gel, especially for full-length htt, thus gradient gels 

were used, as well as appropriate running buffer.  

NuPAGE® Novex 3-8% Tris-Acetate Gel   Invitrogen 

NuPAGE® Tris-Acetate SDS Running Buffer (20X)    Invitrogen 

Q-Solution   Qiagen 

ECL / ECL-Plus Western Blotting Detection Reagents   GE Healthcare 

Samples loading buffer for Sequencing     Beckman Coulter 

3.1.4 DNA and protein markers 

For the DNA and protein analyses the following markers were used. 

100 bp DNA-Ladder        Invitrogen 

HiMarker Pre-Stained Protein Standard    Invitrogen 

Precision Plus Protein TM Dual Color Standard    Bio-Rad Laboratories 

GmbH 

3.1.5 Membranes and papers  

For Western blot Nitrocellulose membranes and Whatman-Paper were used as 

follows:   

Nitrocellulose membrane (Optitran BA-S 83)     Schleicher & Schuell, 

Dassel, D 

Whatman-Paper (GB002)       Schleicher & Schuell, 

Dassel, D 

3.1.6 Antibodies  

In Table 3.4, and Table 3.5 all primary antibodies and secondary antibodies used for 

Western blot, immunohistochemistry and immunofluorescence staining were 

summarized with working concentrations and manufacturer.  

Table 3.4: Primary antibodies and secondary antibodies used for Western blot (WB), 
immunohistochemistry (IHC) and immunoflorescence (IF) 

Antibody  Host Concentration  

WB 

Concentration 

IHC/ 

Concentration  

IF 

obtained 
from 

MAB 2166 mouse 1:2000   Millipore 

MAB2168 mouse 1:2000   Millipore 
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2B7 mouse 1:2000   Novartis 
Pharma AG 

EM48 mouse  1:200  Millipore 

S830 sheep  1:15,000  Millipore 

Anti Iba-1 rabbit 1:5,000 1:7,000  Wako 

Anti-Ferritin light 
chain 

rabbit 1:3,000 1:5,000  Abcam 

GFAP rabbit 1:10,000 1:4,000  Dako 
Cytomation 

NeuN mouse  1:600  Millipore 

Monoclonal anti-
DARPP32 

rabbit 1:2000 1:100,000  Epitomics 

Anti-Tyrosine 
Hydroxylase 

rabbit   1:4000  Millipore 

Anti-PARP rabbit  1:3000  Promega 

Anti-cleaved 
Caspase-3 

rabbit 1:2000 1:5000  Cell signaling  

Anti-Caspase-
6(Mch2) 

rabbit 1:2000   Biomol 

Anti-Calpain 2 rabbit 1:1000  1:300 abcam 

Anti-Calpain 10 rabbit 1:1000  1:300 abcam 

Spectrin alpha chain 
(brain) SPTAN1 
Antibody 

mouse 1:3000   Acris 
antibodies 

Anti-NMDA-receptor 
2B Polyclonal 
antibody 

rabbit 1:2000   Invitrogen 

PSD-95, mAb (7E3-
1B8) 

mouse 1:2000   Enzo life 
science 
GmbH 

Anti-Synapsin Ia/b rabbit 1:1000   Santa Cruz 

Anti-Synaspsin IIa rabbit 1:1000   Santa Cruz 

 

Table 3.5: Secondary Antibodies used for Western blot (WB), immunohistochemistry (IHC) and 
immunoflorescence (IF) 

Antibody  Use  Concentration  Manufacturer  

Sheep anti-mouse IgG-HRP WB 1:4000 Amersham Biosciences  

Donkey anti-mouse IgG-HRP WB 1:5000 Amersham Biosciences 

Donkey anti-goat IgG-HRP WB 1:5000 Santa Cruz 

Biotinylated donkey anti-mouse rat adsorbed  IHC 1:500 Vector Laboratories 

Biotinylated goat anti-rabbit IgG IHC 1:1000 Vector Laboratories 

Biotinylated rabbit anti-sheep IgG IHC 1:1000 Vector Laboratories 

Donkey Anti-rabbit IgG (488) IF 1:300 Dianova 
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3.1.7 Buffers and solutions 

For Western blot the following buffer and solutions were used.  

HEPES buffer HEPES      50 mM  
(pH=7.0) NaCl       150 mM 
 EDTA       10 mM 
 NP-40       1 % 
 Deoxycholate      0.5% 
 SDS       0.1 % 
 BSA        1 % 
 
5x Laemmili buffer  Tris-HCl pH 6.8     62.5 mM 
     ß-Mercaptoethanol     5% 
 Glycerin      10% 
 SDS       2% 
         
PAGE Glycin      192 mM 
 Tris base     25 mM 
     SDS      0.1% 

TBST buffer  Tris base pH 7.5     10 mM 
 NaCl      150 mM 
 Tween 20     0.1% 
 
Transfer buffer  Tris base pH 7.5      25 mM  

 Glycine      192 mM 
  
 Methanol     10-20% 

For immunohistochemistry and immunofluorescence the following buffer and 

solutions were used. 

PBS (pH 7.4)                                     Na2HPO4         10 mM 
 KH2PO4         2 mM 
 NaCl          137 mM 
 KCl        2.7 Mm 
 
TBST (pH 7.4) Tris-HCl       25 mM 
 NaCl        137 mM 
 KCl        2.7 mM 
 Triton-100X       0.4% 
 
BT buffer  sulfosuccinimidyl-6-(biotinamide) hexanoate 100 mg 
(40 ml)  tyramine     32 mg 
 Sodium borate pH 8.0    50 mM 
 
TI buffer (pH 7.2) Tris        50 mM 
 Imidazol  
 
Substrate Buffer (pH 7.4)  Tris       50 mM 
 Imidazole      50 mM 
 NiSO4.6HaO      0.6% 
 
Thionin Acetate (pH 4.8) Thionin acetate      0.003% 
 Sodium acetate      100 mM 
 Actetic acid      80 mM 
 
Mounting Medium for  NH4HCO3        80 mM 
DAB stained sections Gelatin       0.02 % 
(pH 10.0) 
  
Mounting Medium for  NH4OAC      80 mM 
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Nissel staining EthOH       20 % 
(pH 7)  Gelatin       10% 

 3.1.8 Regularly used equipment and chemical reagents 

Table 3.6: Regularly used equipment  

Equipments Manufacturer 

700 MHz NMR spectrometer Brucker  BioSpin 

8-capilar-sequencer CEQ 800 Backman Coulter 

Accelerated rotarod for rats 7750  Ugo Basile 

AxioCaMHR-Camera Carl Zeiss 

Axioplan 2 imaging microscopy Carl Zeiss 

Bath Sonicator Bandelin Sonorex Biotechnique 

BioPhotometer Eppendorf 

Centrifuge 5415R (Rotor F45-24-11) Eppendorf 

Concentrator 5301 Eppendorf-Netheler-Hinz GmbH 

Consort Electrophoresis Power Supply E385 Sigma Aldrich 

Electrophoresis  Chamber for agarose gel  PEQLAB Biotechnologie GmbH  

Electrophoresis  Chamber for SDA-PAGE Invitrogen 

Electrophoresis  Chamber for SDA-PAGE PEQLAB Biotechnologie GmbH  

Embedding equipment  TP1020 Leica 

GenAmp PCR Systems 9600 Applied Biosystems GmbH 

Horizontal 7 T magnet Magnex Scientific Ltd. 

Light Cycler 480 instrument Roche 

Linear RF volume-coil Rapid Biomedical GmbH 

Microtom RM 2155 Leica Instruments 

Microwave LG Electronics Deutschland GmbH  

Milli-Q  Millipore GmbH  

MJ Research PTC-200 Peltier Thermal 
Cycler  

Biozym Diagnostics GmbH  

Perfluoropolyether FOMBLIN® LC08, Solvay Solexis 

PET scanner  Siemens Preclinical Solutions 

PhenoMaster system TSE  

pH-Meter MP 230 Mettler, Toledo 

Skinner Boxes  259900-SK-RAT-LA/1 TSE  

Thermomixer 5436 Eppendorf 

Tissure homogeniser (model T25) Janke und Kunkel GmbH, Ika-Labortechnik,Co. KG 
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Table 3.7: Regularly used chemical reagents 

Chemical reagent Manufacturer 

29:1 Acrylamid; N,N`-Methylen-Bisacrylamid  Bio-Rad Laboratories GmbH 

Agarose  Invitrogen GmbH 

Ampuwa Water Fresenius Kabi 

BioThermTM 10x buffer  GeneCraft 

Sulfosuccinimidyl-6-(biotinamide) hexanoate Pierce 

Boric acid Carl Roth GmbH  

Bromphenolblau  Sigma-Aldrich Chemie  

BSA (100x BSA 10 mg/ml)  New England Biolabs GmbH  

Cacodylate Sigma-Aldrich Chemie 

Chromium Potassium Sulfate Sigma-Aldrich Chemie 

Complete Protease Inhibitor Cocktail tables Roche Diagnostics GmbH  

CV-Mount Leica 

Dabco  Sigma-Aldrich Chemie  

DAPI  Sigma-Aldrich Chemie  

Deoxycholate  Sigma-Aldrich Chemie  

Developer G135  Agfa-Gaevert NV  

Diethyl pyrocarbonat (DEPC)  Sigma-Aldrich Chemie 

DMSO  Sigma-Aldrich Chemie  

dNTP Solution 25µmol  Invitrogen GmbH  

Acetic acid Merck KGaA  

Ethanol  Merck KGaA  

Ethidiumbromid 1%  Sigma-Aldrich Chemie  

Ethylendiamin tetraacetic acid (EDTA)  Sigma-Aldrich Chemie  

Fetal Calf Serum (FCS)  GIBCOTMInvitrogen GmbH  

Rodent purified Diet (259901-PEL-45) TSE 

Gelatin Sigma-Aldrich Chemie 

Glycerin  Carl Roth GmbH  

Glycine  Carl Roth GmbH  

Glycogen  Invitrogen GmbH  

HEPES Sigma-Aldrich Chemie 

Igepal CA-630(NP-40) Sigma-Aldrich Chemie  

Imidazol Sigma-Aldrich Chemie 

Ketamine Bela-Pharm GmbH 

KCl  Merck KGaA  

Magermilchpulver Naturaflor  Töpfer GmbH  

Methanol  Merck KGaA  

Mowiol 4-88  Merck KGaA  

NaCl  Merck KGaA  
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NaOAcetat  Merck KGaA  

NaOH  Carl Roth GmbH  

NH4HCO3   Sigma-Aldrich Chemie 

NH4OAC Merck KGaA 

NiSO4.6HaO Sigma-Aldrich Chemie 

Normal donkey serum Dianova GmbH  

Paraformaldehyd  Merck KGaA  

Protein Assay  Bio-Rad Laboratories GmbH  

RNase free Water  Affymetrix, Inc.  

SDS (Sodium Dodecyl Sulfat)  Carl Roth GmbH  

Sodium acetate Carl Roth GmbH 

Sodium borohydride Merck KGaA 

Sulfosuccinimidyl-6-(biotinamide) hexanoate Pierce  

ß-Mercaptoethanol  Sigma-Aldrich Chemie  

TEMED  Carl Roth GmbH  

Thionin acetate Sigma-Aldrich Chemie 

TritonX-100  Carl Roth GmbH  

Trizma®base  Sigma-Aldrich Chemie  

Tween20  Merck KGaA  

Tyramine hydrochloride Sigma-Aldrich Chemie 

Xylazin Albrecht GmbH 

Xylene BDH prolabo international GmbH 
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3.2 Methods 

3.2.1 Generation of transgenic rats 

Bacterial artificial chromosomes (BACs) containing human genomic DNA spanning 

the full-length HTT gene with 97 CAG/CAA repeats and including all regulatory 

elements (Gray et al., 2008), were microinjected into the pronucleus of oocytes of 

Sprague–Dawley  rats.  

3.2.1.1 Genotyping and determination of BAC transgene integrity 

Genotyping and determination of BAC transgene integrity were performed via PCR 

analysis using genomic DNA extracted from ear biopsy tissue using High Pure PCR 

Template Preparation Kit. Two primer pairs were designed, one pair binding to exon 

1 of both endogenous Htt and exogenous mutant HTT with different amplicons 

lengths of approximately 200 bp and 5000 bp (code: A898/A899, Table 3.1), while 

the second primer pair binds specifically to the last exon of the HTT transgene 

producing an approximately 200-bp amplicon (code: C121/C122, Table 3.1). PCR 

was carried out as described in Table 3.8.  

Table 3.8: Standard PCR for genotyping  

Reaction mix of PCR (total 25 µl) Thermo-cycler-program 

Reagent  Volume (µl) Target (°C) Hold (hh:mm:ss) Cycler 

PCR-buffer (10x) 2.5 94 00:05:00 1 

Q-solution (5x) 5.0 94 00:00:30 40 

dNTPs  (10 mM each) 0.8 60/58 (Exon1/Exon 
67) 

00:00:30 

Taq-polymerase 0.25 72 00:01:00 

primer mix 2.0 72 00:05:00 1 

H2O 12.45 10 Indefinitely 1 

3.2.1.2 Transgene copy number and number of integration sites   

To estimate relative transgene copy number of the BAC insertion and number of 

integration sites, probe-based real-time PCR (TaqMan PCR) was performed using 

genomic DNA. For the TagMan PCR, an oligonucleotide probe containing a reporter 

fluorescent dye on the 5' end and a quencher dye on the 3' end is designed to 

hybridize to the DNA sequence between the PCR primers.  Amplification of target 

sequence results in cleavage of the probe by the 5' nuclease activity of the Taq DNA 

polymerase, thereby the reporter dye and quencher dye are separated leading to an 

increase of report signal. A two-step PCR was designed to achieve that annealing 
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and elongation were carried out at 60 °C for both primers, while the probe annealing 

temperature was 10 °C higher at 70 °C.  Briefly, primers and probe were designed to 

bind specifically to intron 29 of the HTT transgene (code: A956/A957/B005, Table 

3.1). The Ct values of all samples were normalized to β-actin serving as reference 

gene. The relative copy number of transgene for all F1 rats was compared within and 

between each line. Reaction mix and thermo cycler program are presented in Table 

3.9 and 3.10. 

Table 3.9: Reaction Mix for TagMan PCR with a total volume of 20 µl 

Reagent Concentration Volume (µl) 

Master Probe  Mix 2 X 10.0 

Primer Mix of target gene 2 µM each 1.0 

Probe of target gene 1 mM 1.0 

Primer Mix of reference gene 4 mM each 1.0 

Probe of reference gene 2 mM 1.0 

H2O  4.0 

 

Table 3.10: Thermo-cycler program for TagMan PCR 

Step Target (°C) Hold (hh:mm:ss) Ramp rate (°C/s) note 

Denaturation 95 00:15:00 4.6  

Amplification 94 00:00:15 2.5 45 repeats 

60 00:01:00 2.4 

Melting  95 00:00:15 4.6  

65 00:00:20 2.4 

95 - 0.04 Acquisitions: 15°C 

Cooling  40 00:00:30 2.0  

 

3.2.1.3 Analysis of the CAG-CAA repeats length in BACHD rats 

In order to verify the conservation of the polyQ repeat length, we analyzed the PCR 

fragment length of DNA samples extracted from 100 peripheral nerve tissues and 

different brain regions. DNA extractions were performed as described before and rat 

samples were collected considering different rat generations, gender and ages of the 

rats. PCRs were carried out employing a Cy5 labeled forward primer and a reverse 

primer (code: 3787/3788, Table 3.1) amplifying a fragment of HTT exon 1 including 

the CAG-CAA repeats. The fragment lengths of the amplicons were determined and 

analyzed using the fluorescence-based capillary electrophoresis sequencer 
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CEQ8800 and genetic analysis system software in a complete set from Beckman 

Coulter. CAG-CAA repeat numbers were calculated according to the individual 

fragment length and the human HTT sequence published on the NCBI database. 

3.2.1.4 Sequencing of DNA sequence containing CAG-CAA repeats 

Sequencing of the CAG-CAA repeats containing region in exon 1 was performed 

amplifying DNA using the same primers as for the fragment analysis, which hybridize 

upstream and downstream of the CAA-CAG region, respectively (code: 3787/3788, 

Table 3.1). PCR reaction mix and thermo-cycler program was the same as the 

genotyping standard PCR for exon 1 (Table 3.7). PCR products were purified using 

QIAquick Gel Extraction Kit according to the manufacturer’s instruction.  

Sequencing reactions were performed on the 8-capilar-sequencer CEQ 800 using 

the MJ Research PTC-200 Peltier Thermal Cycler and Quick Start Kit. Two primers 

for the PCR reaction were employed for bidirectional reading of the CAG repeats 

region of mhtt (code: 3787/3788, Table 3.1), respectively. After the thermal cycling 

program was finished reaction (10 µl) was stopped with 5 µl Stop-Mix consisting of 2 

parts 3M Sodium Acetate (pH 5.2), 2 parts 100 mM Na2-EDTA (pH 8.0) and 1 part 

20mg/ml glycogen; adding 60 µl ice cold 100% ethanol resulted in  DNA precipitation. 

Following centrifugation (13.000 rpm at 4 °C) for 30 minutes pellets were rinsed twice 

with 70% ethanol and centrifuged at the same condition for 15 minutes. After each 

rinse the supernatant was removed. The remaining ethanol was removed on low heat 

for 30 minutes in Concentrator 5301, and then resuspended in 40µl sample loading 

buffer to sequence.  

Table 3.11: Sequencing reaction  

Sequencing reaction Mix  Thermal Cycler 

Reagent Volume(µl) Hold  Target (°C) Cycler 

H2O 3 90 sec. 94  1 

purified PCR product  3 20 sec. 96   

31 Primer 1 20 Sec. 50  

DTCS (Quick Start Master Mix) 3 4 min. 60  

Indefinitely 10  1 
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3.2.2 RNA analysis 

3.2.2.1 mRNA isolation and cDNA synthesis  

Total mRNA was extracted from whole brain (for htt mRNA expression) or brain 

regions (for BNDF expression and HTT alternative splicing) using the RNeasy Lipid 

Tissue Midi/middle/Large Kit and cDNA was synthesized using a QuantiTect Reverse 

Transcription Kit following manufacturers’ instructions.  

3.2.2.2 Quantification of cDNA 

Real-time PCR using QuantiTect SYBR Green PCR Kits were performed for the 

analysis of htt mRNA expression levels from each line, alternative splicing variations 

of htt as well as BDNF mRNA expression. Absolute quantification of cDNA was 

performed using the Light Cycler 480 instrument with the aid of built-in Light Cycler 

software. A general reaction mix (Table 3.12) and Thermo-cycler-profiling (Table 

3.13) were designed for all the real-time PCRs with variations of annealing 

temperature and concentration of primers (Table 3.2). The annealing temperature of 

the reference gene was adapted from the target gene, as both were amplified on the 

same plate. For the assessment of mutant htt expression level, endogenous htt and 

β-actin were used as reference gene, the other real-rime PCRs used ATP5B and 

Cnx3 in cortex, ATP5B and Eif4a in striatum, and CnX3 and Eif4a in cerebellum as 

reference genes.  

Table 3.12: Reaction mix (total 10 µl each sample) for SYBR Green real-time PCR 

Component Volume (µl) 

SYBR Green mastermix (2x) 5 

Primermix (variable concentration) 1 

cDNA Template  2 

H2O 1 

 

Table 3.13: Thermo-cycler program for SYBR Green real-time PCR 

Step Target (°C) Hold (hh:mm:ss) Ramp rate (°C/s) Note 

Denaturation 95 00:15:00 4.6  

Amplification 94 00:00:15 2.5  

45 repeats variable 00:00:40 2.4 

72 00:00:20 4.6 

Melting  95 00:00:15 4.6  

65 00:00:20 2.4 

95 - 0.04 Acquisitions: 15°C 

Cooling  40 00:00:30 2.0  
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All primers of mRNA were designed spanning exon-exon junction.  For the analysis 

of mRNA level of htt in different lines one common forward primer for human htt and 

endogenous rat htt were designed hybridizing to exon 12, and reverse primers with 

individual sequences binding to exon 13 of human and rat htt, respectively. 

For the assessment of BDNF mRNA expression, one common reverse primer 

hybridizing to the protein encoding sequence in the last exon was used for the 

quantification of total BDNF and all isoforms. Forward primers in exon I, II, IV, VI for 

the specific isoforms and in exon IX for total BDNF were designed individually (Figure 

3.1).   

 

Figure 3.1: Primer design for the analysis of BDNF mRNA. Arrows on top represented with different 
colors indicate hybridizations position of primers for specific isoforms. (modified according to Chiaruttini 
et al., 2007) 

Two protein encoding splicing variants of the htt mRNA have been identified and 

listed in the Ensemble Genome Browser so far (HTT-001, transcript ID: 

ENST00000355072 and HTT-011, transcript ID: ENST00000509618). The longer 

one (HTT-001) includes all 67 exons encoding for the full-length huntingtin, the 

smaller one (HTT-011) consists only of 3 exons, the last 31 bases of exon 29, exon 

30 and 31 as well as the 96 bases of the following intron 31-32. A forward primer was 

designed to bind to both transcripts in exon 31 of HTT-001 and reverse primers were 

chosen to bind specifically to each variant (code: J034/J035/J036, Table 3.2). For 

HTT-001, the reverse primer binds to exon 32 whereas for HTT-011, the primer was 

directed against a region within the last 96 nucleotides. Brain samples from the 

striatum, the cortex and the cerebellum were taken for analysis. 
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3.2.3 Protein analysis 

3.2.3.1 Preparation of protein lysates 

Brain regions of rats were homogenised with a tissue homogeniser at a speed of 

30,000 rpm for 30 seconds in 10 volumes (w/v) modified HEPES buffer with 

Complete Protease Inhibitor Cocktail tablets. After a further 5-minute sonication with 

a bath sonicator for shearing genomic DNA, the lysates were centrifuged at 4 °C for 

15 min at 16,200xg, and the supernatant was removed and stored at -80°C for non-

fractionated Western blot analysis. In order to detect full-length and fragment htt level 

in nuclear and cytoplasmic fractions at different ages, subcellular fractions were 

prepared using Nuclear Extract Kit following manufacturers’ instructions.   

3.2.3.2 Western blotting  

For Western blot analysis, protein samples were prepared incubated in Laemmli 

sample loading buffer for 10 minutes at 70 °C (target protein > 200 kDa) or for 5 

minutes at 96°C (target protein < 200 kDa) and subsequently subjected to 

electrophoresis in 3-8% Tris-Acetate NuPAGE gels or in SDS-containing 

polyacrylamide gels running in Tris-Acetate running buffer or PAGE buffer. Wet-

transfer of protein onto nitrocellulose membrane was performed with transfer buffer 

containing Tris-glycine and methanol according to protein size (10% for protein > 200 

kDa, 20% for protein < 200 kDa). Blots were blocked in TBST buffer containing 5% 

milk powder, then incubated in primary antibody and appropriate HRP-conjugated 

secondary antibody. Finally, blots were developed with ECL/ECL plus. 

Table 3.14: Composition of separating and stacking gel 

Composition of 5 ml separating gel (µl) Composition of 2 ml 4%stacking gel (µl) 

ddH2O variable  ddH2O 1130 

29:1 Acrylamid/Bisacrylamid  variable  29:1 Acrylamid/Bisacrylamid  333 

1.5 M Tris base (pH=8.8) 1300 0.5 M Tris base (pH=8.8) 500 

10% SDS 50 10% SDS 20 

10% APS 50 10% APS 15 

TEMED 4 TEMED 5 
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3.2.4 Morphology-based analysis 

3.2.4.1 Immunohistochemistry  

Rats were deeply anesthetised with ketamine/xylazin (100/10 mg/kg i.p.) and 

transcardially perfused with 4 % paraformaldehyde in 0.1 M sodium cacodylate buffer 

(pH 7.4), followed by post-fixation of the brains in the same fixative over night.  

For lightmicroscopical immunohistochemistry 16 rat brains were embedded in one 

gelatin block, 40 µm coronal sections were freeze-cut and collected into 24 series 

(Figure 3.2) (This work was done by NeuroScience Associates, USA). One or more 

series were taken for each staining and the entire series was stained together in one 

container so that all sections received the exact same staining conditions for all 

steps.  Free-floating staining was performed as previously described (Osmand et al., 

2006). Sections were pretreated with 0.5% Sodium borohydride in PBS for 30 

minutes. After permeabilization by 0.4% Triton X-100 in TBS buffer for 50 minutes 

the sections were incubated with primary antibody over night followed by the 

respective secondary antibodies for 2 hours. Then sections were treated with an 

avidin-biotin-peroxidase complex for 1 hour, and exposed to nickel-DAB-H2O2 

dissolved in substrate buffer until a suitable staining intensity had developed. TI 

buffer containing imidazole was used to enhance staining quality. S830 staining was 

routinely amplified using a single round of biotinylated tyramine (BT buffer) 

amplification prior to the final ABC step. Sections were mounted in mounting medium 

for DAB stained sections. All steps were performed at room temperature. Thionin 

acetate was used for counterstaining, 2 series of sections at 12 months of age (#1 

and #12) were evaluated by nissel staining using thionin acetate as well. Numerous 

protein markers were used once or at ages of the rats for immunohistological 

stainings depending on the time points when changes in the expression of those 

markers were expected . Table 3.15 summarizes which number of the series have 

been used for the staining of a certain protein marker at the indicated time points.  

(Table 3.15). 

 

 

 



 

  

 

Figue 3.2: Working flow of sectioning rats brain in the company NeuroScience Associates.

(modified according to the home page of NeuroScience Associates)

 

Table 3.15: Several series of brain sections were used for 

Protein 
marker 

Respect 

Iba-1 Microglia 

Ferritin Microglia  

GFAP Astrocyse  

MBP Myeling sheath

Human htt Aggregates of 
mhtt 

DARPP32 MSNs 

NeuN all Nuerons 

PARP Apoptosis 

Act 
caspase 3 

Apoptosis 

TH Tyrosine 
Hydoxylase 
containing 
Neurons 

Enkephalin Neurons 
expressing 
Enkephalin  

DR2 Dopamine 
production 

Calbindin 
D-28K 

Neurons 
expressing 
Calcium-binding 
protein 

ChAT Choline 
acetyltransferase

sythesing 
Neurons 
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3.2.4.2 Immunofluorescence staining 

For immunofluorescence staining, either cryosections or paraffin sections were used. 

Cryosections were pre-mounted on superfrost plus slides, while paraffin sections 

were deparaffinized in xylene, and rehydrated in graded alcohol baths. In the 

following steps, the sections were permeabilized by 0.3% Triton X-100 in TBS for 10 

minutes and blocked with 5% appropriate serum (depending on species of secondary 

antibody producer) for 30 minutes at room temperature. Incubation of both primary 

and secondary antibodies were performed at 4 °C overnight and 2 hours, 

respectively. Finally, 4' 6-diamidino-2-phenylindole (DAPI) at a concentration of 0.2 

µg/ml was used for nuclear counterstaining. 

3.2.4.3 Light microscopy analysis 

Images were taken using an Axioplan 2 Microscope with a digital camera and 

imaging acquisition software (AxioVision-6, Zeiss). Quantification was performed 

using ImageJ (National Institutes of Health).  

3.2.4.4 Quantitative assessment of morphological changes in the striosome 
compartment  

Calbindin immunostaining of rats at 6 months of age was used (TG5:TG9:WT = 

5:4:5) to perform a relative quantification of the striatal striosome compartment. Four 

striata of each rat were measured in coronal 40µm thick brain sections between 

Bregma 1.44 and -0.24 mm (Paxinos and Franklin, 2006). The striatum was outlined 

medially adjacent to the lateral ventricle, dorsolaterally below the corpus callosum 

and ventrally by a line through the ventral tip of the ventricle as the region of interest 

(ROI) using ImageJ. The striosomal area was determined within the ROI by outlining 

the faintly stained calbindin areas. The rater was blind to the rats´ genotype.  

3.2.5 TUNEL staining  

For the detection of apoptotic cells in BACHD rats’ brain, terminal deoxynucleotidyl 

transferase-mediated dUTP nick end-labeling (TUNEL) staining was performed using 

a TMR red in situ cell death detection kit following manufacturer’s instruction at 18 

months of age (TG5:TG9:WT = 6:5:5). As a negative control one section underwent 

the same treatment using all the reagents except for terminal transferase. One P1-

rat-brain section and one section pretreated with 1mg/ml DNase were used as 

positive controls. DAPI counterstaining was used to visualize nuclei of cells. Stained 

sections were analyzed using fluorescence microscopy with red fluorescence for 
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TUNEL staining, blue fluorescence for DAPI staining, thus the purple signal was 

taken as sign of apoptosis cells, when signals of nucleus and dUTP nick end-labeling 

were merged.  

3.2.6 Behavioural assessment 

Rats were group-housed with mixed genotypes in a constant temperature-humidity 

room (22±1°C, 55±10% RH) with a 12 hours light-dark cycle (lights on/off at 2:00 

am/pm). Food and water were provided ad libitum. All behavioural tests were 

performed only with male rats during the dark phase, which is the physiological 

activity period of the rats. Controls were an equal mix of WT littermates from both 

lines and the experimenters were blind to the individual animals’ genotype. All animal 

procedures were approved by the state government of Baden–Württemberg, 

Germany, and are in accordance with animal protection guidelines. 

3.2.6.1 Modified SHIRPA 

Basic primary health of rats was assessed using a modified protocol for mice 

(Vekovischeva et al., 2004) which was developed based on the primary description of 

SHIRPA (SmithKline Beecham Pharmaceuticals - Harwell, MRC Mouse Genome 

Centre and Mammalian Genetics Unit - Imperial College School of Medicine at St 

Mary’s - Royal London Hospital, St Bartholomew’s and the Royal London School of 

Medicine -  Phenotype – Assessment) (Rogers, 1997). Rats were screened at 1, 6, 

12 and 18 months of age (n=12). Additionally, hematological screening was 

performed by measuring fresh blood samples collected in EDTA tubes at the same 

ages (n=6 each time point). The following parameter were analyzed: the number of 

red blood cells (RBCs), the number of white blood cells (WBCs), the total amount of 

hemoglobin in blood, the fraction of blood composed of red blood cells (hematocrit), 

the mean corpuscular volume (MCV) which is the size of the red blood cells, as well 

as the calculated mean corpuscular hemoglobin concentration (MCHC). 

3.2.6.2 Rotarod test  

Rotarod experiments were used to measure fore- and hind-limb motor coordination. 

BACHD transgenic rats and WT littermates were trained on 3 consecutive days with 

4 trials per day. Directly after training they were tested on 2 consecutive days with 2 

trials per day and an interval of 1 hour between individual trials. During the training 

period, the rats were placed on the rotating rod at a constant speed of 12 rpm for 2 
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minutes. Rats were returned to the rod after falling during the training period up to 10 

falls per trial. Individual tests were assessed for a maximum of 5 minutes with 

accelerating speed from 4 to 40 rpm over a period of 4 minutes, and the latencies to 

fall were recorded. Rats from the same cohort (n=12) were tested every month from 

1 to 15 months of age. Three rats were excluded from the analysis because already 

at younger ages they fell off the rotarod immediately when placed on it, despite 

extensive training.  

3.2.6.3 Footprint test  

A footprint test was used to analyze gait abnormalities in BACHD rats. BACHD 

transgenics and WT littermates were evaluated in this task at 14 months of age 

(n=11). The front and hind paws of the animals were painted with nontoxic paint of 

different colors. On the day before testing, the rats were trained in 3 sessions. The 

best performance out of 3 tests with each rat was selected for data analysis. The 

stride width of the hind paw, the step length (left paw to left paw) and the overlap 

(distance between front and hind paw) were measured in 3 consecutive steps, and 

the average was taken for further analysis.  

3.2.6.4 Elevated plus maze  

An Elevated plus maze was used to assess the anxiety of BACHD rats. To eliminate 

the possibility of habituation effects, different cohorts of rats were tested at 1(n=13 

per genotype), 4 (n=13 per genotype), and 12 (TG5:WT=8:11) months of age as 

described previously (Nguyen et al., 2006). Rats were placed at the center of an 

elevated plus maze (with two open and two closed arms), facing an open arm and 

were monitored for 5 minutes. The time spent in the open arms was recorded as a 

percentage of the total time for analysis. 

3.2.6.5 Measurments of locomotor activity, food intake and metabolic factors 

Rats were monitored using the PhenoMaster system, which represents a modular 

set-up that screens rats in a home-cage like environment for their ambulatory activity, 

rearing as well as feeding and drinking behaviour. The activity detection is achieved 

using infrared sensor pairs arranged in horizontal (x,y level for ambulatory activity) 

and vertical (z level for rearing) strips. Food and water consumption were recorded 

by two weighting sensors. The same cohort of animals (TG5:TG9:WT = 16:19:18) 

was individually screened for 22 hours every 3 months until the age of 18 months. 

Data were automatically collected with one-minute intervals and analyzed either 
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entirely or only for the dark (active) phase. Rats, which did not drink more than 3 ml 

water within 24 hours were excluded from the data analysis since this might have 

confounded feeding behaviour and activity. 

3.2.6.6 Simple swimming test  

Together with the master student Erik Jassion, we have designed a simple swimming 

test (two-choice test) and Skinner Boxes test (see below). Simple swimming test was 

used to assess procedural learning, which dependents on striatal function. For this 

test, an aquarium that measured 150 x 25 x 40 cm (L x W x H) and a glass platform 

of 19.5 x 15 x 16.5 cm (L x W x H) were used. Room temperatured water was filled to 

a depth of 18.5 cm and colored with black non-toxic paint to mask the platform under 

water. Rats were tested at 4 and 6 months of age (n=12 for each time point), with 

acquisition and reversal learning phases at each time point. In both learning phases, 

rats were trained with 3 sets of 3 consecutive trials spaced 2 hours apart for two 

days. During tests, rats were gently placed into the starting area of the tank (30 cm 

wide area in the middle of the aquarium) facing away from the platform. The time 

required for the rats to reach the platform and the initial swimming direction were 

recorded and analyzed using two-way ANOVA at each time point. Rats were given a 

score of 0 if their initial swimming direction was towards the platform, and given a 

score of 1 if they initially headed away from the platform. Cut off time for each single 

trial was set to 90 seconds. Rats were guided to the platform in case they did not find 

the platform within 90 seconds.  

3.2.6.7 Skinner Boxes tests 

Skinner Boxes tests was used for further cognitive assessment of BACHD rats. The 

Boxes were equipped with two levers on the left and right side of the wall with a cue 

light above each lever. During tests only one lever was active. A food-tray was 

positioned between both levers, and additionally a house light was installed at the 

ceiling (Figure 3.3 A).  

In order to increase their motivation in acquiring and performing the task, the food of 

rats was restricted to approximately 60 % of libitum ration (12g) starting 3 days 

before the tests,  The rats were weighted  daily and feeding was adjusted to keep the 

body weight at 90% of their free feeding body weight.  

The experiment was designed with a combination of discipline and reward; a correct 

response (pressing the active lever) following stimulation (presentation of the green 
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cue light) induced reward with

was followed by a time-out (no cue light being presented for a specific time) during 

which the rat was supposed to refrain from pushing any lever

lever during the time out without

(Figure 3.3 B).  

Rats were tested at 3 months of age (TG5:TG9:WT = 13:12:11), with 30 mi

trials in their dark phase each day. After acquisition, 3 experiments were performed

in the following order: 1. Aquisition

learning with 15 seconds time

During reversal learning the light signal was reversed so that the green light indicated 

the time out while no light signal indicated that the lever was active.

was terminated when all three groups of rats reach

(difference of performance within 3 days < 5%).  All response

and recorded by a computer with TSE Operant Behaviour software v1.68. The ratio 

of correct lever press / total lever press 

three groups (TG5, TG9 and WT

one-way ANOVA. 

 

Figure 3.3: Skinner Box set up. (A) Equipment of Skinner Box. (B) Experimental design.

3.2.7 Statistical analysis 

Standard two-way ANOVA (data not matched)

ANOVA (repeated or matched data) were conducted to assess the effects of 

genotype and age and genotype x age interaction. Bonferroni 

conducted to compare individual genotype effects at individual ages. For

of the rotarod test results, only data until 10 months were taken into account because 

A 
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with a food pellet being delivered into food tray.

(no cue light being presented for a specific time) during 

h the rat was supposed to refrain from pushing any lever. Pressing the 

without a stimulation cue light only restarted the time out

Rats were tested at 3 months of age (TG5:TG9:WT = 13:12:11), with 30 mi

dark phase each day. After acquisition, 3 experiments were performed

1. Aquisition learning with 5 seconds time-out, 2. Acquisition

learning with 15 seconds time-out, and 3. Reversal leaning with 5 seconds time

the light signal was reversed so that the green light indicated 

the time out while no light signal indicated that the lever was active. Each experiment 

all three groups of rats reached a performance platea

(difference of performance within 3 days < 5%).  All responses of rats were monitored 

computer with TSE Operant Behaviour software v1.68. The ratio 

of correct lever press / total lever press was analyzed using two-way ANOVA among 

TG5, TG9 and WT), while the mean of plateau were compared using 

        

Skinner Box set up. (A) Equipment of Skinner Box. (B) Experimental design.

way ANOVA (data not matched) and repeated-measures two

ANOVA (repeated or matched data) were conducted to assess the effects of 

genotype and age and genotype x age interaction. Bonferroni post hoc

conducted to compare individual genotype effects at individual ages. For 

of the rotarod test results, only data until 10 months were taken into account because 

B 

. The reward 

(no cue light being presented for a specific time) during 

Pressing the (inactive) 

only restarted the time out 

Rats were tested at 3 months of age (TG5:TG9:WT = 13:12:11), with 30 minutes 

dark phase each day. After acquisition, 3 experiments were performed 

2. Acquisition 

eversal leaning with 5 seconds time-out. 

the light signal was reversed so that the green light indicated 

Each experiment 

performance plateau 

of rats were monitored 

computer with TSE Operant Behaviour software v1.68. The ratio 

way ANOVA among 

, while the mean of plateau were compared using 

 

Skinner Box set up. (A) Equipment of Skinner Box. (B) Experimental design. 

measures two-way 

ANOVA (repeated or matched data) were conducted to assess the effects of 

post hoc tests were 

 the analysis 

of the rotarod test results, only data until 10 months were taken into account because 
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most TG5 rats fell immediately from the rotarod during the final 5 months (from age 

11 to 15 months) leading to a non-normal distribution of the data in the final 5 

months. For data where only one time point was assessed (such as the footprint test 

and matrix/striosome analysis), one-way ANOVA was conducted to evaluate the 

effects of genotype, followed by Tukey post-hoc test for multiple comparisons. Data 

are presented as mean ± S.E.M. Differences were considered significant if p<0.05. 
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4. Results 

4.1 Generation and establishment of BACHD rats 

4.1.1 BACHD construct 

The BACHD construct was a gift from Dr. William X. Yang, UCLA, Los Angeles, USA. 

This construct was generated using a human bacterial artificial chromosome (BAC) 

containing human genomic DNA spanning the full-length HTT gene and the flanking 

genomic sequences 20 kb upstream and 50 kb downstream, which included all 

regulatory elements (Yang et al., 1997; Kazantsev et al., 1999; Gray et al., 2008). 

Wild type HTT exon 1 was replaced by mutant HTT exon 1 containing 97 CAA/CAG 

mix repeats flanked by two LoxP sites. Therefore the BAC construct allows for a 

conditional and inducible elimination of mutant HTT exon 1 by Cre recombinase 

activity (Figure 4.1). 

 

 

Figure 4.1: Schematic representation of the BACHD construct. The BACHD construct was designed 
using a bacterial artificial chromosome containing the entire 170 kb of the HTT genomic locus with 
approximate 20 kb upstream and 50 kb downstream flanking sequences. Mutant HTT exon 1 including 
97 CAA-CAG trinucleotide repeats in place of endogenous HTT exon 1 is flanked by two loxP sites.  

4.1.2 Genotyping of BACHD rats 

Following microinjection, 21 out of 24 transgenic founder rats generated F1 progeny 

(Figure 4.2), which were used to evaluate the integrity of the transgene. Three 

different primer pairs were used in the PCR analysis elongating a fragment of the first 

and last exon, and intron 29 of the HTT gene. Of 21 founder rats, 18 possessed the 

full length HTT gene, three founders had to be withdrawn as they were lacking at 

minimum the last exon (Figure 4.3). Genomic transgene copy number was analyzed 
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Figure 4.3:  Three lines were found to have only a fragment of the mutant human huntingtin gene 
integrated into the genome
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Figure 4.4: Relative quantification of transgenic copy number. The DNA samples of all F1 animals 
were performed by real time PCR in comparison to a previous established line (HR.19.12). With 
standard errors of 40 to 55 percent in different F1 transgenic rats from the same litter, line LY.002, 
LY.014, line LY.015, line LY.016 and line LY.017 were demonstrated to have more than 1 insertion site 
of the BAC construct. Line LY.010 was identified to exhibit only a fragment of htt, showing no PCR 
amplification of intron 29. 

4.1.3 Analysis of mRNA and protein expression in BACHD rats   

Expression levels of mRNA were quantified with Sybr Green quantitative PCR, 

indicating line LY.005 had the highest mRNA expression of mutant Huntingtin (data 

not shown). Huntingtin protein levels of 1-month-old transgenic rats were quantified 

by Western blot with the antibody MAB2166 (Figure 4.5), which recognizes both 

human and rat huntingtin. The highest protein expression was found in line LY.005, 

which was consistent with the mRNA results, whereas line LY.009 displayed a 

comparable level of mRNA and protein as the well characterized BACHD mice 

(Figure 4.6). Consequently, these two lines, which contain a single insertion site and 

express intact full-length huntingtin were selected for subsequent phenotypic 

characterization. 

The relative transgene expression level compared to endogenous rat huntingtin 

mRNA was estimated by semi-quantitative analysis. The estimated expression level 

of mhtt is approximately 4.5 times higher than endogenous htt in the transgenic line 

LY.005, and 2.5 times higher than endogenous rat htt in line LY.009. 

 



 

460 kDa 

117 kDa 

55 kDa 
                  

Figure 4.5: Western Blot analysis of mutant huntingtin (
lines and compared to a BACHD mouse.

from each line were used. Both mhtt and endogenous WT rat htt are recognized by MAB2166 showing 
bands of ~360 kDa and ~330 kDa, respectively.  
compared to all other transgenic lines,
BACHD mouse.  The same blots were re

Figure 4.6: Comparison of copy number of BAC insertion.

human huntingtin, and which 
number (gray column), mRNA (red bar) and protein (yellow bar) expression
mouse was used for comparison. From line
obtained, thus the data of mRNA expression level 
highest transgene copy number, RNA expression level as well as protein expression level, while line 
LY.009 presents a comparable mRNA and protein expression levels

Western Blot analysis of mutant huntingtin (mhtt) expression in different transgenic 
BACHD mouse. Whole brain lysates of animals from the F1 generation and 
Both mhtt and endogenous WT rat htt are recognized by MAB2166 showing 

bands of ~360 kDa and ~330 kDa, respectively.  Line LY.005 shows the highest protein expression 
transgenic lines, and line LY.009 exhibits a comparable expression

BACHD mouse.  The same blots were re-probed with anti-α-tubulin antibody for the loading control. 

Comparison of copy number of BAC insertion. Eleven lines, which express full
which  only have one insertion site, were compared in terms of 

number (gray column), mRNA (red bar) and protein (yellow bar) expression level. Additionally,
comparison. From lines LY.008, LY.018 and LY.019, no samples for mRNA were 

d, thus the data of mRNA expression level in these lines were missing. L
copy number, RNA expression level as well as protein expression level, while line 

LY.009 presents a comparable mRNA and protein expression levels to the BACHD mouse.
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To assess the expression pattern of mhtt in different brain regions of transgenic 

BACHD rats, protein extracts of 6 brain subregions (cerebellum, cortex, striatum, 

olfactory bulb, brain stem, and hypothalamus) from 1

were analyzed utilizing Western blot analysis

with the antibody MAB2168 to visualize the signal of mhtt.

mhtt is equally expressed in the cerebellum, striatum and cortex, whereas the 

hypothalamus, olfactory bulb and brain stem show

Figure 4.7: Western blot analysis of mhtt expression in various brain regions in transgenic line 5 
(TG5) and transgenic line 9 (TG9) using MAB2168.

cerebellum (Crb), striatum (Str) and cortex (Ctx), whereas the olfactory bulb (Bulb), brain stem (Brs) and 
hypothalamus (Hyp) show a relatively reduced expression of mhtt. A whole brain of WT rat
used as negative control and showed no i
with anti-α-tubulin antibody for the loading control.

4.1.4 Stable CAG repeat number in BACHD rats

The stability of the CAG repeat expansions is critically important for therapeutic 

studies, since the age of onset of HD inversely correlates with the number of CAG 

repeats (Duyao et al., 1993). The polyQ coding sequence of the BACHD construct 

was therefore generated using reiteration of CAA CAG CAG CAA CAG CAA

sequence, as opposed to the reiterat

the polyglutamine stretch (Kazantsev

generations and both genders, 100 peripheral nerve

different brain regions of transgenic rats of different ages up to 18 months were taken 

to verify the stability of the polyglutamine stretch in our transgenic rat model. The 

fragment length of PCR amplicons covering the CAG

using a capillary sequencer.

detected if the number of CAG
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olfactory bulb, brain stem, and hypothalamus) from 1 month old TG5 and 

were analyzed utilizing Western blot analysis (Figure 4.7). The blots were stained 

antibody MAB2168 to visualize the signal of mhtt. The results revealed that

mhtt is equally expressed in the cerebellum, striatum and cortex, whereas the 

ypothalamus, olfactory bulb and brain stem show less abundance of mhtt.
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cerebellum (Crb), striatum (Str) and cortex (Ctx), whereas the olfactory bulb (Bulb), brain stem (Brs) and 
hypothalamus (Hyp) show a relatively reduced expression of mhtt. A whole brain of WT rat
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single peak was detected in each sample with an identical size as the original 

BACHD construct (Figure 4.8). As already observed in BACHD mice (Gray et al., 

2008), our analysis revealed a stability of the polyQ encoding sequence in both 

germline and somatic brain regions at different ages, gender and rat generations.  

 

Figure 4.8: Stable polyglutamine repeat length in BACHD transgenic rats. One hundred samples of 
different brain regions or periphery tissue were analyzed for the fragment length after PCR amplification 
of the entire CAG repeat in transgenic HTT exon 1. Images of the scan generated show a single peak in 
all the samples of different generations (A), ages (B) and brain regions (C). The fragment length was 
found to be the expected size of a PCR product spanning 97 CAG/CAA repeats in all the samples.  

4.1.5 Sequencing of the construct 

The results of the fragment analysis revealed that the PCR products spanning the 

CAG repeats of all founders and the constructs themselves were approximately 18 

nucleotides less than expected; therefore sequencing of the construct, which was 

used for microinjection, was performed. It was possible to screen the entire CAG 

repeat sequence as well as the polyproline coding sequence. Sixteen repeats of the 

nucleotide sequence CAA CAG CAG CAA CAG CAA along with an additional CAA 

were confirmed in the BACHD construct, which demonstrated that all the founders 

contain a CAA/CAG repeat of 97 residues and which is the same as in the BACHD 

mice (Gray et al., 2006).  Furthermore, 11 polyproline coding sequences downstream 

of the CAG repeats were confirmed as published for Homo sapiens in the NCBI data 

base.  
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4.1.6 Alternative splicing variants of mutant human huntingtin in BACHD rats  

Real-time PCR was carried out to determine alternative splicing variants of mhtt 

mRNA. Samples of different brain regions of BACHD rats were analyzed for the 

presence of both protein-encoding transcript variants, which have been previously 

identified (transcript HTT-001 and HTT-011 were reported in Ensemble Genome 

Browser). Both the small (HTT-011) and the 67 exon spanning large transcript (HTT-

001) were identified in all analyzed brain samples and the ratio of the transcript 

variants was quantified (Figure 4.9). The ratio of the transcript variants was similar in 

the different brain regions in TG5 with approximately 3.5 times more HTT-001 than 

HTT-011. In TG9 rats the HTT-001:HTT-011 ratio was highest in the cerebellum 

(4.32),  moderate in the striatum (2.76)  and lowest in the cortex (1.04). 

 
 

As impaired general health could be a confounding factor in behavioral experiments, 

this information is crucial for proper interpretation of behavioral results. A modified 

SHIRPA protocol was therefore performed to assess basic health at 1, 6, 12 and 18 

months of age. Transgenic rats from both lines, TG5 and TG9 did not differ 

significantly from WT rats on all parameters examined including a hematological 

screen over 18 months (Table 3.1). 

 

 

Figure 4.9: Both protein-encoding 
variants were determined in 
BACHD transgenic rats. Real-time 
PCR was performed using one 
common forward primer binding to 
both variants of HTT-001 and HTT-
011, while the reverse primers were 
chosen specifically to bind to each 
variant. (A) Image of gel 
electrophoresis.  The BACHD rats of 
line TG5 and line TG9 exhibit both 
transcript variants (HTT-001 and 
HTT-011) in cerebellum (Crb), cortex 
(Ctx) and striatum (Str). (B) 
Quantification of the ratio of HTT-
001/HTT-011 in different brain 
regions of both transgenic lines.  The 
ratios vary between 2.49 and 4.40 in 
all brain regions investigated in both 
TG5 and TG9, except in the cortex of 
TG9 rats, where an equal expression 
of HTT-001 and HTT-011 is present.    
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Table 3.1: Primary basic healthy screen in BACHD rats 

Hematological screen  No significant difference 

Behaviour recorded in the viewing jar No significant difference 

Behaviour recorded in the arena No significant difference 

Behaviour recorded above the arena No significant difference 

Lacrimation and defection No significant difference 

Physiological reflexes No significant difference 

4.3 behaviour study 

4.3.1 Early-onset progressive motor deficits in BACHD rats 

Motor deficits are an important clinical feature of Huntington disease patients 

including involuntary movements, motor dyscoordination and gait disturbances. In 

order to assess motor function in our transgenic animals, we performed the rotarod 

test, footprint analysis and the clasping test.  

Four trials on an accelerated rotarod were conducted with 1-month-old rats and 

repeated every month until the age of 15 months. The average latency until the 

animal fell off the rotating rod was measured and analysed. Repeated-measures 

ANOVA revealed a highly significant main effect of genotype (F2,270=22.86, p<0.0001) 

and a statistically significant genotype X age interaction (F18,270=1.67, p=0.0448), 

reflecting a significant difference between the performance of BACHD rats and WT 

rats with increasing age. Subsequent post-hoc analysis with Bonferroni tests 

demonstrated a progressive decline in rotarod performance in the TG5 group relative 

to both WT and TG9 animals (Figure 4.10). Significant differences were already 

evident at 1 month of age (p<0.01). Here, TG5 rats exhibited significant difficulties in 

maintaining balance on the rod at higher rotation speeds and were unable to remain 

on the rod longer than 97.31 ± 19.45 s. In comparison, WT rats showed an average 

latency to fall of 156.88 ± 8.48 s. At 4 months of age, the performance of TG5 rats 

dropped drastically, but it was maintained over the next 4 months. A similar drastic 

reduction in performance was observed again between 9 and 11 months of age, 

when most of the TG5 rats were unable to walk on the rod even at the lowest velocity 

(4 rpm) (Figure 4.10).  

Video recordings provided additional insight into the rats’ performance on the rotarod. 

At young ages (< 3 months), both transgenic and WT rats displayed similar walking 

behaviour on the rotarod. Starting with 3 and 5 months of age respectively, TG5 and 
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TG9 transgenic rats adopted an abnormal walking strategy. After being placed on the 

rod, the transgenic animals turned 180° and instead of performing a coordinated 

walk, they started to jump backwards (movie 1 and 2). The number of transgenic rats 

adapting this unusual strategy increased with age, which partly compensated for the 

decline in rotarod performance. None of the WT littermates displayed this abnormal 

movement strategy. Taken together, the results of the rotarod test demonstrated an 

early-onset and progressive motor function deficit in BACHD transgenic rats of line 

TG5.  

Another rat cohort was used to study the motor skill learning ability at 2 months of 

age employing the rotarod test. The rats were trained in twelve training sessions and 

the number of falls in the last eight sessions were analyzed. The results indicate that 

only TG9 rats can improve their performances due to learning (one-way ANOVA, 

p<0.05), while TG5 were unable to improve their performances in the analyzed 

training sessions (Figure 4.11).   

In order to investigate the gait of BACHD transgenic rats, footprints from all 

genotypes (n=11 each) were analyzed at 14 months of age. The stride width of the 

hind limbs as well as the step length and the overlap of hind and fore limbs of each 

individual rat were measured. One-way ANOVA revealed that 14-month-old 

transgenic TG5 rats made significantly shorter steps with fore and hind limbs 

(p<0.0001) than TG9 and WT. Furthermore, TG5 rats showed an increased stride 

width (p<0.01) and a reduced overlap between fore and hind limb placement 

(p<0.0001) (Figure 4.12) in comparison to the other groups, indicating that BACHD 

transgenic rats TG5 have gait abnormalities at older ages compared to WT rats.  
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Figure 4.10: Motor function analysis of BACHD rat lines TG5 and TG9 using rotarod test. (A) Rats 
underwent four test sessions each month on an accelerating rod (4-40 rpm in 4 min). Mean latencies to 
fall (± SEM) were compared among different genotypes over 15 months (n=12 per genotype). TG5 rats 
displayed a progressive decrease in performance from 1 month of age, whereas TG9 showed an 
impaired performance at three and four months. Starting with the fifth test month, TG9 rats adapted an 
alternative strategy to remain on the rotating rod which yielded comparable performances compared to 
WT rats. Data are expressed as means ± SEM, *p<0.05; **p <0.01; ***p <0.001. 

 

Figure 4.11: Impaired acquisition of new motor skill in BACHD rats.  Rats were trained for 12 
sessions under a constant speed (12 rpm, 2 min. each session) before the rotarod test was carried out. 
A reduction in the number of falls in the sessions of the first training presumably reflects motor skill 
learning ability. TG5 and TG9 rats had difficulties in improving their motor skill learning ability. TG5 rats 
did not improve at all over the period of 12 training sessions, while the WT rats performed well at the 5

th
 

trial; TG9 rats showed a significantly reduced number of falls in the 12
th
 training session compared to 

the 5
th
. 
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In order to analyze the gait change in BACHD transgenic rats, footprints were taken 

at 2, 6, 10 and 14 months of age (n=11 per time point). The stride

limbs, the step length and the overlap of hind and fore limb of each individual rat 

were analyzed. Younger BACHD rats did not display any differences compared to 

wild type littermates (data not shown), whereas 14

took significantly shorter steps with their fore and hind limbs. Fu

showed an increased stride width and reduced overlap between fore and hind limb 

placements (Figure 4.12), indicating an affected limb coordination. This data 

suggests that BACHD transgenic rats have gait difficulties at older ages compared to 

wild type rats. 

 

 

Figure 4.12: Footprint analysis. (A
length: dotted line; and overlap between f
analysis of footprints examined at 14 months of age. TG5 exhibited a significantly abnormal gait with 
increased stride width, decreased overlap as indicated by a greater distance between hind and
paw placement and decreased step length. Data are expressed as means ± SEM, **
<0.001. 

Additionally, characteristic hindlimb clasping behaviour was observed during tail 

suspension in both transgenic lines at 3 weeks of age (

All together these results indicate that both BACHD transgenic rat lines show early 

and progressive motor function deficits and impaired motor skill learning. 
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(A) Footprints at 14 months of age. Stride width: continuous line; step 
length: dotted line; and overlap between front and hind limbs: two directional arrows. (B
analysis of footprints examined at 14 months of age. TG5 exhibited a significantly abnormal gait with 
increased stride width, decreased overlap as indicated by a greater distance between hind and
paw placement and decreased step length. Data are expressed as means ± SEM, **
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B 

In order to analyze the gait change in BACHD transgenic rats, footprints were taken 

width of the hind 

limbs, the step length and the overlap of hind and fore limb of each individual rat 

were analyzed. Younger BACHD rats did not display any differences compared to 

old transgenic TG5 rats 

thermore, TG5 rats 

showed an increased stride width and reduced overlap between fore and hind limb 

), indicating an affected limb coordination. This data 

sts that BACHD transgenic rats have gait difficulties at older ages compared to 

 

) Footprints at 14 months of age. Stride width: continuous line; step 
imbs: two directional arrows. (B) Statistical 

analysis of footprints examined at 14 months of age. TG5 exhibited a significantly abnormal gait with 
increased stride width, decreased overlap as indicated by a greater distance between hind and front 
paw placement and decreased step length. Data are expressed as means ± SEM, **p <0.01; ***p 

Additionally, characteristic hindlimb clasping behaviour was observed during tail 

All together these results indicate that both BACHD transgenic rat lines show early 

and progressive motor function deficits and impaired motor skill learning.  
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Figure 4.13:  Hind limb clasping in BACHD transgenic rats at 3 weeks of age. 

4.3.2 Emotional changes in BACHD rats 

Additional clinical features of HD patients involve multiple psychiatric symptoms. In 

order to score the anxiety level of the BACHD transgenic rats, we utilised the 

elevated plus maze test. Independent cohorts of TG5 rats and WT littermates were 

used at 1, 4 and 12 months of age. One month old and 4 months old BACHD TG5 

rats spent significantly more time on the open arms compared to WT (10.30% and 

9.55% at 1 and 4 months of age respectively, p<0.05 at each time point), (Figure 

4.14 B). At 12 months of age, the difference between TG5 and WT rats further 

increased with a mean difference of 13.43% (p<0.01). The significance of these 

observations was confirmed by two-way ANOVA, which indicated a highly significant 

main effect of genotype (F1,65=25.56, p<0.0001) as well as a main effect of age 

(F2,65=37.7, p<0.0001). However, there was no significant interaction between 

genotype and age (F2,65=0.26, p=0.7753) because the percentage of time spent on 

the open arms of the maze decreased in both genotypes with increasing age. 

  

 

 

 

 

TG5 WT 
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Figure 4.14: Emotional changes in BACHD rats.

www.eb-instruments.com)  (B) Independent cohorts of TG5 and WT control rats were tested
elevated plus maze at 1, 4 and 12 months of age.  Data are reported as mean ± SEM for the percentage 
of time spent in the open arms.  TG5 rats exhibited significant
compared to WT controls at all three ages, the tim
to the 12

th
 month. (C) Representative running pa

are expressed as means ± SEM, *p
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Emotional changes in BACHD rats. (A) Picture of elevated plus maze used
Independent cohorts of TG5 and WT control rats were tested

elevated plus maze at 1, 4 and 12 months of age.  Data are reported as mean ± SEM for the percentage 
of time spent in the open arms.  TG5 rats exhibited significantly increased open arm exploration 
compared to WT controls at all three ages, the time spent in the open arms increased from the 4

(C) Representative running pattern of a TG5 rat (left) and a WT littermate (right). 
p <0.05.  

social interaction test every other month until 18 months of 

age (WT:TG5:TG9, N=16:14:20). Social interaction behavior including sniffing, 

analyzed utilizing one-way ANOVA at each time point, as 

.15). There was no difference in social interaction behavior 

observed between neither any genotype nor any age within the same genotype. In 

contrast, grooming time in wild type controls increased as they aged, while rats of 

both transgenic lines show a constant length of time for grooming until 18 months of 

age. Therefore in later stages, BACHD transgenic rats displayed reduced 

compared to wildtype littermates when exposed to an unfamiliar rat. 

B 
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However, this reached statistical significance only in 12-month-old and 16-month-old 

TG9 rats.  

 

Figure 4.15: Social interaction screening.  Rats of the same cohort were tested for social interaction 

with two months intervals until 18 months of age. Each time rats were paired with a foreign rat of the 

same genotype which they had never met before. There was no difference in social interaction time 

observed over 18 months (A), while the grooming time of both transgenic lines seems to be decreased 

compared with WT littermates at later stage (B), but this difference reached significance only for TG9 rats 

at 12 and16 months of age. Data are expressed as means ± SEM, *p<0.05, ***p<0.0001. 

4.3.3 BACHD rats show a cognitive deficit in a simple swimming test 

A simple swimming test was designed to assess the ability of BACHD rats in learning 

to find and remember the position of the escape platform. The experiment was 

designed with two stages: acquisition and reverse learning. The same cohorts of rats 

were tested at 4 and 6 months of age. Both BACHD transgenic rats and WT controls 

very quickly learned to escape by reaching the platform even in the first test at 4 

months of age. 

 

A 

B 
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Figure 4.16: Initial simple swimming test at 4 months of age. The experiments were designed with 
acquisition (A) and reversal learning (B) stages with 6 tests each day. Time needed to find the platform 
and initial swimming direction score were analyzed using two-way ANOVA. In both stages, rats from all 
genotypes learnt how to find the platform within 4 trials. In the acquisition stage, TG9 occasionally 
needed longer time to find the platform in the second test; this difference was caused by a single rat, 
which could have been influenced by motivation. In the reversal learning stage both TG5 and TG9 rats 
displayed a significantly increased latency to find the platform at the first trial, a significant interaction of 
genotype X trials was detected as well.  There was no significant difference of initial swimming direction 
score in both acquisition and reversal learning stage. Data are expressed as means ± SEM, #p<0.05; 
##p<0.01. 

At 4 months of age, there was no difference between genotypes during acquisition 

training (Figure 4.16 A). During reversal training, two-way ANOVA analysis revealed 

an interaction between genotype and number of trials (p = 0.0162) and a separate 

genotype effect (p = 0.0068) on the time needed to reach the platform. In addition, on 

the first trial of reversal, both TG5 and TG9 rats needed significantly longer time than 

WT to find the platform (p<0.001 and p<0.05 respectively). No significant results 

were seen in the learning curve for the swimming pattern score (Figure3.17 B). Apart 

from the significant effect of the number of trials noted above, no significant results 

were found in any of the learning curves for acquisition and reversal with six months 

old rats (Figure 4.17).  

A C 

B D 



RESULTS 

69 

 

20

Figure 4.17: Repeated simple swimming test at 6 months of age. All rats learned more quickly than 

at 4 months of age. With regards to the time needed to find the platform, in both learning stages, by the 

second trial all rats had reached a plateau level. No difference was determined between transgenic rats 

and WT controls.   

4.3.4 Early cognitive decline in the Skinner Box tests 

To demonstrate cognitive changes in BACHD rats, Skinner box testing was 

performed with BACHD rats from both lines and WT controls at 10 weeks of age. The 

entire experiment continued for 6 consecutive weeks.  During the experiment, the 

body weight of all rats was reduced by approximately 10-20% in comparison to their 

initial body weight. While TG5 showed the largest reduction of body weight over 6 

weeks, WT rats lost the least amount (Figure 4.18 A). All rats were motivated to push 

the lever in order to retrieve food pellets, which lead to a habituation phase until 

reversal learning. The learning curves for all genotypes showed a significant effect on 

performance with the number of trials (p<0.0001).  

No significant differences between or effects of the genotypes were found when 

analyzing performance during the initial lever training. Although TG5 rats showed a 

slight trend towards requiring more training before starting to retrieve 100 pellets 

within the time limit, no significant differences were found (Figure 4.18 B). 

A C 

B D 
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The learning curve from the 5-second time out phase showed that all the rats from all 

three genotypes reached a performance plateau as of the 5th training day (plateau 

was defined as no more than 5% variation in performance within 3 days). Two-way 

ANOVA revealed a significant interaction (genotype x training sessions) (F12,198=5.45, 

p<0.0001 and a significant effect of genotype (F2,198=4.83, p<0.05) (Figure 4.19 A). 

One-way ANOVA and post-hoc analysis with Bonferroni test detected a significant 

worse performance in both TG5 and TG9 during the plateau stage (p<0.001) (Figure 

4.19. C). In contrast, in the 15-second time out phase only a significant lower 

percentage of correct response was detected in TG5 during the plateau stage 

(p<0.01) (Figure 4.19 D), neither significant interaction nor effect of genotype was 

observed (F16,264=0.55, p=0.9179, F2,264=1.37, p=0.2690, respectively) (Figure 

4.19.B).  

In the light reversal phase, there was a significant interaction between genotype and 

number of trials (F12,198=3.89, p<0.0001) (Figure3.20 A). However this statistical 

difference may not be truly representable. Both transgenic strains initially showed a 

better performance than WT rats in the initial trial, but progressed only slightly 

towards a lower performance plateau than the WT rats with a lower percentage of 

correct responses. Due to the initial performance difference, the learning curve in the 

transgenics was less pronounced than WT rats. The ‘better’ initial performance of the 

transgenics could be contributed to their inability to reach the WT performance level 

in the acquisition stage. In addition, Both TG5 and TG9 rats showed a significant 

worse performance during plateau stage (one-way ANOVA, p<0.05) (Figure 4.20 B).  

The number of lever pushes reflects the motivation of the rats which could influence 

their performance. The numbers of lever-press were analyzed during the 5-second 

and 15-second time out phases as well as the reversal phase.  In all learning phases, 

the number of trials had a significant effect on the total number of lever presses 

(p<0.0001 in 5- and 15-second time out phases, p<0.018 in reversal learning phase) 

as seen through a reduction in the number of lever pushes as the test progressed 

(Figure 4.21). This result indicates that rats reduced ineffective attempts as they 

learned the cue of response.  We normalized the data of 5-second, 15-second time 

out phase and the reversal training phase to the lever pushes. The statistical 

significances remain similar to the non-normalized results (data not shown). 
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Figure 4.18: (A) Body weight screening of rats during Skinner Box tests.  The rats of all three genotypes 
showed 10-20% body weight reduction during the entire experiment. There was a tendency that TG5 
rats lost in average more body weight compared to WT littermates, however it was not significant. (B) 
Percentage of rats receiving 100 pellets in the acquisition stage. After 3 trials, most rats received100 
pellets within 30 min.  

 

 

Figure 4.19: Correct responses of rats during acquisition stage. (A) Correct responses during 5-

second time out stage; (B) Correct responses during 15-sencond-time out stage; (C) Correct responses 

in the plateau phase of 5-second time out; (D) Correct responses in the plateau phase of 15-second 

time out.  Rats of TG5, TG9 and WT littermates received 1 training session of 30 minutes each day, the 

average of correct responses were recorded and analyzed.  Data are presented as mean ± SEM of 

each trial. *p<0.05, **p<0.01. 
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Figure 4.20: Correct responses of rats during reversal stage.  (A) Data from the entire experiment; 

(B) Data from the plateau phase only. *p<0.05. 

 

The number of lever pushes reflects the motivation of the rats which could influence 

their performance. The numbers of lever pushes were analyzed during the 5-second 

and 15-second time out phases as well as the reversal phase.  In all learning phases, 

the number of trials had a significant effect on the total number of lever presses 

(p<0.0001 in 5- and 15-second time out phases, p<0.018 in reversal learning phase) 

as seen through a reduction in the number of lever pushes as the test progressed 

(Figure 4.21). This result indicates that rats reduced ineffective attempts as they 

learned the cue of response.  We normalized the data of 5-second, 15-second time 

out phase and the reversal training phase to the lever pushes. The significances 

remain similar to the non-normalized results (data not shown). 

B A 



RESULTS 

73 

 

 

Figure 4.21: Number of lever pushes in different learning stages. In each leaning stage, rats 
obtained one 30-min training session per day.  The number of total lever pushes were recorded and 
analyzed. During the 5-second time out (A) and 15-second time out (B) stages, there was no effect of 
genotype observed. In contrast, the number of training sessions showed a strong effect (p<0.0001) on 
the total lever pushes. This effect remained strongly significant till the reversal learning stage (C), where 
it was reduced (p<0.01) due to a prolonged learning phase. 
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Taken together, both BACHD TG5 and TG9 rats showed impairments in learning 

ability during the acquisition stage, TG5 rats still performed worse than the WT 

controls even after 4 training weeks. With this data, it is not possible to screen the 

cognition of BACHD and WT rats in the reversal learning stage as most of the TG5 

rats were unable to reach the performance level of the controls. This data is 

consistent with the simple swimming test results, demonstrating a decline in cognitive 

function in BACHD rats in early stages. 

4.4 Metabolic disturbances in BACHD transgenic rats over-expressing full-
length mutant huntingtin 

4.4.1 Body weights and body composition in BACHD rats 

Studies of HD have been focused on the disturbance of the basal ganglia, but now it 

is well recognized that a widespread pathology including metabolic changes are 

involved in HD. Therefore, some aspects of metabolism were assessed in BACHD 

transgenic rats. 

Since it has been shown that an increased expression of full-length mhtt in mice is 

associated with a dose-dependent increase in body weight (Van Raamsdonk et al., 

2006), we have monitored body weight in both lines of BACHD rats and their WT 

littermates weekly (Figure 4.22). All rats gained body weight during entire study 

period (72 weeks of age) with neither significant interaction between genotype and 

age, nor main effect of genotype (repeated-measures ANOVA, p>0.05).  

 

 

 

 

The question still remained if body composition differed between genotypes. 

Together with colleague Laura Clements, we measured the weight of epididymal fat 

and the perirenal fat tissues relative to body weight and  compared data between 

Figure 4.22: Comparison of body 
weights of BACHD rats and WT 
littermates. The body weight was 
measured once a week and showed a 
continuous increase over 75 weeks but 
was not significantly different among the 
three genotypes. WT:TG5:TG9, N = 
20:16:22. 
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BACHD transgenic rats TG5 and WT littermates at 13 months of age (n=12), as well 

as the weight of the gastrocnemius muscle. A strong significant increase in both 

epididymal fat and perirenal fat tissues was measured in BACHD rats of line TG5 

compared to WT littermates (student t-test, p<0.0001).  In contrast, the weight of the 

gastrocnemius muscle showed a highly significant decrease in TG5 rats (student t-

test, p<0.0001) (Figure 4.23).  

 

Figure 4.23: Body composition. Epididymal WAT (white adipose tissue), perirenal WAT and 
gastrognemius muscle were compared between BACHD transgenic rat TG5 and WT littermates at 13 
months of age (n=12, student t-test). Both the relative amount of epididymal WAT and perirenal WAT 
strongly increased in TG5 rats as compared to WT littermates while the weight of the gastrognemius 
muscle strongly decreased in TG5. ***: p<0.0001. 

4.4.2 Changes in metabolism related factors detected by PhenoMaster system 

Locomotor activity and food consumption of BACHD rats were registered in an 

automated, home-cage-like environment (PhenoMaster, TSE Systems, Bad 

Homburg), as well as other metabolism related factors including oxygen 

consumption, CO2 production and respiratory exchange ratio (RER). Measurements 

were taken from one cohort of each rat line (n= 16, 19, 18 for TG5, TG9 and wild 

type, respectively) every 3 months over a period of 18 months. Oxygen consumption, 

CO2 production and RER were measured starting at 9 months of age as a required 

accessory piece of the PhenoMaster system was unavailable prior to this time point. 

At each time point, locomotor activities over 22 hours as well as ambulatory and 

rearing activities during the dark phase were analyzed. Both transgenic and wild type 

rats showed a pronounced dark-light cycle in all activities with their main activity 

during the dark phases. The daily behaviour pattern did not differ between different 

genotypes (Figure 4.24).  
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Figure 4.24: Similar circadian pattern of ambulatory and rearing activity in BACH
rats. Representative plotted ambulatory activity (A) and rearing activity (B) of BACHD TG5, TG9 and 
wild type littermates during a light-dark cycle.  Both transgenic and wild type rats show a light
rhythm in all activity measures with their main activity during the whole dark phase of 12 hours.
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Highly significant differences in ambulatory activity were found at early time points in 

both transgenic rat lines compared to WT (both TG5 and TG9 p<0.001 at 3 and 6 

months of age) (Figure 4.25 C and D). The reduction in rearing activity was only 

observed in TG5 compared to WT control rats at early time points (p<0.05 at 3 

months of age, p<0.0001 at 6 months of age). The significance of these observations 

was confirmed by two-way ANOVA, which indicated a highly significant interaction 

effect (genotype X age: F10,259=4.22, p<0.0001) in ambulatory activity, a main effect 

of genotype in both ambulatory activity (F2,259=22.32, p<0.0001) and rearing activity 

(F2,248=15.11, p<0.0001 ) as well as a main effect of age (F5,259=217.89, p<0.0001 in 

ambulatory activity; F5,248=23.23, p<0.0001 in rearing activity). 

 

 

Figure 4.25: Reduced food consumption and locomotor activity in BACHD rats. Over an 18 month 
period with 3-month intervals, a cohort of TG5 (n=16), TG9 (n=20) and WT rats (n=22), was measured 
for food (A) and water (B) intake, as well as ambulatory activity (C) and rearing (D) during the 12 hours 
of a dark phase.  We found a significantly decreased food consumption in both transgenic lines over 18 
months (asterisks), while the water intake reduction was only observed in line TG5. Both ambulatory 
activity and rearing decreased in all three genotypes over time, whereas significantly lower activity and 
rearing in both TG5 and TG9 compared to the WT rats were only observed up to 6 months of age. Data 
are expressed as means ± SEM, *p <0.05; **p<0.01; ***p<0.001. 
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Figure 4.26: Reduced oxygen consumption, heat and RER in TG5 rats at all time points 
investigated. The same cohort of rats was measured for oxygen consumption (A), heat (B) and RER 
(C) starting at 9 months of age until 18 months of age.  Both oxygen consumption and heat obviously 
dropped in the first 3 months, and remained relatively stable in the last 6 months. One-way ANOVA 
analysis at each time point revealed a highly significant decrease of oxygen consumption and heat in 
TG5 rats compared with WT littermates at 9 and 12 months of age. However this difference was less 
striking in the last 6 months of measurements.  RER showed a slight increase over time, and a highly 
statistical significance was determined between TG5 and Wt. Data are presented as mean ± SEM, *p 
<0.05; **p<0.01; ***p<0.001. 

 

Oxygen consumption, heat and RER were compared between BACHD transgenic 

rats with WT controls in the dark phase as well. The analysis was performed using 

the average measurement from the three days at each time point, employing one-

way ANOVA. Heat and oxygen consumption of rats from all genotypes clearly 

dropped from 9 months to 12 months of age and then remained relatively constant 

until the last time point investigated, the RER however showed a tendency to 

increase over time (Figure 4.26 A, B and C). The results revealed a highly significant 

decrease of all of these three factors in BACHD transgenic TG5 rats compared to WT 

animals at all time points. In contrast only a slight reduction was detected in TG9 

showing no significant difference. Food consumption analysis revealed a decreased 

food intake in the transgenic rats, which could have resulted in a reduction of RER 

due to hunger. To test this hypothesis the time course of these parameters during all 

three days was analyzed for the transgenic animals at 18 months. However, no 

significant difference for all parameters was found between the first and last day of 

testing (Figure 4.27), and therefore a hunger effect is unlikely to affect the RER in the 

transgenics.  
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In summary, the data from the PhenoMaster demonstrates a reduced food and water 

intake in BACHD TG5 rats. Although the decrease in ambulatory and rearing activity 

was only detected in the early stages up to 6 months of age, TG5 rats still show a 

reduced oxygen consumption and CO2 production as well as RER over the time 

Figure 4.27: Time course of oxygen 

consumption, heat and RER 

measurements over a period of 3 

days at 18 months of age. Data 

were reported as mean of oxygen 

consumption (A), heat (B) per kilo 

each hour and average of RER in 

each hour (C). All the genotypes 

showed a similar circadian pattern. 

Data summaries indicated a 

significantly decrease in oxygen 

consumption, heat as well as RER in 

TG5. Data were expressed as mean ± 

SEM, *p<0.05; **p<0.01; ***p<0.0001. 
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points investigated.  In the younger ages, a decreased food consumption and 

ambulatory activity were found in TG9 rats as well, although this was not as striking 

as in TG5 rats.  

4.5 Huntingtin aggregates increase over time and are widely distributed in 
BACHD rats  

In order to investigate the regional distribution pattern of mhtt-positive aggregates in 

BACHD transgenic rats, we used the polyclonal sheep antibody S830 in serial brain 

sections at 12 months of age (Figure 4.28). In TG5 and TG9, the aggregates are 

abundantly distributed in the neocortex (layer I-V), comparably very few aggregates 

can be detected in the caudate putamen (CPu) as well as its projection regions such 

as the lateral globus pallidus and the substantia nigra (data not shown). The 

cerebellar cortex showed a few small aggregates throughout the three layers 

(molecular, granule and the purkinje cell layers) (data not shown). Furthermore, the 

aggregates are widely distributed in all limbic structures with an abundant expression 

in nucleus accumbens, hippocampus (specifically in the CA3 region), bed nuclei of 

the stria terminals (BNST), the amygdala, the lateral septum and hypothalamus 

(Figure 4.29). A slightly reduced expression was observed in most thalamic nuclei 

(data not shown). Finally, the distribution of mhtt aggregates were summarized in a 

graph in detail (Figure 4.30). Chain-like structures were observed throughout the 

brain areas with abundant mhtt indicating that mhtt aggregates are primarily located 

in the neuropil.  

Both the size and number of aggregates increased with age, showing the largest and 

most abundant aggregates in amygdala, in the CA3 region of the hippocampus, and 

in the cerebral cortex, indicating that aggregate formation continued to progress in 

these regions (Figure 4.31).  
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Figure 4.28:  Mutant htt S830 immunoreactivity is widely distributed in different layers of cerebral 
cortex, but few in CPu. Coronal brain sections of rats at age of 12 months of age were stained by 
polyclonal antibody S830, nickel-DAB (black) visualizes immunoreactivity of mhtt, the counterstaining 
with thionin (blue) marks nuclei. In both TG5 and TG9 rats, aggregates varying in size and formation 
were abundant in the cortex (Ctx) with highest expression in layer I, II/III and V. In contrast, only few 
aggregates were found in the caudate putamen (CPu). Very little aggregates were observed in the 
cerebellum (Crb) throughout all three layers (granular layer, molecular layer and purkinje layer). The 
abundance of aggregates in both lines TG5 and TG9 correlates with the protein expression level as the 
aggregates were larger and more abundantly distributed in TG5 compared to TG9. Scale bars: inlay 
showing high magnification images, 20 µm; in low magnification images, 200 µm. 
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Figure 4.29:  Mutant htt immunoreactivity is widely distributed in limbic structures in BACHD 
rats. Coronal brain sections of rats at age of 12 months of age were stained by polyclonal antibody 
S830, nickel-DAB (black) visualizes immunoreactivity of mhtt, the counterstaining with thionin (blue) 
marks nuclei. In BACHD transgenic rats of lines TG5 and TG9, aggregates were abundantly distributed 
in all the limbic structures. Most aggregates with a large size were found in the hippocampus (Hc), 
especially in the stratum lucidum (SLu) of CA3 area (arrow), as well as in posterointermediate bed 
nucleus of stria terminals (BSTpi) and all the nuclei of amygdala (Amyg). Relatively smaller aggregates 
were found in nucleus accumbens core (AcbC), lateral septum (LS) and most nuclei of the 
hypothalamus. There was no immunoreactivity found in WT rats.  Scale bars: inlay showing high 
magnification images, 20 µm; in low magnification images, 200 µm. 
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Figure 4.30: Summary of aggregates distribution in BACHD rats brain at 12 months of age. The 
density of aggregates is represented by a color gradient (darker yellow: more abundant, lighter yellow: 
less abundant).  

 

 

Figure 4.31: Spatio-temporal accumulation of mhtt in amygdala (Amg) and cortex (Ctx) of TG5 rat 
brains. An increase in both number and size of neuropil aggregates (arrows) was observed in both 
regions during aging; nuclear accumulation of mhtt (arrow heads) appeared only in cortex at 9 months of 
age becoming more abundant at 15 months of age. Scale bar, 20 µm. 

Only in older rats, nuclear accumulation of N-terminal huntingtin was found in the 

cerebral cortex, striatum and the granule cells of the dentate gyrus. Nuclear 

accumulation was observed after the age of 9 months and increased over time. 

Large magnification imaging showed an uneven distribution of htt accumulation in the 

nuclei (Figure 4.32). No immunoreactivity of the antibody S830 was observed in wild 

type rats in all the investigated time points.  
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Figure 4.32: Nuclear accumulation of N-terminal mhtt in BACHD transgenic rats at 12 months of 

age.  Immunoreactivity of S830 of different density merged with thionin staining was observed in 

cerebral cortex layer II/III (A), striatum (B), the granule cells in hippocampus (not shown), cerebellum 

(not shown) and olfactory bulb (C). (D) A large magnification image of a nucleus with mhtt accumulation, 

some granule structure was observed showing uneven distribution of mhtt accumulation.  

4.6 Imbalance of striosome and matrix compartments in early disease stages in 
BACHD rats 

Calbindin immunostaining was performed to determine changes in the striosome and 

matrix compartments, as calbindin is strongly expressed in the matrix surrounding 

the Calbindin-poor striosomes (Figure 4.33 A). The intensity of the calbindin staining 

either in the matrix or in the irregular shaped striosomes was not altered in BACHD 

rats compared to WT littermates (Figure 4.33 A), nor was the total matrix area or the 

number of the striosomes (Figure 4.33 B). However, the total striosome area (Figure 

4.33 C) and the mean area of the striosomes (Figure 4.33 D) were significantly 

reduced in TG5 transgenic rats compared to WT littermates (29%, p<0,001 and 34%, 

p=0,044). TG9 rats did not show this significant reduction in striosomal area. This 

imbalance in the striosome-matrix compartments in TG5 rats may affect the 

equilibrium of inhibitory and excitatory output from the striatum to downstream 

neurons.  
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Figure 4.33: Striosome abnormalities in the striatum of BACHD rats. The region of interest is 
outlined in in dotted black line. (A) Calbindin immunostained sections of WT, TG5, and TG9 rats at 6 
months of age show striosomes visible by faint calbindin staining ((arrows and outlined in continuous 
white line), while the intense staining visualizes the matrix surrounding the striosomes. Scale bar, 0.5 
mm. (B) The total matrix area and number of striosomes (B) was similar in WT, TG5 and TG9 rats. A 
significant decrease in both total (C) and mean striosome areas (D) was only observed in TG5 rats 
compared to WT littermates. Data is expressed as means ± SEM, *p<0.05. 

4.7 Analysis of apoptosis in BACHD rats 

BACHD rats show a reduced brain volume compared to WT littermates in advanced 

stages of the disease suggesting neuronal cell death in aged animals. Since the 

basis of neuron death still remains elusive, BACHD rats were analyzed for molecular 

markers involved in cell death.   

4.7.1 TUNEL assay and anti-PARP staining 

TUNEL assay (Terminal deoxynucleotidyl transferase dUTP nick end labeling) is a 

method for detecting apoptosis via labeling the terminal end of nucleic acids 

identifying DNA fragmentation. Coronal cryosections of the BACHD rats lines TG5 

and TG9 as well as WT controls were used for TUNEL staining. Sections of all brain 

regions of transgenic and WT rats were included into the analysis. An unspecific 

TUNEL labeling caused by labeling of synthesized RNA is indicated by a red staining 

in close proximity to the DAPI labeled nuclei (Figure 4.34). A co-localization of 

TUNEL-labeling and the DAPI staining was not detected indicating no DNA 

fragmentation in both BACHD transgenic rats and WT controls. 
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In order to confirm the results of 

polymerase (PARP) staining was performed

caspase family during early apoptosis. Coronal cry

rats were used for the immunohistological staining with anti

staining in neurons were found in the positive control (brain secti

one rat, data not shown), however there was no positive staining in brain sections of 
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Figure 4.34: TUNEL assay in BACHD rats at 18 months of age.

nick end labeling, blue fluorescence in
fluorescence indicating no apparent DNA fragmentation and therefore apoptosis in both
transgenic rats and WT controls.  
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not be detected in all of three genotypes.  Scalebar 50 µm. 

 

It was described, that cell dysfunction and degeneration requires

HD transgenic mouse model and preventing proteolysis at the 

6 consensus sequence at amino acid 586 of mutant huntingtin

development of behavioral, motor and neuropathological features (

It was also reported that caspase-6 is active in the YAC mouse MSNs and 

6 expression results in cell death (Warby et al., 2008)

Figure 4
caspase
western blotting.

striatal lys
rats and WT littermates 
months of age were t
SDS-PAGE
treated 
cytochrome c 
positive control.
exposure, only two unspecific 
bands (stars) were detected 
in the BACHD and WT rat 
samples, while a strong 17 
kDa band was detected in the 
positive control sample. 

* 
* 

* 

* 
* 

* 
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. Taken together, no elevated apoptosis markers were detected in the 

BACHD transgenics up to 18 month of age as indicated by the results of TUNEL-

and cleavage of PARP and caspase-3.  

 

Brain sections of BACHD rats and WT controls 
e active form of caspase-3 

(TG5:TG9:WT= 6:5:5). Brain sections of P1 rat was taken as positive control showing several active 
processes (A), the sections of 

positively stained cells could 

nction and degeneration requires cleavage of  

preventing proteolysis at the 

huntingtin prevents the 

development of behavioral, motor and neuropathological features (Graham et al., 

YAC mouse MSNs and 

, 2008). In order to 

Figure 4.36: Activated 
caspase-3 detected via 

ern blotting. 50 µg of 
lysates from BACHD 

rats and WT littermates at 18 
months of age were taken for 

PAGE. Cell extract 
treated in vitro with 
cytochrome c was used as 
positive control. After long 
exposure, only two unspecific 
bands (stars) were detected 
in the BACHD and WT rat 
samples, while a strong 17 
kDa band was detected in the 
positive control sample.  
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assess the caspase-6 activity in BACHD transgenic rats, we stained coronal brain 

sections of 15-month-old rats (TG5:TG9:WT=6:5:5) and performed Western blot 

using striatal lysates of rat brains of the same age. Comparable with the results for 

caspase-3, no immunreactivity was found in immunohistological stainings and no 

active form of caspase-6 was detected in Western blot analyses (data not shown). 

4.7.3 Analysis of calpain activation and spectrin cleavage 

Cell death in neurodegenerative diseases involves multiple mechanisms, and 

different death pathways interact with each other. In both programmed apoptosis and 

non programmed necrotic cell death, calpains are activated by the increase of 

intracellular calcium, when cells are exposed to extreme stress conditions. 

In addition to an altered subcellular localization it was reported that the calpain 

expression level is increased in HD patients in the medium spiny cells and in the cells 

close to the lateral ventricle. Immunofluorescence staining of calpain-2 and calpain-

10 was performed using paraffin sections of rat brains at 9 and 15 months of age. 

Calpain-1, which is the predominantly activated member of the calpains, was left out 

due to difficulties in detection. The immunoreactivity of calpain-2 and calpain-10 was 

detected in the region of interest (ROI) including striatum, cortex and thalamus 

showing a cytoplasmic distribution in some large neurons (Figure 4.37). A slightly 

reduced immunofluorescence signal was found in striatum, cerebral cortex and 

cerebellum for both anti-calpain-2 and -10 in BACHD TG5 rats. There was no 

difference in the subcellular localization between transgenic rats and the WT 

littermates. In order to detect the activated forms of calpain, Western blots were 

performed using striatal lysates of rats at 18 month of age (n=3) (Figure 4.38). The 

blot probed with anti-calpain-2 showed only one band at about 72 kDa, whereas the 

blot probed with anti-calpain-10 showed a band with a size of approximately 75 kDa, 

and more bands around 65 kDa, which represent the cleaved and uncleaved form of 

calpain-10, respectively. Band intensities did not display any difference between the 

genotypes, which indicated that calpain-10 activation was not altered in BACHD rats. 

Since we failed to detect calpain activation, we wondered whether calpains are truly 

not activated in BACHD transgenic rats, or whether the changes were too subtle to 

be detected.  

 

 



 

 

Figure 4.37: Immunofluorescence staining of calpain
age. Paraffin sections of BACHD
calpain-2 and anti-calpain-10 (n=2) separately. Immunoreactivity of both calpain
mainly detected in the cytoplasm showing similar staining
both genotypes (A). A fainter staining of calpain
cortex and thalamus, while in BACHD TG5 rats 
in the WT controls in all brain regions investigated (B). 

 

B 

A 

: Immunofluorescence staining of calpain-2 (A) and calpain-10 (B)
sections of BACHD TG5 rats and WT controls at 15 months of age were

10 (n=2) separately. Immunoreactivity of both calpain-2 and calpain
cytoplasm showing similar staining intensity of calpain-2 in each brain region of 

both genotypes (A). A fainter staining of calpain-10 was detected in the striatum of WT compared to 
in BACHD TG5 rats the immunoreactivity of calpain-10 was slightly less than 

in all brain regions investigated (B). Scalebar 50 µm. 
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10 (B) at 15 months of 
s of age were stained with anti-

2 and calpain-10 were 
2 in each brain region of 

in the striatum of WT compared to 
10 was slightly less than 
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Figure 4.39: Western Blot analysis of spectrin cleavage.

striatal lysates of 12-month-old BACHD transgenics and WT littermates and probed with anti
(A) A strong non-cleaved band of 280 kDa and a faint 150 kDa band were detected in t
quantification of the ratio between cleaved and non
any statistical significance between the genotypes.

 

Spectrin is one of the most 

and high stability has been observed in experimentally induced cell pathology as well 

as in clinical studies. A link beween calpain activation and the earliest stages of 

neuronal cell degeneration is also well described 

Cleavage of spectrin was therefore analyzed utiliz

of BACHD rats and WT controls

showed a very strong band of 

weak band of about 150 kDa (c

A A 

A 

B 

 

     

analysis of spectrin cleavage. Western blots were performed utilizing 
old BACHD transgenics and WT littermates and probed with anti

cleaved band of 280 kDa and a faint 150 kDa band were detected in the blot. (B) The 
quantification of the ratio between cleaved and non-cleaved bands using one-way ANOVA did not reveal 

between the genotypes. 

 important substrates of the calpains. Their abundance 

high stability has been observed in experimentally induced cell pathology as well 

A link beween calpain activation and the earliest stages of 

neuronal cell degeneration is also well described (Vanderklish and Bahr, 2000)

ctrin was therefore analyzed utilizing Western blot in stria

BACHD rats and WT controls at 15 months of age (n=5). Western blot

band of approximately 280kDa (full-length spectrin) and 

150 kDa (cleaved fragment, Figure 4.39). Quantification using 

Figure 4.38: Western blot analysis of 
calpain-2 and calpain-10 i

Western blots were performed using 
striatal lysates of 18-month
transgenic rats and WT littermates. (A) In 
the blot probed with anti-calpain
band of approximately 70 kDa was 
detected in all genotypes, 
density of bands was equally present in all 
samples.  (B) In the blot probed with anti
calpain-10, 3 bands between 60 and 75 
kDa (arrows) were present in all the 
genotypes with similar density, as well as 
two bands of approximately 45 kDa 
(arrowheads) most likely r
unspecific binding of the antibody.  

B 

 

 

Western blots were performed utilizing 
old BACHD transgenics and WT littermates and probed with anti-spectrin. 

he blot. (B) The 
way ANOVA did not reveal 

heir abundance 

high stability has been observed in experimentally induced cell pathology as well 

A link beween calpain activation and the earliest stages of 

(Vanderklish and Bahr, 2000). 

in striatal lysates 

Western blot analyses 

length spectrin) and a 

uantification using 

: Western blot analysis of 
10 in striatum. 

Western blots were performed using 
month-old BACHD 

transgenic rats and WT littermates. (A) In 
calpain-2, a single 

band of approximately 70 kDa was 
detected in all genotypes, whereas the 

y present in all 
samples.  (B) In the blot probed with anti-

10, 3 bands between 60 and 75 
kDa (arrows) were present in all the 
genotypes with similar density, as well as 
two bands of approximately 45 kDa 
(arrowheads) most likely representing 
unspecific binding of the antibody.   



 

ImageJ did not yield any differences in

bands between transgenics and WT rats. 

4.7.4 Assessment of neuronal a

neurons) in BACHD rat brain

In order to assess neuron

were evaluated by Nissl and NeuN staining 

and WT littermates at 3 and 12 months of age. 

older rats show a normal distribution and number of densely packed neurons with 

smaller neighboring glia cells in BACHD transgenic rats compared with WT controls

Morphology and size of neurons appeared normal in both groups 

for 12-month-old animals).

and orientation in different brain structures

loss throughout the whole brain. Very few condensed dark neurons were found in 

cortex and striatum in all the ge

 

Figure 4.40: Staining of brain sections with thionine reveals a
BACHD transgenic rats at 12 months of age

darkly-stained by thionine. The cell bodies of neurons, 
reticulum, appear as dark granules at low magnification.
TG9 seem slightly thinner compared to the WT littermates showing normal cell 
orientation in different cortical layers. There is no obvious cell loss in both cortex and striatum. 
bar: 200µm. 

 

Comparable with Nissl staining, the anti

morphology as well as distribution 

did not yield any differences in the intensity of both 280 kDa and 150 kDa 

bands between transgenics and WT rats.  

Assessment of neuronal architecture (number, morphology and organization of 

in BACHD rat brains  

order to assess neuronal degeneration, the numbers and the distribution

were evaluated by Nissl and NeuN staining using rat brain sections of BACHD rats 

and WT littermates at 3 and 12 months of age. Nissl staining of both younger and 

how a normal distribution and number of densely packed neurons with 

smaller neighboring glia cells in BACHD transgenic rats compared with WT controls

of neurons appeared normal in both groups 

old animals). The staining also showed a normal cellular organization 

and orientation in different brain structures (Figure 4.40). There was no obvious cell 

loss throughout the whole brain. Very few condensed dark neurons were found in 

cortex and striatum in all the genotypes showing no difference in severity

: Staining of brain sections with thionine reveals a normal brain architecture in 
at 12 months of age. The Nissl substance (rough endoplasmic reticulum) is 

ionine. The cell bodies of neurons, which contain a lot of rough endoplasmic 
reticulum, appear as dark granules at low magnification. The cortex plate of BACHD transgenic TG5 and 
TG9 seem slightly thinner compared to the WT littermates showing normal cell 
orientation in different cortical layers. There is no obvious cell loss in both cortex and striatum. 

Comparable with Nissl staining, the anti-NeuN staining detected a normal size, 

morphology as well as distribution and orientation of neurons with a homogenous 
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both 280 kDa and 150 kDa 

itecture (number, morphology and organization of 

distribution of cells 

rat brain sections of BACHD rats 

Nissl staining of both younger and 

how a normal distribution and number of densely packed neurons with 

smaller neighboring glia cells in BACHD transgenic rats compared with WT controls. 

of neurons appeared normal in both groups (data only shown 

a normal cellular organization 

. There was no obvious cell 

loss throughout the whole brain. Very few condensed dark neurons were found in 

notypes showing no difference in severity.  

 

normal brain architecture in 
The Nissl substance (rough endoplasmic reticulum) is 

which contain a lot of rough endoplasmic 
The cortex plate of BACHD transgenic TG5 and 

TG9 seem slightly thinner compared to the WT littermates showing normal cell organization and cell 
orientation in different cortical layers. There is no obvious cell loss in both cortex and striatum. Scale 

NeuN staining detected a normal size, 

and orientation of neurons with a homogenous 
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immunoreactivity in the nuclei of neurons in BACHD transgenics (Figure 4.41). 

Especially the cortical columns were visible with NeuN staining and the cerebral 

cortex shows an organization with indistinct layers indicating a normal cellular 

architecture in BACHD rats. There was no obvious sign of neuron loss in different 

brain regions. 

 

 

 

 

Figure 4.41: Staining of brain sections with anti-NeuN reveals a normal brain architecture and 
neuron density in BACHD transgenics. Anti-NeuN staining was used to recognize the neuron-specific 
DNA-binding protein in cortex and striatum at 3 (A) and (B) 18 months of age. Neurons in BACHD 
transgenics show the same morphology, size and density compared to WT controls indicating no 
obvious changes in brain structure and neuron loss until 18 months of age. Scale bar in lower 
magnification images: 200µm; Scale bar in inlay: 20 µm. 

 

A 

B 



 

4.7.5 Reduction in cross

As described above, 

observed in BACHD rats 

behavioural phenotype 

investigate the underlying

bundles in the striatum were assessed by 

Myelin Basic Protein (MBP), which 

oligodendrocytes in the 

(15 months of age) ages

axon bundle in the striatum was

axon bundles was found 

the number of axon bundles was observed. 

alteration found in TG5 across age. In compar

bundles were detected 

Figure 4.42: Axonal change in BACHD r

6 and 15 months of age were immu
at low magnification visualized a reduced area 
months of age. Scalebar: 0.5 mm.

 

 

 

Reduction in cross-sectional thickness of axon bundles in the striatum

As described above, no distinct changes in cell number and morphology 

in BACHD rats untill 18 months of age, although a robust progressive 

phenotype is present starting at 1 month of age. In order to further 

the underlying pathological changes in BACHD rats, the 

bundles in the striatum were assessed by immunohistological staining with

Protein (MBP), which is a major constituent of the myelin sheath of 

the CNS. In TG5 rats at both young (6 months of age) and old 

(15 months of age) ages a peculiar reduction in cross-sectional area

in the striatum was demonstrated (Figure 4.42). The reduction

was found throughout the whole striatum, while no ob

number of axon bundles was observed. There was no aggravating

alteration found in TG5 across age. In comparison, no distinct abnormalit

 in TG9.  

: Axonal change in BACHD rats at young and old ages. Coronal brain sections of rats at 
6 and 15 months of age were immuhistologically stained with antibody against MBP. Microscopy images 

visualized a reduced area of axon bundle (arrows) in TG5 rats at both 6 an
months of age. Scalebar: 0.5 mm. 
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sectional thickness of axon bundles in the striatum 

changes in cell number and morphology were 

robust progressive 

In order to further 

, the thickness of axon 

nohistological staining with anti-

is a major constituent of the myelin sheath of 

months of age) and old 

sectional area of the single 

reduction in size of 

while no obvious decrease in 

aggravating severity of this 

, no distinct abnormalities in axon 

 

Coronal brain sections of rats at 
MBP. Microscopy images 

of axon bundle (arrows) in TG5 rats at both 6 and 15 
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4.8 Analysis of gliosis in BACHD rats 

4.8.1 Analysis of microgliosis

Activated microglia cells are known to cluster around the extracellular amyloidal 

plaque in Alzheimer disease patients 

Activated microglia is also associated with damaged neurons in patients with 

Parkinson disease (McGeer and McGeer, 1998)

microglia are activated in premanifest

HD patients (Sapp et al., 2001)

severity (Pavese et al., 2006)

rat in younger and aged rats by

blotting methods.  

Figure 4.43: Immunochemistry 
microglia cells (representative images of rats at 12 months o

row) revealed a homogenous distribution of microglia cell
of density of microglia cells observed till 18 months of age. Higher magnification images 
demonstrated non-activated, non-dystrophic morphologies of microglia cells. No glia scar formation was 
observed in any genotype at any age. Scale bars: 200 µm.

 
Because we had observed neurodegeneration and 

12 months of age in BACHD rats

old rats (TG5:TG9:WT=6:5:5,  

microgliosis in both BACHD transgenics and WT controls.  Anti

calcium-binding adaptor molecule 1)

cells throughout the brain in both BACHD and WT rats

morphology of microglia cells with 

Analysis of gliosis in BACHD rats  

4.8.1 Analysis of microgliosis 

are known to cluster around the extracellular amyloidal 

in Alzheimer disease patients (Meda et al., 1995; Sasaki et al.

also associated with damaged neurons in patients with 

(McGeer and McGeer, 1998). Several studies have shown that 

microglia are activated in premanifest HD patients (Tai et al., 2007) and symptom

, 2001) and that microglia activation correlates with disease 

, 2006). Microgliosis was therefore determined in the BACHD

aged rats by using both immunohistological stainings and 

 staining using anti-Iba1 shows specific immunoreactivity in 
(representative images of rats at 12 months of age). Lower magnification (upper 

row) revealed a homogenous distribution of microglia cells throughout the brain, there was no difference 
of density of microglia cells observed till 18 months of age. Higher magnification images 

dystrophic morphologies of microglia cells. No glia scar formation was 
observed in any genotype at any age. Scale bars: 200 µm. 

neurodegeneration and reduced brain volume 

in BACHD rats, coronal brain sections of 15-month and 18

old rats (TG5:TG9:WT=6:5:5,  at each time point) were used for analysis 

in both BACHD transgenics and WT controls.  Anti-Iba1

binding adaptor molecule 1) staining shows a regular distribution of microglia 

cells throughout the brain in both BACHD and WT rats (Figure 

morphology of microglia cells with a small cell body and a ramified form did

are known to cluster around the extracellular amyloidal 

et al., 1997). 

also associated with damaged neurons in patients with 

studies have shown that 

symptomatic 

microglia activation correlates with disease 

. Microgliosis was therefore determined in the BACHD 

and Western 

 

specific immunoreactivity in 
Lower magnification (upper 

throughout the brain, there was no difference 
of density of microglia cells observed till 18 months of age. Higher magnification images (below) 

dystrophic morphologies of microglia cells. No glia scar formation was 

brain volume starting at 

month and 18-month-

were used for analysis of 

Iba1 (ionizing 

ar distribution of microglia 

 4.43). The 

ramified form did not differ 



 

in different brain regions

like microglia and no microglia scar

difference in immunoreactivity of anti

transgenics and WT controls at both ages. 

expression level in BACHD transgenics and WT controls, Western blotting was 

performed by using rat brain lysates of striatum and cortex samples of animals at 3, 

6, 9, 12 and 15 months of age. The blots of the striatum and cortex samples show a 

band of 21 kDa in BACHD transgenic and WT rats. The intensity of this band did not 

show an obvious variation between all the animals (only the results of 12months are 

shown in Figure 4.46). The blots of brain lysates at 3 and 12 months of age were 

quantified using ImageJ. Data analysis (two

difference between BACHD rats and WT littermates in both cortex and striatum.

 

Figure 4.44: Immunohistochemistry using anti
(B). Immunoreactivity was observed in some neurons (arrow head) and glia cells (arrow), as well as 
the extracellular matrix (A). There was no dystrophic morphology of neuron
both BACHD transgenics and WT controls. Each of the eight brain s
analysis. Total intensity of anti
one-way ANOVA). Scale bar in A: 20  µm, scale bar in B: 0,5 mm.

Another marker for microglia cell

Ferritin expression level was therefore examined using immunohistological stainings 

in different brain regions or between different genotypes. There was

and no microglia scar was observed in rats of all three genotypes. No 

immunoreactivity of anti-Iba1 was detected between BACHD 

transgenics and WT controls at both ages. In order to more precisely quantify Iba1 

expression level in BACHD transgenics and WT controls, Western blotting was 

performed by using rat brain lysates of striatum and cortex samples of animals at 3, 

6, 9, 12 and 15 months of age. The blots of the striatum and cortex samples show a 

Da in BACHD transgenic and WT rats. The intensity of this band did not 

show an obvious variation between all the animals (only the results of 12months are 

.46). The blots of brain lysates at 3 and 12 months of age were 

geJ. Data analysis (two-way ANOVA) did not detect any 

difference between BACHD rats and WT littermates in both cortex and striatum.

Immunohistochemistry using anti-ferritin displayed a specific staining in the globus pallidus 
ctivity was observed in some neurons (arrow head) and glia cells (arrow), as well as 

extracellular matrix (A). There was no dystrophic morphology of neurons and glia cells observed in 
both BACHD transgenics and WT controls. Each of the eight brain section were taken for statistical 
analysis. Total intensity of anti-ferritin staining did not differ between transgenic and WT littermates (C, 

way ANOVA). Scale bar in A: 20  µm, scale bar in B: 0,5 mm. 

microglia cells is ferritin, which is increased

Ferritin expression level was therefore examined using immunohistological stainings 
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s also no amoeba-

observed in rats of all three genotypes. No 

Iba1 was detected between BACHD 

In order to more precisely quantify Iba1 

expression level in BACHD transgenics and WT controls, Western blotting was 

performed by using rat brain lysates of striatum and cortex samples of animals at 3, 

6, 9, 12 and 15 months of age. The blots of the striatum and cortex samples show a 

Da in BACHD transgenic and WT rats. The intensity of this band did not 

show an obvious variation between all the animals (only the results of 12months are 

.46). The blots of brain lysates at 3 and 12 months of age were 

way ANOVA) did not detect any 

difference between BACHD rats and WT littermates in both cortex and striatum. 

 

ferritin displayed a specific staining in the globus pallidus 
ctivity was observed in some neurons (arrow head) and glia cells (arrow), as well as in 

and glia cells observed in 
ection were taken for statistical 

ferritin staining did not differ between transgenic and WT littermates (C, 

d after activation. 

Ferritin expression level was therefore examined using immunohistological stainings 
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at 15 months of age and Western blotting at 3, 6, 9, 12 and 15 months of age

4.44). Anti-ferritin staining present

pallidus (GP). Positive cells 

small size having different shapes indicating immunoreactivity in both neurons and 

microglia cells (Figure 4.45)

observed in the striatum and very few positive microglia cells were present in the 

cerebral cortex. In both neurons and microglia cells, 

was identified in cell bodies and the processes of cells or

intensities of the anti-ferritin immunreactivity was then analyzed in GP (TG5:TG9:WT 

= 6:5:5) utilizing ImageJ. Statistic

difference between BACHD transgenics and WT littermates. We

age showed a constant expression in all rat striatum and cortex samples. The 

quantification using ImageJ at both 3 and 12 months of age did not reveal a 

significant difference in the expression level of ferritin in striatum and corte

throughout the measured time interval 

ANOVA). 

 

Figure 4.45: Microglia marker Iba
striatum of BACHD rats and WT controls.

rats at 12 months of age. Western blots were performed using cortical and striatal lysates of BACHD 

rats and WT littermates (n=3 for cortex; TG5:TG9:WT= 5:3:5 for striatum). 
control, ferritin and Iba-1 show a specific band at 21 kDa and 17 kDa, respectively, displaying bands 
with comparable intensities between all genotypes. (B) The quantification of band intensities shows a 
similar protein expression level of both ferritin and Iba

 

 

A 

C 

at 15 months of age and Western blotting at 3, 6, 9, 12 and 15 months of age

ferritin staining presents an abundant immunoreactivity in 

ositive cells in GP could be separated in cells with large and with 

small size having different shapes indicating immunoreactivity in both neurons and 

.45). Only a small number of positive microglia cells were 

observed in the striatum and very few positive microglia cells were present in the 

cerebral cortex. In both neurons and microglia cells, immunoreactivity of anti

was identified in cell bodies and the processes of cells or only in cell somata. The 

ferritin immunreactivity was then analyzed in GP (TG5:TG9:WT 

= 6:5:5) utilizing ImageJ. Statistical analysis using one-way ANOVA did not yield any 

difference between BACHD transgenics and WT littermates. Western blotting at each 

age showed a constant expression in all rat striatum and cortex samples. The 

quantification using ImageJ at both 3 and 12 months of age did not reveal a 

significant difference in the expression level of ferritin in striatum and corte

throughout the measured time interval (Figure 4.45) (one- way ANOVA and two

: Microglia marker Iba-1 and ferritin show equally abundant expression
striatum of BACHD rats and WT controls. (A) Representative Western blots of brain extracts from 
rats at 12 months of age. Western blots were performed using cortical and striatal lysates of BACHD 

rats and WT littermates (n=3 for cortex; TG5:TG9:WT= 5:3:5 for striatum). α-tubulin was used as loading 
1 show a specific band at 21 kDa and 17 kDa, respectively, displaying bands 

with comparable intensities between all genotypes. (B) The quantification of band intensities shows a 
similar protein expression level of both ferritin and Iba-1 in cortex (C) and striatum (D). 

B 

D 

at 15 months of age and Western blotting at 3, 6, 9, 12 and 15 months of age (Figure 

immunoreactivity in the globus 

separated in cells with large and with 

small size having different shapes indicating immunoreactivity in both neurons and 

tive microglia cells were 

observed in the striatum and very few positive microglia cells were present in the 

mmunoreactivity of anti-ferritin 

only in cell somata. The 

ferritin immunreactivity was then analyzed in GP (TG5:TG9:WT 

way ANOVA did not yield any 

stern blotting at each 

age showed a constant expression in all rat striatum and cortex samples. The 

quantification using ImageJ at both 3 and 12 months of age did not reveal a 

significant difference in the expression level of ferritin in striatum and cortex 

way ANOVA and two-way 

 

ion in cortex and 
estern blots of brain extracts from 

rats at 12 months of age. Western blots were performed using cortical and striatal lysates of BACHD 

tubulin was used as loading 
1 show a specific band at 21 kDa and 17 kDa, respectively, displaying bands 

with comparable intensities between all genotypes. (B) The quantification of band intensities shows a 
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4.8.2 Analysis of astrocyte regulation  

It is well known that astrocytes play an important role in stabilization of cell-cell 

communication and maintenance of extracellular environment including iron storage. 

Recently, several other functions of astrocytes were revealed, which implicated a role 

in neurodegenerative diseases such as an impact on neurotransmitter synthesis, 

neuronal metabolism and synaptic plasticity (Tsacopoulos and Magistretti, 1996; 

Haberg et al., 2001; Rouach et al., 2008). Selective expression of mutant huntingtin 

in astrocytes in a mouse model also revealed the contribution of astrocytes to HD 

pathogenesis (Bradford et al., 2010). The astrocyte marker GFAP (Glial Fibrillary 

Acidic Protein) was therefore examined in BACHD rats using immunohistological 

staining and Western blotting. At 15 and 18 months of age, immunostainings of 

astrocytes displayed a predominant distribution in the corpus callosum the 

neighboring dorsolateral striatum and the cortical outer layer (Figure 4.46 A). The 

astrocytes formed local cell groups (clusters) of 10-20 cells (Figure 4.46 B). No 

obvious changes in morphology and distribution of astrocyte clusters were observed 

(Figure 4.46 C). The immunoreactivity and density of astrocytes showed a high 

variation throughout the brain and within the genotypes.  

A trend of a reduction of GFAP immunoreacitivity was seen in 3 out of 6 TG5 rats 

throughout the whole brain (Figure 4.47).  Each 12th striatum section was taken for 

the analysis with ImageJ. The intensities of the images of the different genotypes 

were evaluated by using one-way ANOVA. However, statistical analysis did not show 

a significant difference in the intensities of the immunohistological stainings at 15 and 

18 months of age, most probably due to the high variation between rats of the same 

genotype. There was no difference between BACHD transgenics and WT rats in the 

density and number of astrocytes in each cluster. Western blotting was performed for 

better quantification using brain lysates of rats at 3, 6, 9, 12 and 15 months of age 

(only data at 12 months of age is shown, Figure 4.48). The results were consistent 

with the immunohistological staining. A single 50-kDa band was present in all 

animals investigated with a big variation of the band intensity observed at each 

analyzed time point.  Thus, no significant difference was found at each time point.  
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Figure 4.46:  Immunohistochemical

brain sections show a predominant distribution of astrocytes in the corpus 
dorsolateral striatum and the outer layer of the cortex. (B) Astrocytes form bundles containing 
cells in the striatum, which do not differ between BACHD transgenic and WT littermate. (C) There is no 
dystrophic morphology of astrocytes observed in any genotype throughout the brain. No changes either 
in number or in the length of the asctrocyte p
scale in C 50 µm. 

 

Figure 4.47:  Large variability of GFAP expression levels

brain sections of rats at 18 months of age were stained with anti
displayed a very large variability within BACHD trasgenics and WT control. Scale bar: 200µm.

 

 

 

A 

C 

     

:  Immunohistochemical analysis of astrocytes using anti-GFAP. (A) Image of whole 
brain sections show a predominant distribution of astrocytes in the corpus callosum followed by the
dorsolateral striatum and the outer layer of the cortex. (B) Astrocytes form bundles containing 
cells in the striatum, which do not differ between BACHD transgenic and WT littermate. (C) There is no 
dystrophic morphology of astrocytes observed in any genotype throughout the brain. No changes either 
in number or in the length of the asctrocyte processes could be determined. Scale bar in B 200 µm, 

:  Large variability of GFAP expression levels in rats of the same genotyp

brain sections of rats at 18 months of age were stained with anti-GFAP. Images with lower magnification 
displayed a very large variability within BACHD trasgenics and WT control. Scale bar: 200µm.
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(A) Image of whole 
followed by the 

dorsolateral striatum and the outer layer of the cortex. (B) Astrocytes form bundles containing 10-15 
cells in the striatum, which do not differ between BACHD transgenic and WT littermate. (C) There is no 
dystrophic morphology of astrocytes observed in any genotype throughout the brain. No changes either 

Scale bar in B 200 µm, 

 

in rats of the same genotype. Coronal 
wer magnification 

displayed a very large variability within BACHD trasgenics and WT control. Scale bar: 200µm. 



 

 

4.9 Analysis of protein change

4.9.1 Soluble mutant huntingtin and endogen

It is still not clear wh

component leading to cell death. Recently, it was reported that soluble htt 

correlated to aggregated huntingtin 

the amount of soluble mutant htt and endogenous rat huntingtin, Western blots were 

performed using brain lysates of rats at different age

recognizing both mutant and endogenous hun

terminal fragment of htt. 
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Analysis of protein changes in a consequence of htt aggregation 

oluble mutant huntingtin and endogenous rat huntingtin 

hether soluble or aggregated mutant huntingtin is the toxic 

component leading to cell death. Recently, it was reported that soluble htt 

correlated to aggregated huntingtin in vivo and in vitro (Baldo et al., 2012)

the amount of soluble mutant htt and endogenous rat huntingtin, Western blots were 

performed using brain lysates of rats at different ages till 18 months. Antibody 2B7 

recognizing both mutant and endogenous huntingtin detected the full

terminal fragment of htt. Both full-length mhtt and N-terminal fragments are present at 

Figure 4.48
quantification of GFAP 
expression level.

Western blots probed with 
anti-GFAP show a specific 
band at 50 kDa.  High 
variation in the intensity
band is seen among the 
animals of the same 
genotype.  (B) Statistical 
analysis didn’t reveal any 
difference between genotypes 
in any brain region. 
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the amount of soluble mutant htt and endogenous rat huntingtin, Western blots were 

till 18 months. Antibody 2B7 

tingtin detected the full-length and N-

terminal fragments are present at 
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expression level. (A) 
Western blots probed with 
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band at 50 kDa.  High 
variation in the intensity of the 
band is seen among the 
animals of the same 
genotype.  (B) Statistical 
analysis didn’t reveal any 
difference between genotypes 
in any brain region.  
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comparable levels in younger and advanced aged animals of the same genotype. 

Similarly, the expression level of endogenous htt was not altered in all three 

genotypes (Figure 4.49 A and B). Soluble htt was further investigated in cytosolic and 

nuclear fractions (Figure 4.49 C and D). Comparable to the results of whole brain 

homogenates, no changes in the level of soluble mutant and endogenous htt were 

observed either in cytosolic or in nuclear fractions between younger and advanced 

ages. The blot performed using cytoplasmic lysates presented weaker bands 

between 80 and 200 kDa, while the smaller bands between 50 and 70 kDa seen in 

the nuclear fractions could not be detected. These results suggested that htt 

fragments are mainly localized in the nucleus. Taken together, no reduction of either 

full-length htt or htt fragment was observed in any subcellular fraction in BACHD rats 

with advanced age.  

              

             

Figure 4.49:  Western blot detection of soluble mhtt and wt-htt in cortical brain lysates of BACHD 
rats at different ages.  (A) TG5 transgenic rat brain lysates probed with antibody 2B7 at shorter 
exposure time show a clear image of both full-mhtt and endogenous rat htt (top). With longer exposure 
times, the blot presents different fragments of htt. There was no obvious change in the level of full-length 
mhtt and rat htt observed, as well as of all the N-terminal fragment forms of both htt. A reduction of full 
length mhtt and rat htt was observed in cortical lysates of TG9 rats at 15 months of age, as well as  rat 
htt in WT littermates at the same age, which suggested protein degradation during the lysate storage. 
(C) Blot of cytosolic fractions of TG5 show a reduced number of fragments compared to the tissue 
homogenate. Both mhtt and rat htt bands were present with comparable intensities. (D) Nuclear 
fractions of TG9 showed an abnormal band pattern due to influences of the sample preparation of TG9 
rats. Therefore, only TG5 rat brain lysates at 3 months and 15 months of age can be compared with 
each other. Both full-length htt and Nterminal htt fragments showed bands with comparable intensity.  

A B 

C D 



 

4.9.2 Huntingtin-associate

Huntingtin-associated protein 1 (HAP1) was found to bind to htt

manner, i.e. HAP1 is bound tighter to mhtt than wt

found starting at 3 months of age,

recruited into the aggregates

Soluble HAP1 was therefore

cortex, where most of the aggregates were observed, of WT and transgenic rats

15 and 18 month of age were prepared.  The blots probed with anti

specific band at 66.8 kDa

Levels of HAP1 did 

aggregates were found 

 

 

Figure 4.50:  Western blot detection of HAP1 in the cortex.

months do not present obvious changes in protein levels of soluble HAP1.

4.9.3 Brain-derived neurotrophic factors

Brain-derived neurotrophic factors (BDNF) 

in HD patients and transgenic animals (Zuccato

mutant huntingtin, which

BACHD transgenic rats TG5 and TG9 also presented progressive nuclear 

accumulation of N-terminal htt

months of age was quantified by real

VI, which have been well d

well as total BDNF were quantified in cortical brain tissues of BACHD rats and WT 

littermates. The results revealed a strong decrease in total BNDF mRNA level

one-way ANOVA, Tukey's post tes

ssociated protein 1  

protein 1 (HAP1) was found to bind to htt in a polyQ dependent 

manner, i.e. HAP1 is bound tighter to mhtt than wt-htt. Since aggregates of htt were 

3 months of age, it could be hypothesized that 

the aggregates, subsequently reducing the amount of

therefore analyzed using Western blot. Rat brain lysates of the 

cortex, where most of the aggregates were observed, of WT and transgenic rats

15 and 18 month of age were prepared.  The blots probed with anti

specific band at 66.8 kDa with comparable intensity in each sample

 not differ between genotypes until 18 months, at which 

und abundantly throughout the brain.   

:  Western blot detection of HAP1 in the cortex. Representative blots of both
months do not present obvious changes in protein levels of soluble HAP1. 

neurotrophic factors 

neurotrophic factors (BDNF) have been reported to be down

and transgenic animals (Zuccato et al., 2001) due to the presence of 

which may disrupt binding of transcription factor

transgenic rats TG5 and TG9 also presented progressive nuclear 

terminal htt, BDNF mRNA expression in the cortex of rats at 12 

months of age was quantified by real-time PCR. Four different isoforms I, IIB, IV and 

VI, which have been well documented in the literature (Chiaruttini

well as total BDNF were quantified in cortical brain tissues of BACHD rats and WT 

The results revealed a strong decrease in total BNDF mRNA level

ukey's post test, p<0.001), specifically in exon IV 
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analyzed using Western blot. Rat brain lysates of the 

cortex, where most of the aggregates were observed, of WT and transgenic rats at 

15 and 18 month of age were prepared.  The blots probed with anti-HAP1 show a 

intensity in each sample (Figure 4.50). 
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Representative blots of both 15 and 18 
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may disrupt binding of transcription factors to DNA. Since 

transgenic rats TG5 and TG9 also presented progressive nuclear 

cortex of rats at 12 

. Four different isoforms I, IIB, IV and 

Chiaruttini, et al., 2008), as 

well as total BDNF were quantified in cortical brain tissues of BACHD rats and WT 

The results revealed a strong decrease in total BNDF mRNA level (62%, 

, specifically in exon IV (52%, one-way 
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ANOVA, Tukey's post test, p

age (Figure 4.51 A). Additionally we compared the relative amounts of each isoform

at the mRNA level and confirmed that exon 

compared to the other isoforms

earlier findings described in literature. In order to confirm the results seen at 12 

month of age, the mRNA expression level of BDNF I

the cortex of BACHD rats at 15 months of age. The data also revealed a significant 

decrease of mRNA level in BACHD TG5 rats at 15 months of age 

(one-way ANOV Tukey's post test), however with lower significan

reduced difference (32%).  

Figure 4.51: Quantification of BDNF using real

BDNF isoformes and total BDNF in cortex of BACHD rats at 12 months of age. BNDF IV is decreased 
by appropriately 62% in TG5 compare
32% in TG5. No significant changes of BDNF levels were observed in TG9. (B) Relative abundance of 
the BDNF isoforms in WT rats. The CT value
showing a much lower CT value in isoform IV. This indicates a higher expression level of BDNF IV. (
Relative fold change of BDNF IV in cortex of BACHD rats at 15 months of age. In TG5, 32% reduction of 
BDNF IV was detected. Data are presente

4.10 Changes of synaptic proteins

Neurite and synaptic degeneration were already detected via electron microscopy as 

described above, but the question remains w

taken as marker for neurite and synaptic degeneration in BACHD transgenic rats. 

The presynaptic marker synapsin II and the postsynaptic marker PSD

assessed by Western blotting in forebrain samples of BACHD rats at 12 months of 

age, a time point at which synaptic d

al., 2012, performed by our collaboration partner Elisabeth 

Synapsin II showed a slight reduction in the expression levels in both BACHD 

transgenic rat lines, whereas increased PSD

p<0.001) in BACHD transgenic rats TG5 at 12 months of 

Additionally we compared the relative amounts of each isoform

and confirmed that exon IV has the highest relative expression 

to the other isoforms (Figure 4.51 B). These findings are consistent with 

earlier findings described in literature. In order to confirm the results seen at 12 

month of age, the mRNA expression level of BDNF IV was subsequently quantified in 

the cortex of BACHD rats at 15 months of age. The data also revealed a significant 

decrease of mRNA level in BACHD TG5 rats at 15 months of age (Figure

ukey's post test), however with lower significance (p

: Quantification of BDNF using real-time PCR. (A) Relative fold changes of different 
BDNF isoformes and total BDNF in cortex of BACHD rats at 12 months of age. BNDF IV is decreased 

% in TG5 compared to WT littermates, while the total BDNF is reduced by about 
32% in TG5. No significant changes of BDNF levels were observed in TG9. (B) Relative abundance of 
the BDNF isoforms in WT rats. The CT values were compared between all isoforms i
showing a much lower CT value in isoform IV. This indicates a higher expression level of BDNF IV. (
Relative fold change of BDNF IV in cortex of BACHD rats at 15 months of age. In TG5, 32% reduction of 
BDNF IV was detected. Data are presented as mean ± SEM; ***: p<0.001, *: p< 0.05. 
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described above, but the question remains whether the synaptic proteins can be 

for neurite and synaptic degeneration in BACHD transgenic rats. 
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(A) Relative fold changes of different 
BDNF isoformes and total BDNF in cortex of BACHD rats at 12 months of age. BNDF IV is decreased 

to WT littermates, while the total BDNF is reduced by about 
32% in TG5. No significant changes of BDNF levels were observed in TG9. (B) Relative abundance of 

all isoforms investigated, 
showing a much lower CT value in isoform IV. This indicates a higher expression level of BDNF IV. (C) 
Relative fold change of BDNF IV in cortex of BACHD rats at 15 months of age. In TG5, 32% reduction of 
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Figure 4.52:  Synapse protein markers were assessed in BACHD transgenic rats. 

probed with anti-synapsin IIa showing a strong band at approximately 65 kDa and a weaker band at 
approximately 55 kDa. This did not resemble the expected band size of 74 kDa. Both bands present a 
reduced intensity in both BACHD transgenic lines compared to WT contr
anti-PSD-95 shows a strong band at 95 kDa with higher intensities in BACHD transgenics, especially 
inTG5.  

Excitotoxicity in neurons resulting 

HD. Excitotoxicity is considered t

(Sattler and Tymianski, 2001; Mattson, 2003)

neurotransmitter. Most intensive studies of glutamate receptor evoked exc

were done with NMDA2B receptor (NMDAR

related to neuronal death. NMDAR2B was examined in BACHD transgenics in both 

cortex and striatum at advanced disease stages with 12, 15 and 18 months of age 

(n=3 at each time point). 

decrease of NMDAR2B in striatum in some transgenic rats of TG5 and TG9

4.53), while no difference was revealed in cortex 

high variation within genotype and
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especially obvious in TG5 (Figure 4.52). Due to a small sample number (n=3), 

analysis did not reach significance.  

:  Synapse protein markers were assessed in BACHD transgenic rats. 

synapsin IIa showing a strong band at approximately 65 kDa and a weaker band at 
approximately 55 kDa. This did not resemble the expected band size of 74 kDa. Both bands present a 
reduced intensity in both BACHD transgenic lines compared to WT controls. (B) The blot probed with 

95 shows a strong band at 95 kDa with higher intensities in BACHD transgenics, especially 

 

Excitotoxicity in neurons resulting in cell death was proposed as one hypothesis in 

HD. Excitotoxicity is considered to be mediated by over stimulation 

(Sattler and Tymianski, 2001; Mattson, 2003), since glutamate is the major excitatory 

neurotransmitter. Most intensive studies of glutamate receptor evoked exc

were done with NMDA2B receptor (NMDAR2B), which exhibits several features 

related to neuronal death. NMDAR2B was examined in BACHD transgenics in both 

cortex and striatum at advanced disease stages with 12, 15 and 18 months of age 

oint). Starting at 15 months of age, Western blot showed a 

decrease of NMDAR2B in striatum in some transgenic rats of TG5 and TG9

, while no difference was revealed in cortex until 18 months. However with the 

variation within genotype and the low number of samples in each group, the 

difference between genotypes did not reach statistical significance. 
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Figure 4.53:  NMDAR2B is decreased in BACHD transgenics in 

Western blot image shows a band at 166 kDa. 
was found in two out of three samples.  (B) Due to the high variation of band intensities within each 
group, no significant difference was determined 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

:  NMDAR2B is decreased in BACHD transgenics in the striatum. (A) Representative 
Western blot image shows a band at 166 kDa. In TG5 and TG9, a mild reduction in the band intensites 

found in two out of three samples.  (B) Due to the high variation of band intensities within each 
group, no significant difference was determined between genotypes (one-way ANOVA, p<0.05).

B 

 

(A) Representative 
In TG5 and TG9, a mild reduction in the band intensites 

found in two out of three samples.  (B) Due to the high variation of band intensities within each 
way ANOVA, p<0.05). 
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5. Discussion 

5.1 Advantages of BACHD rats   

5.1.1 Generation of BACHD transgenic rats  

For the generation of an animal model, several factors should be considered for the 

design of the construct and for ensuring the stability of protein expression throughout 

the following generations. Firstly, great consideration should be taken by choosing 

the promoter, which influences protein expression in a tissue-specific and 

development-stage-specific manner. For modeling the disease, the promoter should 

allow an expression pattern similar to that of the endogenously expressed protein. 

Secondly, transgene silencing may occur when the transgene is inserted in a 

transcriptionally inactive region, or the promoter of the transgene may influence gene 

expression of genes located further downstream. Since the animal model should 

show only symptoms relevant for the disease, any changes in gene expression of 

other genes should be avoided. Additionally, the integration of multiple copies of the 

transgene in a concatemeric array should be avoided, since this may lead to protein 

expression variation between littermates. Furthermore, when working with proteins 

containing polyQ stretches, the stability of the CAG repeat expansions should be 

ensured since the age of onset of HD inversely correlates with the number of CAG 

repeats (Duyao et al., 1993; Stine et al., 1993).  

In this project, BACHD rats were generated using BACs containing the full-length 

human mutant HTT genomic sequence and all regulatory elements to obtain a 

protein expression pattern similar to that observed in HD patients. This was verified 

by transgene expression profiling in all brain regions revealing a ubiquitous and 

abundant mhtt expression in all relevant brain regions as seen in human HD (Li et al., 

1993). By introducing additional 20 kb upstream and 50 kb downstream flanking 

sequences the position effect of the transgene should be reduced.  Both BACHD 

transgenic lines TG5 and TG9 exhibit HD-like symptoms and a neuronal pathology 

depending on the mhtt expression level of each line. To our knowledge no apparent 

phenotype not being related to HD was observed in both transgenic lines indicating 

that a position effect did not occur in BACHD rats. In the BACHD construct, the 

endogenous CAG repeats in exon 1 were replaced by 97 mixed CAA/CAG repeats 

leading to a stable CAG/CAA repeat number in both germline and brain tissues of 

aged animals as indicated by fragment analysis of exon 1 (Gray et al., 2008). A 
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comparable transgene copy number among the entire F1 offspring of both lines 

suggests a single integration site in TG5 and TG9, which was confirmed by a stable 

and equally severe phenotype in all offspring of each line throughout all analyzed 

generations. Remarkably, two LoxP sites flanking exon1 were also included in the 

construct, which enable the conditional silencing of transgene expression in a tissue-

specific manner. Therefore, BACHD transgenic rats are a useful tool for studying HD 

pathogenesis. 

5.1.2 BACHD rats express splicing variants of HTT as observed in humans 

Transgenic HTT in BACHD rats undergoes natural splicing as confirmed by the 

presence of the two naturally occuring mRNA isoforms. Even though the small 

splicing variant does not contain a polyQ stretch, it may fulfill additional functions 

relevant for the disease process. Since both of these isoforms were found in humans 

(www.ensembl.org/Homo_sapiens/Gene/Summary?g=ENSG00000197386;r=4:307640

8-3245676), the BACHD rat model closely resembles the HD patient condition in this 

respect. 

5.1.3 Comparable body weight in BACHD rats and WT controls excludes body weight 

as a confounding factor in behavioural tests   

BACHD transgenic rats expressing fl-mhtt exhibit several robust HD-like behavioural 

phenotypes as well as changes at the molecular and cellular levels. Importantly, 

there was no significant difference in body weight between BACHD rats of both lines 

and WT littermates (Figure 4.22). This is in contrast to what has been reported in 

BACHD mice and YAC128 mice (Menalled et al., 2009), where overexpression of fl-

mhtt is associated with a significantly increased body weight. It has been postulated 

that body weight is modulated by levels of fl-htt with increased levels of fl-wthtt or fl-

mhtt leading to an increased body and organ weight in mice, while a decrease of fl-

htt is associated with body weight loss (Van Raamsdonk et al., 2006). The increase 

of body weight in mice resulted from an increase of both total fat mass and fat-free 

mass and was associated with increased levels of plasma IGF-1 (Pouladi et al., 

2010). Interestingly, we also observed an increase in body fat mass in BACHD rats. 

But in contrast to the published mouse data a decrease in organ weight in BACHD 

rats of line TG5 was found resulting in a comparable body weight between BACHD 

rats and WT rats (preliminary results, data not shown). This discrepancy is especially 

intriguing since the same construct was used to generate BACHD mice and rats. It 
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might be attributed to species-specific differences and is less likely caused by 

integration site effects as we did not observe an increased body weight in any of the 

18 full-length BACHD rat lines. Furthermore, there is a proportional correlation 

between the severity of the HD phenotype and the protein expression level in the two 

BACHD lines arguing against an integration site effect. As progressive rotarod 

deficits are readily apparent in BACHD rats of line TG5 these are very likely motor 

defects rather than a consequence of increased body weight. Also, we can exclude 

that differences in body weight confound other behavioral tests in BACHD rats 

rendering this model valuable for further phenotype studies.  

 

 

Figure 5.1: Progression of various phenotypes in BACHD TG5 rats. The findings of this study are 

summarized according to the earliest onset or appearance of each phenotype.  

5.1.4 Strong and robust phenotype in BACHD rats make them valuable for preclinical 
therapeutic studies  

Another advantage of the BACHD rat is its strong and robust phenotype (Figure 5.1). 

In comparison to the already existing fragment tgHD rats BACHD rats show an 

earlier onset and a faster progression of motor deficits without the need to breed for 

homozygosity as heterozygous tgHD rats show only subtle deficits (von Horsten et 

al., 2003; Nguyen et al., 2006; Brooks et al., 2009). Recently, a milder phenotype in 
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tgHD rats as originally described has been reported (Casteels et al., 2011; Blockx et 

al., 2012); (Casteels et al., 2011; Antonsen et al., 2012). Also, while striatal atrophy 

was found in some groups of old tgHD rats (von Horsten et al., 2003; Kantor et al., 

2006; Nguyen et al., 2006), other studies revealed little or no evidence for atrophy 

(Winkler et al., 2006; Bode et al., 2008; Blockx et al., 2011).  Most importantly, the 

behavioural phenotype of BACHD rats has now been confirmed by 2 independent 

CROs (Evotec, Germany: Abada et al., submitted; and Porsolt, France) indicating a 

robust phenotype as seen in several labs.  

5.2 Deliberation on experimental designs   

5.2.1 Rotarod tests 

Although motor dysfunction is involved in various neurodegenerative diseases 

including Parkinson disease (PD), spinocerebellar ataxia (SCA) and HD, each 

disease is characterized by neurodegeneration in a specific brain region (at least in 

initial stages) resulting in characteristic motor symptoms. This raises the question 

which behavioral test is suitable for which disease model. Rotarod is the most 

commonly used test to assess motor dysfunction in HD rodent models as shown in 

numerous studies (Carter et al., 1999). In this study, both rotarod and the beam 

walking test were performed to assess motor function in BACHD rats. TG5 rats show 

a progressive worsening in the performance on the rotating rod starting at 1 month of 

age, while the beam walking test did not reveal any significant differences between 

transgenic and WT rats until 12 months of age (the latest observation time point in 

this study) (Data not shown). This finding may be due to a higher sensitivity of the 

rotarod test compared to the beam walking test as this has been shown by Hamm 

and colleagues (Hamm et al., 1994). In an attempt to evaluate the effectiveness of 

rotarod and beam walking test, rats with mild and moderate basal ganglia injury were 

evaluated. The results demonstrated that rats of both groups possessed an impaired 

rotarod performance, however beam walking only revealed a statistical significant 

difference in rats with moderate injury suggesting that the rotarod test is more 

sensitive in detecting motor impairments. 

Since HD is a progressive neurodegenerative disease, we also expected to observe 

a progression of deficits in BACHD transgenic rats. Indeed, we detected a worsening 

of motor performance in the rotarod test with age as confirmed by 2-way ANOVA with 

significant interaction of the factors age and genotype. Moreover, a highly significant 
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effect of age was detected, as the performance of wild type rats also deteriorated 

with age with an approximately 50% reduction within 10 months (Figure 5.2 A). In 

contrast, the wild type littermates of the tgHD rats carrying a fragment of HTT 

maintain a similar latency to fall off the rotating rod until 9 months of age, which was 

demonstrated previously in our laboratory (Figure 5.2 B) (Nguyen et al., 2006). Both 

transgenic strains were derived from a Sprague-Dawley (SPRD) background, but 

present a huge discrepancy in their body weight (Figure 5.2 C and D). This might be 

attributed to the fact that tgHD rats were inbred for more than 26 generations by 

mating of heterozygous tgHD rats with each other (Antonsen et al., Brain Structure 

and Function 2012), whereas the BACHD rats were strictly kept on an outbred SPRD 

background through mating with SPRD rats bought from Charles River, Germany.  

                    

          

Figure 5.2: Comparison of performance on rotarod and body weight between BACHD and tgHD 
rats. (A) Rotarod test in BACHD rats. (B) rotarod test in tgHD rats. (C) Body weight of BACHD rats. (D) 
Body weight of tgHD rats. A and C were from Nguyen et al., 2006. 

The average body weight of WT controls of the tgHD line reaches a plateau with 500 

g at 8 months of age (Bode et al., 2008), while WT littermates of BACHD rats display 

a mean body weight of 473.1 g already at 3 months of age, which keeps increasing 

to 900 g at 18 months of age. The increased body weight results in a larger body size 

A B 

C D 
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of the BACHD line, thus increasing the difficulty to stay on the rod. This larger body 

size also reduces the difficulty to get off the rod because the relative distance to the 

ground is lower, since the rotarod setup was identical for the BACHD and the tgHD 

rats (accelerating speed from 4 to 40 rpm over a period of 4 minutes by using an 

accelerod from TSE-System, Nguyen et al., 2006). Thus, WT littermates of BACHD 

rats might have lost motivation to continue walking on the rod at an earlier time point 

than the smaller WT controls of tgHD rats.  Taken together, the diameter of the rod 

and the distance to the ground under the rod should be considered when analyzing 

motor function of BACHD rats to account for the larger body size of these animals. 

It is remarkable that the TG9 rats were able to maintain their performance on the 

rotarod from 6 months of age up to the end of the measurements at 15 months of 

age. At older ages their performance was even better than that of wild type 

littermates. TG5 also displayed a slight increase in the rotarod performance during 4 

to 7 months of age. This seems to be mainly due to the adapted jumping strategy as 

described in the results section. Only BACHD transgenic rats show this peculiar 

‘jumping backwards’ behavior, while some other rats turn around briefly and then turn 

again to the original direction. This behavior seems to be related with the protein 

expression level, because TG5 rats started this behavior with 3 months of age while 

TG9 rats began to show this behavior at 5 months of age. The number of rats per 

genotype using this adapted strategy was increasing with the age of the rats (Table 

5.1). Once the animals started to jump backwards, they did not return to walking 

forward (even when we tried to make them). The animals were not enjoying the 

process of turning around, this jumping behavior helped them to stay on the rotating 

rod. This is because firstly, moving both front limbs and hind limbs at same time 

needs less reaction time (Kelso et al., 1979). It was also discussed that by increasing 

the frequency of anti-phase movements, the tendency toward symmetry becomes 

stronger and, finally, results in an unavoidable transition from anti-phase to in-phase 

(Haken et al., 1985; Verbessem et al., 2002); Secondly, by turning around and 

moving backwards on the rod, the rats movement has changed from an uphill to 

downhill direction which is supported by the gravity.  According to our observation 

this behavior relates to the bimanual voluntary movement (bimanual coordination). 

Considering that this turning around behaviour occurred at the beginning of the 

rotarod tests when the rotarod was not moving fast, we have strong indications that 

this is not because of rats being ‘bored’.  
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Overall, this jumping backwards behavior in transgenic rats indicates an impairment 

of motor function in transgenic rats although it enables TG9 rats to stay even longer 

on the rod than their wild type littermates. In future experiments, the adaptation of 

other walking strategies should be accounted for – either only by measuring forward 

movements on the rod or by forcing all rats to move forward only - to improve the 

accuracy of the data.   

Table 5.1: The number of rats using backwards jumping strategy 

Moths of 
Age 

  

3 4 5 6 7 8 9 10 11 12 13 14 15 

TG5 3 

(12) 

6 

(11) 

9 

(11) 

9 

(11) 

8 

(10) 

10 

(12) 

10 

(12) 

8 

(10) 

1 

(2) 

1 

(2) 

0 

(0) 

0 

(0) 

0 

(0) 

TG9 0 

(12) 

0 

(12) 

3 

(12) 

4 

(12) 

6 

(12) 

6 

(12) 

5 

(12) 

5 

(12) 

6 

(12) 

9 

(12) 

9 

(12) 

9 

(12) 

9 

(12) 

WT 0 

(12) 

0 

(12) 

0 

(12) 

0 

(12) 

0 

(12) 

0 

(12) 

0 

(12) 

0 

(12) 

0 

(12) 

0 

(12) 

0 

(12) 

0 

(12) 

0 

(12) 

(): the total number of rats that were subjected to the rotarod test. 

5.2.2 Skinner box tests 

Skinner boxes tests demonstrated impaired cognition in BACHD rats at early ages. 

However the experimental design that was used in our study needs to be improved. 

First of all, cognitive deficits in HD are based on neuropathological changes in the 

prefrontal cortex and striatum. In presymptomatic HD mutation carriers the 

impairment in an attentional set shifting task was found to be most predominant  

(Jason et al., 1988; Verbessem et al., 2002). In order to assess cognitive 

performance in set shifting tasks, probands of all experimental groups need to reach 

a similar success level in a specific task before moving on to another task that 

requires strategy shifting. However, in our skinner boxes tests rats were only trained 

to reach a performance plateau in the acquisition task. As demonstrated, transgenic 

rats and WT littermates had a significantly different plateau level at the end of 

acquisition training (Figure 4.19 C and D), which may have affected reversal learning 

in the next task and subsequently confounded the quality of the results. Secondly, 

several lesion studies have implied that intradimensional shift and extradimensional 

shift tasks as well as reversal learning are associated with the cingulate cortex, the 

medial prefrontal cortex, and the orbitofrontal cortex, respectively (McAlonan and 

Brown, 2003; Ng et al., 2007; Bissonette et al., 2008). In the present study, only 

simple discrimination (rats needed to learn to respond with a lever press to 

appearance of the stimulus ‘green cue light’) and reversal discrimination (rats needed 
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to learn to respond with a lever press to the absence of the ‘green cue light’) were 

investigated, but the extradimensional shift using other stimuli such as audio or odor 

stimuli to assess medial prefrontal cortex function in BACHD rats was not tested. 

Thirdly, besides investigating the cognitive function, Skinner boxes can be used for 

the analysis of sensorimotor function by measuring the speed of initiation (reaction 

time) and execution (movement time). However, with limitations in the equipment, 

such a design could not be realized with the Skinner boxes used in this study. 

5.2.3 Simple swimming tests 

The simple swimming test is used to assess simple procedural learning and reversal 

as measure of cognitive function. This test has demonstrated cognitive decline in 

YAC128 mice at 8 months of age with transgenic mice requiring a significantly longer 

time to find the platform and showing an increased frequency of false initial 

swimming direction (Van Raamsdonk et al., 2005). Although BACHD rats initially had 

difficulties in finding the platfrom in the reversal learning phase at each time point 

significant differences in the latency to find the platform were observed only at 4 

months of age, but not at 6 months of age. There were no significant differences in 

the score for the initial swimming direction. 

One reason why we didn’t detect differences in the initial swimming direction may be 

attributed to the simple and unspecific scoring system. The scores (only being either 

‘0’ or ‘1’) do not account for the fact that some rats had an initially false swimming 

direction before they turned around and headed to the correct direction where the 

platform was located, or conversely, they first swam into the correct direction but then 

turned to the direction opposite to the platform. Thus, a more elaborate scoring 

system especially in combination with video analysis should be introduced to give a 

better chance of revealing differences. A further possibility is that the simplicity of this 

test, while being a strength for therapeutic studies, may not be appropriate to 

differentiate between BACHD rats and WT littermates. In fact, rats of all three 

genotypes successfully learned the task within 4 trials as both the latency to find the 

platform and the initial swimming direction reached a plateau after that.  

We expected to observe a progressive cognitive decline with increasing age, 

however the data at 6 months of age could not even recapitulate the differences 

present at 4 months of age. This can be attributed to the fact that the same group of 

rats was used at both time points. The performance on the second occasion may 
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have been confounded by the previous training and could potentially mask the 

negative effect of cognitive decline. Indeed, all three genotypes showed clear 

differences in their performance when comparing the two testing time points. While 

WT rats seemed to improve only on the acquisition phase both transgenic strains 

improved on both reversal and acquisition from testing at 4 months until 6 months of 

age. Hence it should be considered to use different rat cohorts for the simple 

swimming test at different ages. 

5.2.4 PhenoMaster 

Locomotor activity and food consumption of BACHD rats as well as other calorimetric 

measures including oxygen consumption, CO2 production and respiratory exchange 

ratio (RER) were screened in an automated, home cage-like environment 

(PhenoMaster system). Several rats consumed less than 3 ml water per day, 

especially rats of the TG5 line (more than 50 % of the total group). This could be the 

result of stress due to the new environment. However, it may also be influenced by 

motor dysfunction or cognitive impairment since food and water were provided in 

different food cribs and water bottles and which were more difficult to access than in 

the home-cage. Rats, which did not drink more than 3 ml water within 24 hours were 

excluded from data analysis since a reduced water uptake may influence the activity 

and feeding behaviour of the rats. However, this strongly reduced the sample size for 

statistical analysis. For future experiments, it will be necessary to separate the 

investigation of food and/or fluid consumption from the locomotor activity and 

calorimetric tests or food and water should be provided in the same manner as in the 

home cages. 

5.3 Early onset of motor dysfunction and hypokinesia in BACHD rats  

Motor function was assessed utilizing rotarod tests (see above), footprint analysis 

and clasping test. The length of the expanded CAG repeat correlates with the 

severity of HD and inversely with age at onset. In humans, CAG expansions with 

more than 60 repeats cause a severe phenotype leading to juvenile HD (JHD) 

(Bruyn, 1968). CAG expansions of more than 80 repeats may cause infantile HD 

(IHD) with an age at onset earlier than 10 years of age and a dramatic progression 

rate (Squitieri et al., 2002). Furthermore, TG5 rats express 4.5 fold more mhtt 

compared to the endogenous rat htt. In both HD patients and HD animals model, a 

higher expression level of mhtt aggravates the phenotype, with homozygous HD 
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patients and homozygous transgenic animals showing more severe and an earlier 

onset of symptoms. Thus, it is likely that the early onset of deficits in BACHD rats 

results from a longer CAG repeat and a higher mhtt expression level. 

Footprint analysis of BACHD transgenic rats at advanced ages showed an abnormal 

gait in TG5 including step length, step width as well as overlap of front- and hind-

limps. In addition, reduced activity was observed in both TG5 and TG9 at young ages 

until 6 months of age. Taken together, we observed a progressive impairment of 

voluntary movements and hypokinesia manifested at a young age. Most of the JHD 

and IHD cases, which carry a large expansion of the CAG repeat, exhibit 

predominantly dystonia and bradykinesia instead of chorea (Squitieri et al., 2000). 

Besides that, rigidity frequently occurs in JHD and IHD associated with widespread 

brain atrophy (Squitieri et al., 2000). It was hypothesized by Squitieri that adult and 

JHD have different mechanisms contributing to severity and age at onset of disease 

(Squitieri et al., 2006). BACHD rats recapitulate clinical features of JHD and IHD and 

may be useful for the study of pathogenesis initiating in JHD.  

Table 5.2: The age of onset in motor functions alterations in different HD animals models 

 Performance on 
rotarod  

Gait change Clasping  Hyperkinesia Hypokinesia 

R6/2 mice 4 months (1) 6 weeks (1) 6 weeks (3) not assessed 6 weeks (3) 

YAC mice  through 100 weeks 
without progression 
(1) 

16 weeks (1) not assessed 3 months 
(4,5) 

6 months (4,5) 

BACHD mice 4 weeks (1) 36 weeks (1) not assessed not assessed 4 weeks (1) 

BACHD rats 1 month 14 months 3 weeks 1 month 3 moths  

tgHD rats 6 months (2) 3-4 months 
(6)  

not assessed 1-2 months 
(2) 

not assessed 

(1) (Menalled et al., 2009); (2) (Nguyen et al, 2006); (3) (Stack et al., 2005); 4 (Slow et al., 2003); 5 (Van 
raamsdonk et al, 2005); (6) (Vandeputte et al., 2010) 

In comparison, HD mice models R6/2, BACHD and YAC as well as tgHD rats 

carrying a fragment of mhtt exhibit a deficit in motor function and an alteration in 

activity with various severity and age of onset, which are related to the expression 

level of mhtt and the CAG repeats length. Data was summarized in Table 5.2.  

The performance on the rotarod may be related to the coordination of complex inter-

limb tasks, which relies on temporal coordination. It was found that in bimanual tasks 
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the functional segments of the two hands are tightly synchronized. Coordination for 

bimanual tasks is orchestrated by several brain regions in the cortex and in 

subcortical regions, which form interconnected networks (Figure 5.3). These brain 

regions include the premotor cortex (PMC), the parietal cortex, the medial motor 

cortices, more specifically the supplementary motor area (SMA), the cingulate motor 

cortex (CMC), the primary motor cortex (M1), and the cerebellum (Debaere et al., 

2001; Jantzen et al., 2005; Romanelli et al., 2005). Therefore, the impaired rotarod 

performance in BACHD rats might result from a pathological change in the involved 

cortical regions and/or the cerebellum. 

 

 

BACHD rats and other HD transgenic mice particularly display hypoactivity in various 

stages of the disease raising the possibility of a lower neuronal activity in the 

substantia nigra. The dopaminergic neurons in the substantia nigra provide input for 

dopaminergic neurons in the striatum thus influencing their activity (Costall et al., 

1976). Previous studies have shown that the depletion of D1 or D2 receptor in mice 

induce a decreased locomotor activity depending on the D1 and D2 receptor dosage 

(Kelly et al., 1998; Tran et al., 2005). Therefore, these findings provide a link to 

Parkinson disease, which results from a loss of dopamine-producing neurons in the 

substantia nigra and is clinically characterized by rigidity and a slowness of 

movements. However no direct evidence was reported to date for HD, which might 

be due to a lack of biomarkers for HD at early stages of the disease. So far, bust 

firing and functional imaging of dopamine-producing neurons in the substantia nigra 

gave some promising data but these methods need to be established before further 

insights into HD pathology can be obtained. 

Figure 5.3: The network of all the brain 
regions involved in motor coordination. 
The figure shows how primary motorcortex 
(MI) and caudal cingulated motor area 
(CMAc) projections are directed to the 
laterodorsal subthalamic nucleus (STN) and 
lateral postcommissural putamen while the 
supplementary motor area (SMA), premotor 
cortex (PMC), and rostral cingulated motor 
area (CMAr) are directed to the medial STN 
and medial putamen. A central region within 
the putamen is characterized by an overlap of 
MI and SMA projections. Pantaleo Romanell 
et al..Brain research review. 2005 
Feb;48(1):112-28. 
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Overall, BACHD rats show robust motor symptoms with a wide spectrum of motor 

deficits in comparison to other rodent HD models. Additionally, BACHD transgenic 

rats exhibit hypokinesia at early disease stages similar to what is observed in IHD 

patients. Compared to the HD fragment rat model with 51 CAG repeats, which 

genetically mirrors more faithfully the typical adult onset of the disease, this rat model 

expressing mhtt with a larger polyQ expansion might follow a different mechanism for 

initiating pathogenesis.   

5.4 Reduced anxiety-like behavior in BACHD rats  

The results of the elevated plus maze experiments revealed a significant reduction of 

time spent on the open arms for TG5 rats compared to WT controls. This indicates a 

decreased anxiety-like behavior in BACHD rats, which shows a tendency toward to  

progress with age (Figure 3.15 B). In contrast, most HD mouse models display 

increased anxiety with HdhQ111 mice showing only an increased anxiety-like 

behavior in males (Orvoen et al., 2012). Conflicting results were reported for YAC128 

mice, which show no changes in anxiety in stress-induced hyperthermia tests 

(Pouladi et al., 2009), but a high level of anxiety in the open field (Southwell et al., 

2009). BACHD mice also display an increase in anxiety-like behavior (Southwell et 

al., 2009; Menalled et al., 2009), and only for R6/2 mice a reduced anxiety-like 

behaviour was reported (File et al., 1998). Interestingly, overexpression of BDNF in 

astrocytes delays the decrease in anxiety (Giralt et al., 2011). Both heterozygous and 

homozygous tgHD rats spent significantly more time on the open arms of the 

elevated maze, which correlated with the level of mhtt expression (Nguyen et al., 

2006). 

It is well known that the amygdala in particular controls fear-like behaviors. (File et 

al., 1998). Many efforts to manipulate amygdala function resulted in changes of fear-

driven behavior (Fanselow and LeDoux, 1999). The majority of excitatory 

transmissions in the amygdala are mediated by glutamate receptors. The amygdala 

also receives input of dopaminergic fibers, since both D1 and D2 receptor are 

expressed in this region (Asan, 1998; Ito et al., 2008). Dopamine (especially D1) 

agonists and antagonists potentiate and reduce fear in animals, respectively, 

indicating an essential function of dopamine in modulation of anxiety-related 

behaviors (for review, see (Pezze and Feldon, 2004)). Dopaminergic neurons are 

predominantly localized in the substantia nigra in rodents and primates (Dahlstroem 

and Fuxe, 1964; Felten and Sladek, 1983; Paxinos and Franklin, 2001). These cells 
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also exist in some nuclei of the hypothalamus, the striatum and the olfactory bulb, 

which provide output to the neighboring areas of the amygdale (Weihe et al., 2006). 

Thus the reduced anxiety levels in BACHD rats might be the result from the 

inactivation of dopamine-secreting neurons in some brain regions e.g. hypothalamus. 

However, there are still some other types of neurotransmitter promoting cells in the 

amygdala, such as 5-hydroxytriptamine (5-HT) (Levinson, 2006). It cannot be ruled 

out, that other neurotransmitter signaling pathways contribute to the reduction of 

anxiety in BACHD rats.  

Interestingly, most rodent HD models exhibit an increased or decreased anxiety-like 

behavior compared to WT littermates. However, with respect to the lower anxiety 

level in both full-length and fragment rat models and R6/2 mouse model, these 

anxiety variations are unlikely to be affected either by different experiment setups in 

different laboratories or by the unequal anatomy of rats and mice. The variation is 

also not depending on the CAG repeat length, since both BACHD mice and rats 

possess the same CAG repeat length but display a discrepancy in anxiety-like 

behavior.  

In the tgHD and the BACHD transgenic rat models, aggregates are abundantly 

expressed in the amygdala (Petrasch-Parwez et al., 2007).  In contrast, only few 

aggregates were observed in the amygdala of BACHD mice (unpublished data from 

our collaborator Alex Osmand), which show an increased anxiety-like behaviour in 

the elevated plus maze. Unfortunately, no comparable data on aggregate load in the 

amygdala of R6/2 mice are available to us.  

Subcellular localization of aggregates was investigated in collaboration with Elisabeth 

Petrasch-Parwez at the University of Bochum. By electron microscopy we 

demonstrated that neuropil aggregates are localized in axons and synaptic terminals 

(Yu-Taeger et al., 2012) where they may affect axonal transport and synaptic 

transmission. Since a reduced firing rate of cells in the amygdala correlates with an 

increase in anxiety, this decrease in the excitability of the amygdala might be caused 

by an altered synaptic transmission of dopaminergic neurons, possibly triggered by 

the numerous and fairly large aggregates in the amygdala. Furthermore, all brain 

regions involved in the signaling pathways projecting to the amygdala (Figure 5.4) 

including hippocampus, BSTA, hypothalamus, and the olfactory bulb presented 

highly abundant aggregates. This might influence the balance of the excitatory and 
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inhibitory signaling leading to an altered anxiety

models.   

5.5 Aggregation and intranuclear accumulation of mhtt

5.5.1 Regional and subcellular distribution of 

While rats of both BACHD 

aggregates throughout the entire brain,

in distinct patterns. Compared to TG5, TG9 rats have 

and size of aggregates. These results 

correlates with the level of mhtt

relatively similar across all brain regions in which wild type huntingtin was also 

expressed. Interestingly, although overall equal amounts of mhtt were found, the 

density of aggregates varied from region to region. Large differences of mhtt 

aggregation between the striatum and cerebral cortex were observed, even though 

these regions expressed comparable mhtt levels at different ages (data not shown). 

This data suggests that mhtt preferentially aggregates in certain neuron populations. 

This preferential aggregation could depend on several factors, such as length

neurites, the capacity of each neuronal type to clear misfolded proteins, oxidative 

stress or differences in neuronal firing rate.

Remarkably, the BACHD rat model reflects many aspects of the aggregation pattern 

of mhtt found in HD patients. The aggregates occur more frequently i

than in the striatum and neuropil aggregates appear earlier than mhtt accumulation in 

inhibitory signaling leading to an altered anxiety-like behavior in HD transgenic 
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the nucleus (DiFiglia et al., 1997; Gutekunst et al., 1999). In contrast, R6/2 mice 

display mainly diffuse mhtt throughout the nucleus with intensively stained nuclear 

aggregates (Kosinski et al., 1999; Wang et al., 2008). In the fragment rat model for 

HD, cortical aggregates are far less expressed than in the limbic striatum (von 

Horsten et al., 2003; Nguyen et al., 2006). BACHD mice display a similar mhtt 

aggregate distribution pattern as our BACHD rats with prevalence of neuropil 

aggregates and paucity of intranuclear inclusions, but both are less abundant than in 

BACHD rats and appear at a later time point; the diffuse nuclear mhtt accumulation 

was not detected until 18 months of age (Gray et al., 2008). In comparison, YAC128 

mice display both neuropil aggregates and intranuclear inclusions, which were 

present at 15 months of age, particularly in ventral striatum, amygdala and cortex 

(Bayram-Weston et al., 2011). Interestingly, neuropil aggregates are much more 

common in HD patients with an adult onset than in juvenile onset patients, and the 

number of neuropil aggregates correlates with the extent of disease. While 

intranuclear aggregates were not detected in the presymptomatic patient, neuropil 

aggregates were observed in the cortex of the same presymptomatic patient (DiFiglia 

et al., 1997; Gourfinkel-An et al., 1998; Gutekunst et al., 1999). This difference in the 

aggregation pattern might be explained by sequence differences in the human 

mutant HTT transgenes harboured by the BACHD models and the YAC128 mice, 

including single nucleotide polymorphisms as well as differences in the nature of 

CAA interruptions of the CAG tract (Pouladi et al., 2012).  

5.5.2 Association of mhtt aggregates with neurodegeneration  

Progressive and wide distributed mhtt aggregates and nuclear accumulation of mhtt 

were found in BACHD rats starting at 3 months of age. However, whether the extent 

of aggregation or numbers of aggregates predicts neuronal death remains 

controversial. Several studies have reported that aggregated mhtt in the nucleus and 

cytoplasm recruits and tightly binds several interacting proteins with subsequent loss 

of their essential functions. These proteins include TBP, HIPP1, and CBP (Harjes 

and Wanker, 2003; Li and Li, 2004), and can cause apoptosis either through directly 

modulating transcription or indirectly due to abnormal histone acetylation (Steffan et 

al., 2000; Jiang et al., 2003; Klevytska et al., 2010; Datta and Bhattacharyya, 2011). 

Similarly, mhtt tightly interacts with HAP1, which is involved in axonal transport and 

thereby impairs anterograde and retrograde intracellular trafficking (Rong et al., 

2006; Twelvetrees et al., 2010; Yang et al., 2011). The formation of neuropil 



DISCUSSION 

120 

 

aggregates can induce axonal degeneration (Li et al., 2001). Additionally, they can 

affect mitochondrial transport along both axons and dendrites, thereby impairing 

energy supply within neuronal processes (Chang et al., 2006). Importantly, BACHD 

rats show mhtt deposits prominently expressed in axons and synaptic terminals (Yu-

Taeger, 2012). In contrast, other studies have suggested that aggregation may exert 

beneficial effects by protecting against polyglutamine toxicity, since the aggregation 

of N-terminal htt reduces the amount of monomeric and oligomeric N-terminal htt, 

which possesses a higher toxicity (Arrasate et al., 2004; Lajoie and Snapp, 2010; 

Miller et al., 2010).  

Electron microscopy (by Elisabeth Petrasch-Parwez) revealed numerous dark 

degenerating neurons and axons in BACHD rats in brain regions where prominent 

numbers of aggregates were present (Figure 5.5) (Yu-Taeger et al., 2012). 

Furthermore, dark neurons and axons containing aggregates were frequently 

observed suggesting a connection between aggregate formation and 

neurodegeneration. Additionally, we demonstrated in collaboration with Cerebricon, 

Finland, a wide-spread brain volume reduction in BACHD rats by ex vivo T2 

magnetic resonance imaging (MRI). A significant brain volume reduction was seen 

starting at 12 months of age, especially in the striatum (Figure 5.6). These results 

support our electron microscopic findings on neurodegeneration. Interestingly, brain 

volume reduction took place predominantly in the striatum, even though abundant 

nuclear accumulation and neuropil aggregates occurred in the cortex and elsewhere, 

and although only minimal nuclear accumulations and few neuropil aggregates were 

observed in the dorsolateral striatum. Furthermore, neurodegeneration occurred 

much later than the formation of the aggregates. While these results indicate that 

aggregation may contribute to neurodegeneration, after a lengthy process, neuronal 

loss in the striatum might only be fully accounted for by additional mechanisms.  
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Figure 5.5: Neurodegeneration and subcellular localization of mhtt aggregates in TG5 brains (A, 
E, I). Vibratome sections (50µm) show the areas investigated by EM48 immune-electron microscopy. (B, 
F, J) Dark degenerated neurons (DN) and dendrites (arrowheads in B) were detected in the nucleus 
accumbens (Acb), bed nucleus of the stria terminalis (BNST) and cortex (Ctx), the latter with punctate 
nuclear htt reactivity as seen adjacent to the nucleolus (N) at higher enlargement (N, inlay in J). DN 
were seen localized near normal neurons, medium sized spiny neurons (MSN in B) or myelinated nerve 
fibers showing evidence of degeneration (arrow in J). Htt aggregates (*) were observed in axons (ax in 
C) and synaptic terminals (T in D, G) often contacting dendrites (De). Dark terminals (DT in H) were 
seen in the globus pallidus (GP) apposing pallidal dendrites (PDe). In the hippocampal CA3 region of 
hippocampus mossy fiber bundles (MF) emerging from the dentate gyrus (DG) exhibited 
immunoreactive unmyelinated fibers (arrows in K); htt reactivity engulfed by lamellated structures was 
also observed in mossy fiber terminals (MFT in L), adjacent to neuronal dendrites (De). Caudate 
putamen (CPu); anterior commissure (ac). Scale bars: in A, E, I = 0.5 mm; in B, F, J = 5 µm; in C, H, K, 
L = 1 µm; in D, G = 0.5 µm. (from Yu-Taeger et al., 2012). Data were provided by Elisabeth Petrasch-
Parwez at university of Bochum. 
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Figure 5.6: Progressive brain volume reduction is seen in aged BACHD rats using ex vivo MRI. 
TG5 exhibited striatal (A) and total brain volume (C) reduction compared to WT starting at 12 months, 
whereas TG9 showed a significant reduction in these volumes only at 15 months of age. TG5 exhibited 
more severe brain volume reduction in the striatum than in the cortex (B).  (D) Percentage of brain 
volume reduction in different brain regions of TG5 rats compared to WT. The reduction of brain volume 
was quantified in striatum, cortex and whole brain across time, stars indicate the progressive volume 
reduction in rats at 12 and 15 months of age compared to rats at 9 months of age in all the investigated 
areas. Data are expressed as means ± SEM, *p<0.05; **p<0.01. 

5.5.3 Intranuclear accumulation of N-terminal mhtt 

Intranuclear accumulation of N-terminal huntingtin was found diffused throughout the 

outer layers of the cortex, as well as in all the granule cells of the hippocampus, while 

only a few cells punctually distributed in the striatum showed nuclear accumulations. 

This might be caused by the capacity of specific neuron types to cleave huntingtin, 

e.g. proteolysis of htt by caspase-6, thus triggering the translocation of N-terminal 

huntingtin into the nucleus.  

High resolution microscopy detected a non-homogeneous distribution of accumulated 

mhtt in the nucleus, showing a similar structure as chromatin. It is likely, that mhtt is 

associated with the chromatin, since htt was found to interact with transcription 

regulatory factors and co-activators as well as chromatin regulation proteins (Faber 

et al., 1998; Huang et al., 1998; Boutell et al., 1999; Goehler et al., 2004). In line with 

this, several studies have shown that gene expression is altered in the brains of 

transgenic HD animals and HD patients. Therefore, the transcriptome of BACHD rats 
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in comparison to wildtype littermates was analyzed by microarrays in our microarray 

facility (data not shown). The results show transcriptional dysregulation of several 

genes at 12 months of age. In particular the level of BDNF mRNA was reduced, but 

no differences were found at 3 months of age, when no nuclear accumulation was 

observed.  These results support the hypothesis that htt plays an essential role in 

neuronal gene transcription.  

5.5.4 Soluble mhtt in BACHD rats  

It has been demonstrated that htt contains a nuclear export signal (NES) at the 

carboxy-terminus (Xia, 2003, human m. Genetics). Therefore, cleavage of htt results 

in a nuclear localization of the N-terminal fragment due to a release of the NES. 

Landles and colleagues showed a reduction of small N-terminal fragments in the 

nucleus with increasing formation of NII indicating a depletion of N-terminal mhtt 

fragments, which were recruited into NII (Landles et al., 2010). In the present study, 

soluble fl-htt and various fragments were compared cross age in striatal lysates and 

different subcellular fractions. Consistent to previous studies, small N-terminal 

fragments of both mhtt and endogenouss htt were found in striatal lysates. In 

contrast, these fragments were not detected in the cytoplasmic fraction. Interestingly, 

the abundance of N-terminal fragments did not differ between young and old BACHD 

rats (Figure 3.50). Immunohistological staining showed an increased diffuse nuclear 

staining with the S830 antibody implying an accumulation of N-terminal mhtt 

fragments. Taken together, these results suggest an aggregation of N-terminal mhtt 

fragments without depletion of soluble N-terminal fragments, which might be 

balanced by new synthesized mhtt in the ribosome. 

5.6 Cell death in BACHD Rats 

The primary neuropathological hallmark of HD is atrophy and neuronal loss in the 

striatum, but neurodegeneration is also seen in other parts of the basal ganglia, as 

well as in the cerebral cortex, thalamus, subthalamic nucleus, hypothalamus, 

hippocampus, and cerebellum (Macdonald and Halliday, 2002; Gardian and Vecsei, 

2004). Apoptosis and necrosis are two distinct processes leading to cell death. 

Apoptosis is a programmed cell death with chromatin condensation and 

fragmentation, membrane blebbing and formation of an apoptosis body. Necrosis is 

the consequence of physico-chemical stress, characterized by cell swelling and lysis 

often associated with an inflammatory response. The typical morphology of both cell 
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death pathways as well as caspase activation was only sparsely identified in HD 

patients’ brains. Increased DNA fragmentation in neurons of HD patients has been 

identified as a sign of apoptosis (Dragunow et al., 1997; Butterworth et al., 1998), 

while inflammation as an indicator for necrosis was readily detected in HD patients’ 

brains. The first observation was an activated complement system in human HD 

(Singhrao et al., 1999), the following detailed studies showed morphologically active 

microglia and accumulations of microglia in HD patients’ brains (Sapp et al., 2001). 

However, while dark neurons, dark degenerated axons and synaptic terminals were 

detected via electron microscopy, no indicators of apoptosis nor necrosis were 

identified in BACHD rats, although they show a robust HD-like phenotype and a 

reduced brain volume.  

Huntingtin interacts with several nuclear proteins such as p53, GAPDH, and Sp1 as 

well as proteins implicated in the programmed cell death machinery of HD neurons 

(Hickey and Chesselet, 2003). As a transcription factor, activation of p53 can induce 

cell differentiation, senescence, and DNA repair processes, but best understood is 

the ability of p53 to induce cell cycle arrest and apoptotic cell death. One study has 

reported the significant lower cancer incidence in HD patients in comparison to 

healthy controls (Sorensen et al., 1999). The same result was observed in BACHD 

rats. Without performing any statistical tests, it was noticed that both transgenic 

BACHD lines had a lower chance to develop cancer compared to WT littermates. In 

addition, transgenic rats displayed a shorter body length, as well as a reduced weight 

of several organs such as liver, spleen or kidney and brain (data not shown). But it is 

not clear whether the lower brain weight and reduced brain volume is caused by 

neurodegeneration or a deceleration in growth. Still, these events imply an active 

function of p53 in growth arrest and induction of apoptosis, which cannot solely be 

explained by an interaction of mhtt with p53 and a subsequent integration into the 

aggregates leading to a loss of function of p53. Steffan and colleagues have 

demonstrated that both mutant htt and WT htt interact with the p53 coactivator CBP 

and the corepressor mSir3a (2000). In HD patients and HD animals’ models, the 

transcription of numerous genes was found to be down-regulated.  Since p53 acts 

also as a transcription factor after activation, the sequestration of its coactivator CBP 

caused by an interaction and aggregation with mhtt could explain the down-

regulation of these genes. Especially in the absence of p53, mhtt binds also to the 

p53 corepressor mSir3a triggering the same signaling cascade as p53 associated 
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with mSir3a, which alters transcriptional events leading to apoptotic cell death and 

deceleration of growth. 

During apoptosis, cells shrink first followed by chromatin condensation and their 

disintegration into enclosed apoptotic bodies. Important to know is that the plasma 

membrane remains intact throughout the whole process thus ensuring that no 

proapoptotic factors are released to the surrounding cells (Majno and Joris, 1995). 

Activated proteinases cleave cellular skeletal structures as well as chromatin into 

nucleosomal fragments. However, these key features of apoptosis including 

morphology changes, proteinase activation and DNA fragmentation could not be 

detected in BACHD rats. Furthermore, there seems to be no progressive cell loss in 

the brains of BACHD rats as a reduced brain volume was already observed at 9 

months (the first time point of investigation). But also in other HD rodent models, 

apoptotic cell death was not detected. On the other hand, Yang and colleagues have 

confirmed apoptosis in HD transgenic pig with postnatal death within 53 hours (Yang 

et al., 2010).  

Apoptosis occurs frequently in the development of neuronal systems to remove 

excess neurons (Hutchins and Barger, 1998; Gilbert, 2006), thus apoptosis in this pig 

HD model is unlikely to be caused by mhtt. Many studies have demonstrated an 

association of apoptosis and ageing factors under physiological condition 

(Muskhelishvili et al., 1995; Higami and Shimokawa, 2000; Lin and Beal, 2006). 

Ageing is a stochastic process combining predictable and random effects that lead to 

the accumulation of unrepaired cellular damage, weakening cellular repair and 

compensatory mechanisms (Kirkwood et al., 2003). Ageing is associated with 

mitochondrial dysfunction, increased free radical production with shortening of 

telomeres associated with reduced survival and with oxidative stress, which may lead 

to genomic instability and DNA mutations, (Migliore and Coppede, 2009). In 

neurodegenerative disorders, neuronal cells are more vulnerable to ageing factors 

resulting in an increased apoptotic cell death. The results of this study show a 

constant growth in both CNS and body weight of BACHD rats and WT controls until 

the last investigated time point at 18 months of age. These results raise the question 

whether BACHD rats and other rodent models do not have a sufficiently long life-

span to be affected by ageing to a degree that causes measurable DNA damage, 

oxidative stress or accumulation of damaged molecules.  
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Necrosis is another cell death pathway, distinct from apoptosis, and is accompanied 

by a plasma membrane disruption that leads to the release of intracellular 

components into the surrounding environment, which evokes inflammation (Scaffidi 

et al., 2002; Han et al., 2008). For a long time, necrosis has been thought to occur 

accidentally and uncontrolled as a result of environmental perturbations. Recently, 

programmed necrosis depending on caspases has been described in the literature 

(Thornberry et al., 1992; Yamashita et al., 1999; Proskuryakov et al., 2002). Necrosis 

is required for cell demise (cell elimination) in a biological consequence; in 

neurodegenerative diseases necrotic cell death is often caused by excitotoxins. In 

terms of HD, necrosis is caused by an elevated excitation of glutamate receptors 

including NMDA, AMPA. Western blotting shows an increased NMDA2B receptor 

level in the striatum of BACHD rats evident at 12 months of age implying an elevated 

signalling of NMDA in BACHD rats at advanced stages of the disease. It is well 

studied that antagonists of these glutamate receptors are able to trigger necrosis 

(Allen et al., 2002).  

A further initiator of necrosis in HD is oxidative stress. Neurons are considerably 

susceptible to ROS, because of the lower levels of antioxidants compared to other 

mammalian cell types (Cooper and Kristal, 1997). In addition to ROS, both nitric 

oxide (NO) and peroxynitrite (ONO2
-) are known as reactive oxygen (nitrogen 

species) resulting in oxidative stress (Finkel and Holbrook, 2000).  

An impaired respiratory chain function in mitochondria has been identified in aged 

BACHD rats (Eckmann and Clemens et al., submitted). This impairment of the 

respiratory chain disrupts the electron transfer and therefore generates oxide radicals 

leading to oxidative stress and cell death. Increased oxidative stress may induce 

apoptosis or necrosis, however maintaining a certain level of ATP is crucial for the 

execution of the energy-dependent apoptotic process (Eguchi et al., 1997; Leist et 

al., 1999). In the absence or a decreased level of ATP, apoptosis will be switched to 

the energy-independent necrosis or the lack of ATP directly induces necrosis. In 

PC12 neuroblastoma cells, inhibition of complex I of the respiratory chain stimulated 

necrotic cell death (Hartley et al., 1994). This may explain, why no sign of apoptosis 

was found in BACHD rats throughout the 18 months of age. The presence of dark 

neurons detected using electron microscopy suggests that necrosis accounts for the 

majority of neuronal death in this HD animal model. Additionally, abundant mhtt 

aggregates were detected throughout the entire brain in BACHD rats, which are 

mostly localized in neuropil. Neuropile aggregates might influence the axonal 
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transport of mitochondria since numerous proteins involved in axonal transport are 

recruited into the aggregates. Impaired axonal transport of the mitochondria may 

cause a local lack of ATP supply leading to axonal necrosis, which was observed in 

BACHD rats. In agreement with this hypothesis, we have observed impaired axonal 

transport of mitochondria in primary striatal and cortical neurons obtained from 

BACHD rats (Clemens et al., unpublished data). 

5.7 Imbalance of striosome and matrix compartments 

The striatum is composed of two interdependent compartments: the striosome 

(patch) and the matrix, which can be distinguished by the differential expression of 

neurotransmitter-related molecules (Goldman-Rakic, 1982; Graybiel et al., 1990; Holt 

et al., 1997). Discriminative input and output connections suggest that the striosome 

and matrix compartments participate in limbic-based and sensorimotor/associative 

forebrain circuits, respectively (Donoghue and Herkenham, 1986; Gerfen, 1992). In 

HD patients, an imbalanced loss of neurons in the striosome and matrix 

compartments has been described leading to a reduced total matrix area whereas 

the volume of the striosome is not affected (Ferrante et al., 1987; Seto-Ohshima et 

al., 1988; Hersch and Ferrante, 1997). Conversely, it has also been reported that this 

imbalance in neuron loss is initially found in the striosomes but affects both 

compartments equally in later stages of the disease (Reiner et al., 1988; Hedreen 

and Folstein, 1995; Lawhorn et al., 2008). Striosomes exchange information with the 

surrounding matrix, the integrated signal will be subsequently sent through D1 

(excitatory) and D2 (inhibitory) medium spiny neurons (MSNs) via direct and indirect 

pathways to the thalamo-cortical circuits (Figure 5.7). However, the striosome and 

matrix compartments contain disproportionate amounts of D1 and D2 neurons and 

the imbalance of those two compartments influence the proportion of excitatory and 

inhibitory signaling in limbic-based and sensorimotor/associative forebrain circuits. 

Thus, a change in the established equilibrium, as is the case in HD, causes a 

disorder of the basal ganglia. In BACHD rats, we observed early changes in the 

pattern of striosome and matrix compartments, as well as a decrease in the total and 

mean striosome area. This could cause alterations in the basal ganglia and lead to 

neuronal dysfunction and clinical signs of HD. However, the exact mechanism behind 

this is unknown and how this is linked to the neuropil aggregates within the 

sensorimotor circuit and the limbic-based circuits still needs to be answered.  
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In BACHD rats, the reduced area of striosomes was determined at early stages with 

6 months of age, however not at advanced stages with 15 months of age. Several 

studies demonstrated that striosomes contain the only striatal neurons that project to 

the substantia nigra pars compacta (SNc), which contain dopamine-producing 

neurons that project back to the striatum (Gerfen, 1984; Tokuno et al., 2002; 

Fujiyama et al., 2011). Therefore, the reduction of striosomes might modulate the 

firing of dopamine neurons in the substantia nigra, consequently influencing the 

neuronal activity in its projection region in the dorsal striatum. Whether the decreased 

striosome area indicates a reduction of output signaling of the striosome needs to be 

proofed by further experiments. Nevertheless, hypokinesia in BACHD rats at younger 

ages might be related to the reduction of striosome area (ratio of striosome/matrix). 

Interestingly, the significant reduction in the ratio of striosome/matrix area 

disappeared at the age when hypoactivity vanished in BACHD rats. This event 

supports the possibility that hypokinesia in BACHD rats at early stages of the disease 

result from a reduced striosome modulated activity of dopamine neurons.  

 

5.8 Metabolic changes in BACHD rats  

HD clinical symptoms are accompanied by metabolic disturbances including 

modulated body weight (Van Raamsdonk et al., 2006, Gray et al., 2008), insulin 

resistance (Lalic et al., 2008)(Lalic, 2008), and lipid metabolism disorder in both HD 

patients and animals models (Valenza et al., 2007a; Valenza et al., 2007b; del Toro 

et al., 2010; Leoni et al., 2011). In this study, body weight was screened weekly till 72 

Figure 5.7: Organization of patch-matrix 
compartments in corticostriatal and 
striatonigral pathways. Corticostriatal 
neurons in the deep parts of layer 5 provide 
inputs to the striatal patch compartment, 
whereas superficial layer 5 neurons provide 
inputs to the striatal matrix. Patch neurons 
provide inputs to the location of 
dopaminergic neurons in the ventral tier of 
the substantia nigra pars compacta and 
islands of dopamine neurons in the pars 
reticulata. Striatal matrix neurons provide 
inputs to the location of GABAergic 
neurons in the substantia nigra pars 
reticulata (SNr). Charles R. Gerfen Annual 
Review of Neuroscience 15:285–320 
(1992)  
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weeks of age showing a comparable body weight in BACHD rats and WT littermates 

across age. However, the proportion of muscle as percentage of body weight was 

significantly reduced compared to WT controls at 12 months of age, whereas the 

percentage of white adipose tissue was increased. Additionally, longitudinal 

measurement of serum glucose and lipid were performed by our collaborator Kim 

Verwaest at the University of Antwerp, and IGF-1 and leptin levels in plasma were 

measured by Mahmoud A. Pouladi working at Centre for Molecular Medicine and 

Therapeutics, UBC, Canada. The results revealed increases in blood glucose and 

leptin accompanied by reduced IGF-1 and lipid in BACHD rats TG5, and a tendency 

in TG9 (unpublished data, Table 5.3 and Figure 5.8).  

Table 5.3: Changes in glucose and lipids in serum 

 3 months 12 months 18 month 

male female Male female male female 
 
Glucose 

TG5 p<0.05 p<0.05 
  Ns 

p<0.05 p<0.05 
not 
available  

TG9   ns   ns 
p<0.05 p<0.05 p<0.05 

not 
available  

 
Lipids 

TG5 
p<0.05 p<0.05 p<0.05 p<0.05 p<0.05 not 

available  

TG9  ns   ns p<0.05 p<0.05 p<0.05 not 
available  

Data were provided by Kim Verwaest at the University of Antwerp. 

 

Figure 5.8:  Plasma IGF-1 and leptin. IGF only shows a statistically significant decrease in TG5 at 12 
months of age (bonferroni post test). Plasma leptin displayed a strong significant interaction of genotype 
X age, as well as a highly significant difference in main effect of genotype (two-way ANOVA). Post test 
indicate highly significant differences in TG5 and TG9 in comparison to WT littermates. Data were 
presented in mean ± SEM. *: p<0.05; **: P<0.01; ***: p<0.0001. Data were provided by Mahmoud A. 
Pouladi at Centre for Molecular Medicine and Therapeutics, UBC, Canada. 
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In comparison, increased body weight was seen in YAC and BAC mice expressing fl-

htt (Van Raamdonk et al., 2006; Gray et al., 2008), R6/2 show a reduced body weight 

with increased white and brown adipose tissue modulated by reduced lipolysis and 

reduced muscle mass (Fain et al., 2001; Phan et al., 2009).  TgHD rats displayed a 

sex-specific abnormal body weight, with male rats having a reduced body weight, 

whereas female tgHD rats showing an increased body weight (Bode et al., 2008). 

Interestingly, fat tissue accumulation in BACHD mice is likely also sex-dependent: 

female BACHD mice displayed significantly increased body fat across age, in 

comparison male mice only presented a significant higher body fat at 4 months of 

age (Hult et al., 2011). Interestingly, R6/2, YAC and BACHD mice exhibited reduced 

lipid and increased glucose levels as seen in BACHD rats. IGF-1 was found 

decreased in all these models except for BACHD mice, while leptin was increased in 

three models except for R6/2 mice (Table 5.4).  

Table 5.4: Disturbed metabolism homeostasis in BACHD rats in comparison to other HD rodent 
models    

Molecule HD rodent model  Change Reference 

cholesterol R6/2 mice reduced Valenza et al., 2007b 

 YAC mice  reduced  Valenza et al., 2007a 

 BACHD rat (lipid) reduced unpublished 

    

glucose R6/2 mice increased (Luesse et al., 2001) 

 BAC mice  increased Hult et al., 2011 

 BAC rats increased unpublished 

    

IGF-1 R6/2 mice decreased Pouladi et al., 2010 

 YAC mice  decreased Pouladi et al., 2010 

 BACHD mice increased Hult et al., 2011 

 BACHD rats decreased unpublished 

    

Leptin R6/2 mice decreased Phan et al., 2009 

 YAC mice increased Pauladi et al., 2010 

 BACHD mice increased Hult et al., 2011 

 BACHD rats increased unpublished 
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Altered cholesterol homeostasis is caused by two pathways. One pathway is the 

dysregulated expression of lipid biosynthesis genes leading to a decreased lipid 

synthesis and secretion. Reduced sterol biosynthesis has been found in HD patients 

compared to healthy individuals (del Toro et al., 2010) as well as in some HD cell 

lines (Sipione et al., 2002; Valenza et al., 2005). The second pathway is associated 

with increased conversion of cholesterol into 24-OHC leading to a reduction of itself. 

Cholesterol is a major component of the myelin sheath (70%). The lower level of 

cholesterol might influence formation of the myelin sheath, which plays an essential 

role in the signal transduction along neurites. Furthermore, the resistance of the 

myelin sheath depends on the myelin thickness, which can influence signal 

transduction in neurons. Cholesterol is also an important component of the cell 

membrane and the mitochondrial membrane as the cholesterol content affects 

membrane fluidity. Indeed a decreased cholesterol level was found in the 

mitochondrial membrane of BACHD rats resulting in an increased fluidity (Eckmann 

and Clemens et al., submitted). Different types of lipid possess various functions, 

only total lipid in serum was analyzed so far, it still needs to be investigated which 

specific lipid was altered and how it lead to metabolic disturbances. In addition, lipid 

cannot pass the brain-blood barrier (BBB), the level in serum might not reflect the 

changes in the brain. Thus, it is considered to measure lipid levels in brain or 

cerebrospinal fluid (CSF) in future studies. 

Increased glucose levels might be modulated by reduced insulin or insulin resistance 

in HD patients and animal models. It was also hypothesized that increased glucose 

levels result from an abnormal glycolysis process, which was supported by increased 

lactate levels in HD patients (Garseth et al., 2000)(Gårseth M, 2000).       

Leptin is mainly produced in white adipose tissue and signals to hypothalamus. It 

plays an essential role in inhibiting appetit and the regulation of metabolism. As 

expected, the increased leptin level in BACHD rats was accompanied with reduced 

food consumption, while R6/2 mice show a reduced leptin level with increased food 

consumption. Elevated leptin levels and an increase in body weight (indicating an 

increase of adipose tissue mass) were found in YAC and BACHD mice. It was 

expected that the increased leptin level inhibits appetite therefore induce a decrease 

of food consumption. However, the food intake is increased in both mouse models 

suggesting a resistance to leptin in the hypothalamus (Van Raamsdonk et al., 2006, 

Hult et al., 2011). 
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Numerous studies have been carried out to investigate the cause of metabolic 

disturbances in HD patients and animals. These studies mainly focused on two 

mechanisms: first to study dysregulation of genes, which are involved in the 

metabolism process (Sipione et al., 2002), second to investigate how 

neurodegeneration in the hypothalamus and disruption of hypothalamic 

neurocircuitries lead to altered metabolism (Kremer et al., 1990). In future studies, 

gene regulation involved in metabolism especially in the lipid metabolism pathway 

should be analyzed as well as the function of hypothalamic circuitries at the cellular 

and molecular level. 
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6. Conclusion and outlook 

In summary, the present study shows the development of a novel transgenic rat 

model for Huntington disease, which expresses fl-mhtt with 97 polyQ repeats under 

the control of the human htt promoter and regulatory elements. These BACHD rats 

display a robust, early-onset and progressive HD-like phenotype combined with 

characteristic neuropathological features of Huntington disease making them a 

valuable model for preclinical pharmacological studies. Furthermore, the slow 

progressive character of the disease is a valuable tool for analyzing age-related 

neuropathological changes in detail. Besides using these BACHD rat models for 

preclinical pharmacological studies, further experiments, can be carried out, which 

may complete the characterization of these models and bring light into the 

understanding of the disease mechanisms. 

a. Additional behavioural characterization. In this thesis, motor deficits, 

intradimensional shift cognitive decline, hypokinesia and a reduced anxiety-

like behavior in BACHD rats was demonstrated. In HD Patients, 

extradimensional shift discrimination is commonly altered before (Lawrence et 

al., 1996). Furthermore, depression is a major psychiatric symptom besides 

anxiety in HD patients. Therefore, it will be important to assess 

extradimensional shift discrimination and depression in BACHD rats with 

validated behavioral tests. Based on these studies, new biomarkers may be 

found which are changed in early stages of the disease and therefore may be 

important for therapeutic studies.  

b. Behavioral and pathological characterization of female BACHD rats. In this 

thesis, all experiments were carried out by using male rats. However, in 

several studies a sex-dependent social behaviour and anxiety-like behaviour 

as well as sex-specific metabolic changes were observed in HD transgenic 

mice and rats (Bode et al., 2008). Pharmacological investigations cannot 

ignore female patients. As for the male BACHD rats, also for female BACHD 

rats a protocol for therapeutic trials has to be developed. Gender-separated 

data will provide a reliable foundation for preclinical pharmacological studies 

considering HD patients with different gender. Additionally, if any sex-specific 

phenotype occurs in BACHD rats, these rats can further contribute to the 

investigation of the underlying mechanisms.  

c. Brain structural and functional imaging in vivo. In this thesis, we measured the 

brain volume ex vivo in collaboration with Cerebricon, Finland, indicating a 
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global brain volume reduction predominantly in the striatum. It will be 

beneficial to be able to monitor brain volume in life rats by using MRI in future 

preclinical therapy studies. This would help us to longitudinally assess the 

effect of pharmacological substance using the same cohort of rats. It would 

not be necessary to sacrifice experimental animals at different ages to 

determine the delay of neuropathological changes, which hopefully result 

from pharmacological substance. In addition, cellular dysfunction is rather the 

key cause for HD symptoms than cell death (Menalled and Chesselet, 2002), 

therefore functional imaging would provide earlier indicators for the treatment 

than the reduction of brain volume induced by neurodegeneration.   

d. Quantification of pre- and post-synaptic markers using purified enriched 

fractions of synaptic proteins. In the present study, we observed a change in 

the expression level of several synaptic markers in BACHD rats, however in 

most of cases these changes did not reach statistical significant levels. 

Numerous synaptic proteins are synthesized in neuronal somata and 

transported afterwards to the synaptic endings implying that most synaptic 

proteins are not exclusively localized in the synapse. Also the localization of 

some neurotransmitter receptors such as the NMDA receptor can be 

subdivided into an intrasynaptic and an extrasynaptic group. Therefore 

quantification using brain lysates is not suitable to analyze synaptic 

dysfunctions and degeneration. By using a purified, enriched fraction of 

synaptic proteins, we can quantify the pre- and post-synaptic proteins and 

draw reliable conclusions on synaptic degeneration in different brain regions 

as well as changes in the surface expression of various neurotransmitter 

receptors in BACHD rats. 

e. Analysis of huntingtin aggregates in different cell populations and its effects 

on degeneration of neurites. In this thesis, we demonstrated that BACHD 

rats present abundant neuropil aggregates of mhtt starting at 3 months of 

age. Until 12 months of age, brain volume reductions in BACHD rats were 

detected via MRI ex vivo throughout the brain. However, only a few 

degenerated neurons were found, which stands in contrast to the numerous 

degenerated neuronal fibers revealed in brain regions comprising most 

aggregates(Yu-Taeger et al., 2012). This raises the question whether axonal 

degeneration contributes mainly to the brain volume reduction, and whether 

this axonal reduction is associated with neuropil aggregates of mhtt. 

Moreover, it is still not clarified which cell populations are affected by mhtt 
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aggregation and thus potentially undergo degeneration. The mammalian brain 

consists of various cell populations possessing distinct chemical compositions 

and communicative connections and therefore being involved in specific 

physiological functions. Differences in cellular gene expression and 

organization, which in the end determines the physiological role of the cell, 

may render different cells more or less susceptible to excitotoxicity triggered 

by mhtt aggregation. The illustration of cell populations, in which aggregates 

are predominantly formed and/or axonal degeneration occurs, will provide 

answers to fundamental questions in HD research (e.g. what is the origin of 

the aberrant neuronal signaling) and help us to understand the abnormal 

neuronal network in HD. Additionally, the results of this study will provide a 

reliable foundation for therapy studies selective to certain cell populations, 

such as htt lowering by siRNA. 

f. Mechanisms of metabolic disturbances and their influence on 

neurodegeneration in HD. In this study, we revealed with our collaboration 

partners an altered lipid and glucose metabolisms in BACHD rats. However 

the mechanisms behind these changes still remain unclear. In future studies, 

the mechanisms underlying can be particular determined by analyzing the 

dysregulation of genes, which are involved in the metabolic processes, as 

well as by investigation of neurodegeneration in the hypothalamus and the 

disruption of hypothalamic neurocircuitries. So far, a decreased cholesterol 

level was revealed in the mitochondrial membrane of BACHD rats resulting in 

an increased fluidity (by our collaborator Janett Eckmann at Goethe-

University). It would be interesting to further determine the fluidity of the cell 

membrane and thickness of the myelin sheath, in which cholesterol is the 

major component, therefore their physical and/or physiological properties can 

be modulated by reduced cholesterol levels. Resulting data will help to better 

understand the neuropathogenesis in HD and may lead to a new therapeutic 

approach. 
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