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General Introduction 
 
 
A. Huntington disease 
 
Huntington disease (HD) or Huntington chorea is an inheriting neurodegenerative 

disorder leading to multiple symptoms, like choreic movements and psychiatric 

disturbances. HD includes a triad of motor, cognitive and psychiatric symptoms. In 

general, clinical symptoms appear in patients between the age of 30 and 45 and death 

occurs 15-20 years later. The term “Chorea” is derived from Greek word χορεία 

(choreia) for dance and has been used in middle ages to describe the jerky, involuntary 

muscle movements of the face and extremities. In the 17th century it was used to 

describe disorders such as Sydenham’s chorea that occurs in children, or chorea Sancti 

Viti (Wood, 1816; Stewart, 1953). However, HD is different from these choreas, 

although descriptions of uncontrolled motor movements in these disorders are similar to 

those observed in Huntington chorea. The full range of the inheriting chorea symptoms 

remained vague until the exact description by George Huntington in 1872.  

 

1. George Huntington and the hereditary chorea history 

 

George Huntington (1850-1916), was the son of Dr. George Lee Huntington and Mary 

Hoogland.1 He saw the first cases of the hereditary disorder at the age of eight, when 

he accompanied his father on his rounds of visiting patients from Easthampton to 

Amagansett. The impact of the disease upon two women, mother and daughter, both 

bowing, twisting, grimacing, was such that his “interest in the disease has never wholly 

ceased” (DeJong, 1953).  After his graduation in 1871 from the college of Physicians 

and Surgeons (Columbia University, New York), he took particular interest in the 

previously treated chorea cases by his father and grandfather. He studied the clinical 

notes and the medical history of several generations, and wrote a clinical treatise 
                                                      
1 For detailed information about George Huntington life and factors that influenced him to pursue this career, refer to 
Durbach and Hayden, 1993. 
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entitled “On chorea”. He presented his assay before the Meigs and Mason Academy of 

Medicine at Middleport, Ohio, February 15, 1872. Three specific marks of the disease 

were described: 1-Its hereditary nature; 2- A tendency to insanity and suicide; and 3- It’s 

manifesting itself as a grave disease only in adult life (Huntington, 1872).  

All the features of the disease with the fatal outcome and mental impairment could be 

recognized through the assay. Sir William Osler, called the ‘father of modern medicine’, 

acknowledged his work in these words: “In the history of medicine, there are few 

instances in which a disease has been more accurately, more graphically, or more 

briefly described” (Osler, 1908). 

Although George Huntington did not pursue any further research, he has undoubtedly 

made a profound contribution to medical research in isolating and describing with 

accuracy this form of chorea that now bear his name. Since then, all the works over the 

next century were mainly focused on giving more details about the symptoms with a 

keen desire to understand the pathological and genetic aspects of the disease.  

 

2. Cause, prevalence and diagnosis of HD 

 

In the description of the hereditary transmission of the disease, George Huntington 

indicated that a person who did not develop the illness during its entire life could not 

transmit it to subsequent generation. This introduces the basic Mendelian dominant 

inheritance pattern of the disease. 

The HD gene is the first autosomal defect mapped and was localized on the short arm 

of chromosome 4 (4p16.3) (fig. 1; Gusella et al.1983). A decade later, the mutated 

protein and the gene Huntingtin (HTT) interesting transcript locus15 (IT15), containing 

the unstable C-A-G trinucleotide repeat, was isolated. This was possible through the 

Venezuela project, where most cases of HD were identified (HD collaborative research 

group 1993). HTT codes for 3144 amino acids and the protein, of approximately 340 

kDa, is ubiquitously expressed. The huntingtin (htt) protein is cytoplasmic and has many 

functions in the cell. Although its normal function is not completely understood, many 

reports suggest it has a role in vesicle trafficking (exocytosis and endocytosis) and that 

it is essential during development (Caviston and Holzbaur, 2009; Cisbani and Cicchetti, 

2012; Trushina et al. 2004; Zuccato et al. 2001). 
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The disease is caused by an expansion of C-A-G repeats located within exon 1 of the 

HTT gene. This mutation translates into a polyglutamine (polyQ) stretch and becomes 

pathological when the critical length of 35 ± 2 C-A-G residues is exceeded.  

 

 
 

Fig. 1 Chromosome 4 map and the huntingtin (HTT) gene. The HTT gene is located on the short arm of 

chromosome 4 at position 16.3. The HTT locus spans 180 kb and consists of 67 exons. The instable 

polyQ stretch is located in Exon 1 (Goldfrank et al. 2003; http://www.genecards.org/cgi-

bin/carddisp.pl?gene=HTT). 

 

HD is one of the nine neurodegenerative disorders (the others are: DRPLA, SBMA, 

SCA1, SCA2, SCA3, SCA6, SCA7 and SCA17) that have been identified and shown to 

possess the same type of mutation (i.e. expansions of the trinucleotide C-A-G repeats) 

in coding regions of their respective genes (Teive, 2009). However, the mutation in the 

HTT gene results in a selective atrophy and loss of pyramidal neurons in the cerebral 

cortex and medium spiny neurons (MSN) in the striatum (Vonsattel et al. 1985). The 

mechanisms by which the mutation in HTT causes neurodegeneration are not yet well 

understood. Postulated mechanisms are, amongst others, massive dysregulation of 

glutamate and dopamine signalling pathways promoting cytosolic and mitochondrial 

Ca2+ overload and transcriptional dysregulation mediating a decrease in BDNF mRNA 

level (Bezprozvanny and Hayden, 2004; Ehrlich, 2012; Tang et al. 2007).  
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The disease affects males as well as females. Therefore, since the disease is 

transmitted in a dominant manner, each child of a person with the mutation has a 50% 

chance of inheriting the fatal gene, and will develop the disease unless he/she dies 

before it presents itself. The disease manifestation or age of onset in a person is 

inversely correlated with the glutamine tract expansion (Fig 2; Gusella and MacDonald, 

2009). 

 

 
 

Fig. 2 Relation between CAG repeats length and age of disease onset. The plotted data points are from 

1200 HD subjects. The longer the CAG track is, the earlier the disease manifestations occurs (Gusella 

and MacDonald, 2009). 

 

HD is relatively rare and appears to occur more frequently in the white race. Geographic 

differences in prevalence estimations have been reported (Fig.3; Warby et al. 2011). In 

general, the prevalence rate in Western Europe is between 3 and 7 persons per 

100,000 and 3 to 4 persons per 100,000 in the Middle East (Scrimgeour, 2009). A 

recent meta-analysis conducted on 11 studies from Europe, North American and 

Austria, reported a prevalence of 5.70 HD cases per 100,000; whereas the prevalence 
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reported for Asia from 3 studies was much lower: 0.40 cases per 100,000 (Pringsheim 

et al, 2012). One explanation of the large geographic difference in HD prevalence 

between Europe and Asia resides in HD chromosome haplogroups; in fact, there are 3 

haplogroups (A, B, C) and the high risk HTT haplotypes (A1 and A2) are absent from 

Asian HD population (Warby et al.2011). 

 

 

 

Fig. 3 Worldwide prevalence estimation for HD (Warby et al. 2011). Note that in Africa studies were 

conducted in small sample sizes. An existing HD like-2 phenotype - similar to HD but not a polyglutamine 

disease - may lead to an overestimation of the prevalence in some regions (Margolis et al. 2005).   

 

Sophisticated genetical approaches are used today to determine the number of 

polyglutamine repeats present in the HTT gene and predict whether a person will suffer 

from HD later in life. Analysis of DNA extracted from a blood sample is sufficient 

(Williams et al. 1999; Myers, 2004). The requirements for a full diagnosis also include a 

medical examination, familial history research, and brain imaging testing (fMRI). In 

general, physical examinations are combined with psychological tests in adults to 

determine whether the disease has begun. 
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3. Clinical assessment of HD symptoms 

 

Affected people can show the symptoms of HD at any age (juvenile versus adult HD 

onset). Most people develop symptoms between the age of 35 and 55 years; the 

disease manifests itself by progressive motor dysfunction, psychiatric disorders and 

cognitive symptoms, and this triad of symptoms has a severe effect on activities of daily 

living (Rosenblatt et al. 2011; A.D.A.M. Medical Encyclopedia, 2011).  

Robust and sensitive clinical tools that can enable quantitative measurement and detect 

changes within individuals are essential in order to address effective treatments. A 

number of tests are in use worldwide. In 1996, an international Huntington Study Group 

(HSG) developed a comprehensive and reliable instrument to assess the clinical 

features of HD, named: the Unified Huntington’s disease Rating Scale or UHDRS (HSG, 

1996).The UHDRS is a collection of questionnaires allowing comprehensive clinical 

rating of HD severity. Four main domains are assessed: motor function, cognitive 

function, behavioral abnormalities, and functional capacity. A summary is given in 

Table1.  

 

 Motor symptoms 

 

Movement disabilities can be easily identified, but initially may be subtle, mild or limited 

to extremities. The UHDRS covers all the main motor signs in HD; higher scores often 

correlate with the later stages of the disease and indicate that motor disorders worsen 

over time. Choreic movements occur as rapid, irregular and arrhythmic complex 

involuntary movements. In general, HD patient’s movements often begin normally, but 

then become jerky and irregular (Smith et al. 2000). 

Other assays can also be useful to evaluate (sensori) motor abnormalities. Video 

motion analysis is often used to address motor abnormalities in HD. The advantage of 

using video recording is that spatial and temporal parameters can be assessed. Video 

recordings allow detection of specific gait abnormalities in patients such as delays in 

movement initiation and difficulties in executing movements. This technology has 

revealed akinesia, bradykinesia, reduction in stride length, in speed and cadence in 
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manifest HD. Finally, gait abnormalities with hyper and hypokinesia lead to excessive 

trunk sway and falls in HD (Delval et al. 2006; Georgiou et al. 1995; Grimbergen et al. 

2008; Koller and Timble, 1985). For the measurement of sensorimotor gating, prepulse 

inhibition of acoustic and tactile startle reflex (PPI) can be used. In PPI, a weak prepulse 

inhibits a reflex response to a powerful sensory stimulus. A deficit in PPI has been 

reported in HD and other psychiatric disorders such as schizophrenia and OCD 

(obsessive compulsive disorder). A deficit in PPI can indicates that choreic movements 

may involve a loss of motor inhibition by striatal GABA projections and abnormalities in 

cortical-striatal pallidal-pontine circuitry (Ahmari et al. 2012; Kohl et al. 2013; Swerdlow 

et al. 1995). 

 

 
 
Table 1. UHDRS. This clinical test consists of a collection of scales and questionnaires which allow 

comprehensive rating of HD severity (source: HSG, 1996). 
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 Neuropsychiatric symptoms 

 

Emotional symptoms 

The most frequently reported emotional symptoms are depressed mood, anxiety, 

perseverative preoccupations, irritability and apathy. Apathy is thought to be positively 

related to the disease progression and can be use as an end-point in clinical trials 

(Hamilton et al. 2003; Thompson et al. 2012).  

 

Cognitive symptoms 

Early and late stages of HD patients have a wide range of impairments in executive and 

mnemonic functions (Lawrence et al. 1996, 1998, 1999, 2000). Patients showing 

impairment in executive functions have difficulty with tasks that demand to plan, 

organize and shift cognitive set.  

 

The cognitive tests listed in table 1 (UHDRS) have remarkable sensitivity to detect 

different aspects of brain damage or changes in cognitive functioning:  

The Stroop color word test for example, consists of reading words, naming colors and 

then naming the color of ink of the words that describe colors. The score is the number 

of correctly identified items within a short period of time (less than 45s) for each 

condition. For the verbal fluency test, participants have to say as many words as 

possible of a given category in a short period of time (usually 60s). Finally, in the symbol 

digit modalities test (SDMT), the examinee has a short period of time (90s) to pair 

specific numbers with given geometric figures. The latter has the advantage to be 

culture free, and can be administered to people with speech disorder or linguistics.  

In addition to those described above, other tests are used to evaluate executive 

functions. Among them are: the mini mental state examination (MMSE) scale and the 

Tower of London task which assess respectively dementia, planning and problem-

solving; the Wisconsin card sorting test (WCST), the attentional set-shifting (EDS) task, 

the pattern and spatial recognition tasks are told to be dedicated for Visual retention, 

memory flexibility, perceptual interference, information processing speed, memory 

efficiency and recall for logical memory assessments (Lange et al. 1995; Lawrence et 
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al. 1996, 1998, 1999). We will describe the pattern and spatial recognition tasks 

procedure in more detail, since similar tests exist in animal research and are therefore 

relevant from a translational point of view: 

 

The pattern recognition task consists of presenting subjects with a series of 12 abstract 

patterns that they have to remember. Following a delay of 5s, the 12 patterns are re-

presented in reverse order, paired with a novel pattern. Subjects are then asked to 

touch the pattern they had seen previously.  

In the spatial recognition task, five squares are presented sequentially in different 

locations around a screen. During the test, each location is re-presented, paired with a 

novel location, and subjects are asked to touch the location at which they had seen a 

square appear. Lawrence and colleagues (1996, 2000) have demonstrated impairments 

in HD patients in both tests. 

 

A strong relationship between motor impairment and neuropsychological symptoms is 

present in HD (Thompson et al. 2002). Also, cognitive changes are thought to occur 

prior to motor dysfunction (Duff et al. 2010; Hahn-Barma et al 1998). Hahn-Barma and 

colleagues (1998) reported that cognitive deficits are present in people that are at risk 

for developing HD, despite a total lack of motor and psychiatric symptoms. Therefore, 

detecting early cognitive impairments might constitute sensitive markers of the disease. 

Sexual dysfunction, weight loss, dysphagia and drug abuse are also observed in HD 

(Aziz et al. 2010).  

Treatments or drugs that can halt the disease progression or heal patients have not 

been discovered yet. As illustrated in Fig. 4, the discovery of the defective gene in 1993 

has led to an increase in preclinical and clinical publications on HD. Extensive 

investigations have been made in patients and non-human model organisms to 

understand the pathogenic mechanisms underlying disease progression and to find 

rational therapeutic treatments. The following paragraphs will focus on animal models, 

especially those which have given insight into the pathology, and tasks that can be of 

translational value. 
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Fig. 4 Publications on Huntington disease. For each year, the total number of publications with the words 

“Huntington’s disease” obtained from the US National Library of Medicine National Institutes of Health 

website (www.ncbi.nlm.nih.gov/pubmed) database is depicted. A significant increase (red line) is 

observed since the HUNTINGTIN gene discovery in 1993 (blue line). 

 

 

B. Animal models for HD research 

 

It is beyond the aim of this introduction to provide a comprehensive overview of all 

models. Instead, the focus is on mammalians, especially rodents as these are widely 

used for modelling human neurodegenerative disorders (Li and Li, 2012; Ramaswamy 

et al. 2007). 

 

 Toxin-induced models 

 

Toxin-induced models were especially useful before the discovery of the HTT gene and 

the subsequent generation of genetic rodent models. Structural and neurochemical 

changes were found in HD post-mortem striatum (Mann and Chiu 1978). Since striatal 
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neuronal loss is one of the hallmarks of the disease, the first animal models were based 

on the use of toxins that could more or less selectively destroy striatal MSN by 

deregulating mitochondrial function, synaptic transmission or excitotoxicity-induced cell 

death. Kainic acid, quinolinic acid and 3-nitropropionic acid (3NP) models that replicate 

some of the HD neuropathology were generated in mice and rats, as well as in non-

human primate (Sanberg et al. 1989; Brouillet et al. 1995, 1998; Fernagut et al 2002; 

Schwarcz et al. 2010). However, these models are limited because they do not replicate 

the progressive degenerative processes such as production and accumulation of mutant 

htt; also, non-differential vulnerability of striatal projection neurons might make 

therapeutic approaches (neuroprotection or neurorestoration) targeting specific neurons 

more challenging (Ouary et al. 2000; Sun et al. 2002). These drawbacks make them 

inefficient to study the progressive nature of HD. 

 

 Genetic models 
 

The aim of (genetic) animal models is to recapitulate, at least in part, some of the 

phenotypes and pathogenic mechanisms that occur in patients. Numerous models of 

HD have been generated in the mouse (Crawley, 2008) and based on their genetic 

construct they can be grouped in 3 categories (Table 2): 

 

Fragment models 

The rationale of these models is based on the fact that the CAG repeats in human HD 

patients occur only in exon 1 (see Fig. 1).  

In these animals, only the N-terminal portion of HTT, either human or chimeric, is 

expressed. The R6/2 model, for example, was one of the first mouse models expressing 

the mutant HTT (mHTT) exon 1 with 150 CAG repeats under the control of the human 

HTT promoter (Mangiarini et al. 1996). The R6/2 mice exhibit motor disturbances as 

early as 4.5 weeks of age, with moderate neurodegeneration (12 weeks of age) and a 

variety of cognitive impairments similar to those in patients (Bolivar et al. 2003; Carter et 

al. 1999; Lione et al. 1999; Stack et al. 2005).  

 

 



 G E N E R A L  I N T R O D U C T I O N  P a g e  | 15 
 
Full length models 

This class of animal models consists of transgenic animals expressing the full length 

mutated human HTT gene (fl-mHTT) with expanded CAG repeats. This category is 

engineered by using yeast or bacterial artificial chromosome (YAC, BAC). YAC 128 and 

BACHD mice for example, express the fl-mHTT with 128 CAG and 97 CAA/CAG 

repeats respectively (Gray et al. 2008; Slow et al. 2003). Comparing the genetic 

construct between both models, the BAC model has higher stability and minimal 

chimerism (Yang et al. 1997). At the protein level, the YAC128 line expresses the 

human mhtt at 75% while the BACHD fl-mHTT line expression is 150-200% of the 

endogenous murine HD homolog (Hdh). The relationship between CAG length repeats 

and behavioural deficits in BACHD mice appears to be similar to that of HD patients 

(Table 2). Also, these mice show a more pronounced phenotype in a number of 

behavioural tests than YAC 128 mice (Menalled et al. 2009). 

A general concern with the fragment and the full length models is that the gene is 

randomly inserted in to the animal genome and the characteristic expanded CAG codon 

mutation is ectopically expressed. Therefore more effort and control of the breeding 

process is required to avoid genetic drift.  

 

Knock-In models 

The pathological CAG repeats replace the corresponding sequences in the mouse 

endogenous HTT gene (Hdh-KI). Knock-in models could be considered as the most 

precise genetic models because the mutant huntingtin is under the control of 

endogenous regulatory elements.  

Compared to transgenic fragment mice, knock-in models have a normal life span and 

exhibit slow progression of the behavioural phenotype (HDhQ111 and HDh (CAG)150  

models for example). However, they do not present overt neuropathology or robust 

markers, such as brain atrophy or neural loss, which characterize the human disease 

(Lin et al. 2001, Shelbourne et al. 1999; Wheeler et al. 2000). The lack of solid 

neuropathology findings makes it difficult to study effects of therapeutic interventions. 
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Table2. Types of transgenic mice and rats models of HD. Presented are brief characteristics of some 

commonly studied models of HD. (*) These HD animal models have a mixed trinucleotide CAA / CAG 

repetition in the mutated gene, both coding for glutamine. (Sources : Crook and Housman, 2011; Figiel et 

al. 2012; Meade et al. 2002; von Horsten et al. 2003; William Yang and Gray, 2011 ; Yu-Taeger et al. 

2012). 

 
 
C. Motor and cognitive assessment in genetic animal models 
 
As discussed above, HD is associated with progressive manifestation of motor, 

cognitive and psychiatric symptoms. In order to evaluate the face validity of the animal 

models for HD, a broad range of tests has been developed. 
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 Motor assessment 

 

In animal models, neuromuscular strength can be measured with a grip strength test; 

whereas ataxia and tremor can be evaluated with a beam walking test. Other tests, 

such as the open field and the rotarod test have shown robust effects across 

laboratories. The open-field apparatus usually consists of a Plexiglas box arrayed with 

infrared beams. Locomotion and general exploration of animals is recorded as total 

beam breaks when the animal walks around in the arena. This test can be used to 

assess spontaneous locomotor activity in HD models. The rotarod test evaluates motor 

coordination and balance in animals by scoring the latency to fall from an automated 

rotating rod. This test has proven to be sensitive and efficient for assessing motor 

impairment produced by brain injury (Hamm et al. 1994). The rotarod has been used in 

genetic models and the test has proven to be sensitive in detecting motor phenotypes 

(Crook and Housman 2011). 

For the detection of subtle gait abnormalities, the ink-footprints (or paw-print) test 

method allows analysis of static parameters such as stride length and width. For 

example, variable stride length and wide front-base have been detected in R6/2 mice 

(Carter et al. 1999; Menalled et al. 2009). However the reliability of this method is 

limited because animal speed cannot be assessed. Therefore, additional tests have 

been developed, that include measurement of dynamic parameters. Digigait is an 

automated treadmill video capture system used to record animal footsteps. This test has 

been used in R6/2 mice (Pallier et al. 2009). However, Digigait has raised a concern 

due to the forced nature of the task. The Catwalk is an automated gait analysis test 

which can measure both static and dynamic changes during an animal’s walking cycle. 

The Catwalk has proven to be sensitive in detecting gait abnormalities in models for 

spinal cord injuries (contusion and transection), Parkinson’s Disease (PD) and HD 

(tgHD rats) (Chuang et al. 2010; Hamers et al. 2001; Deumens et al. 2007; Vandeputte 

et al. 2010). One distinct disadvantage of the Catwalk system is the requirement that 

the animals voluntarily move across the walkway. Especially in animals with severe 

motor impairments this may pose problems.  
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 Cognitive assessment 

 

Tasks that enable a comprehensive evaluation of cognitive abilities in rodents exist. A 

spatial navigation task for learning and memory is the Morris Water Maze (MWM). In 

this task, learning is based on environmental landmarks: the rat or mouse swim to an 

escape platform located in a quadrant of the circular maze. Memory of the learned place 

is confirmed during a probe trial in which the escape platform is removed. The time 

spent by the animal around the former platform location is indicative of the state of its 

spatial memory. One limitation of this test might be that spatial learning in a MWM is 

traditionally linked to hippocampal functioning; whereas the predominant pathology in 

HD is linked to the cortical striatal pathway. Also, from an ethological point of view, mice 

are land-based animals and become severely stressed when placed in a swimming 

tank; therefore, tasks such as cross-maze, T and Y mazes are designed to differentiate 

between spatial or non-spatial learning in animals. Moreover such tasks can be used to 

investigate cognitive flexibility and reversal learning. Using some of these tasks in R6/2 

and YAC128 mice, specific and progressive learning and memory deficits similar to 

those observed in HD have been reported (Brooks et al 2012; Lione et al. 1999). 

Sensory motor gating impairment could indicate attentional processing dysfunctioning. 

A deficit in PPI was reported in HD patients as well as in rats, R6/2 mice, YAC 128 and 

BACHD mice (Braff et al. 2001; Menalled et al. 2009; Pouladi et al. 2012; Swerdlow and 

Geyer, 1998 and 2001). Hence this measure of sensorimotor gating has translational 

value and can be reliably measured across species, including rodents. 

Another test with potential translational value is the recognition memory task. Its design 

is close to the clinical pattern and spatial recognition test. In the object recognition test 

(ORT), animals explore a familiar versus a novel object during a probe test. In the object 

location test (OLT), animals explore objects at the same or at different locations of the 

arena. Deficits in ORT and OLT have been demonstrated in 16 months old tgHD rats 

(Zeef et al. 2012a). Therefore, deficits found in the ORT and OLT in tgHD rats are 

consistent with those reported in HD individuals in pattern and spatial recognition tasks 

and call for further investigation in other models as well (Lawrence 1996, 1998, 2000).  

 



 G E N E R A L  I N T R O D U C T I O N  P a g e  | 19 
 
 

D. Aims of the thesis and synopsis 
 

In order to develop preventive treatment in HD it is important to determine early 

manifestations of the disease prior to traditional clinical diagnosis. Findings from the 

Predict-HD2 study suggest that the commencement of detectable and measurable 

changes appear one to two decades before the predicted time of clinical diagnosis (Duff 

et al. 2010; Paulsen et al. 2008). Cognitive deficits are one of the triad of HD symptoms 

and includes impairments in attention, verbal fluency, executive and visuospatial 

functioning (Ho et al. 2003). Reports in pre-manifest HD or at-risk carriers have showed 

progressive cognitive impairment 2 to 12 years before the development of manifest 

motor disease (Foroud et al. 1995; Jason et al. 1988; Paulsen et al. 2001). These 

findings suggest that detecting robust cognitive deficits early on in animal models for HD 

may be valuable to help finding potential prophylactic drugs. Although many studies 

have been conducted in animal models for HD, most of these have focussed on motor 

symptoms rather than cognitive deficits, possibly because motor symptoms are easier 

to assess in rodents. In order to optimize our chances of developing meaningful 

therapies, some aspects need to be taken into consideration: (1) because HD is a time-

dependent disorder, it is important to use species that model these aspects of timing. 

Fragment rodent models exhibit striatal atrophy and rapid onset phenotype; but they do 

not express the full length huntingtin protein that should replicate the human condition 

and some of the models (most notably the R6/2 model) exhibit such rapid symptom 

development that it becomes almost impossible to study presymptomatic animals. 

Given the generally short life-span of rodents (typically around 2 years), one might 

suggest other genetic models such as pigs, sheep and monkey could more optimally 

mimic the pathological features seen in patients (Jacobsen et al. 2010; Matsuyama et 

al. 2000; Yang et al. 2008). However, these models have other limitations especially in 

terms of practical issues (laboratory space, pricing) and the fact that few cognitive tests 

have specifically been developed for such large animals. In contrast to the above 
                                                      
2 Predict-HD is an observational study foundation that uses genetic, neurobiological and refined clinical markers to 
understand the early progression of HD in both presymptomatic gene-positive and gene negative individuals. For 
more detail about their goals and actions, refer to the web page: https://www.predict-hd.net/ 
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mentioned species, rat and mouse requirements are minimum; their genome is well 

documented and resemble that of human (Brudno et al. 2004; National Institutes of 

Health News, March 2004). Therefore, it is sensible to measure the progressive deficits 

in genetic full length rodent models for HD. (2) In order to evaluate effectively the 

progressive cognitive impairments, robust and reproducible assays are indispensable. 

We have previously described some tests that can provide a longitudinal measurement 

and they can be use in a routine screening. 

 

Aims of the thesis 

The goal of this thesis is to provide an in depth characterization of the development of 

the motor, cognitive and psychiatric symptoms in BACHD mice and BACHD rats model 

for HD. These models express the full length of the human m-HTT and initial reports 

demonstrated similarities in neuropathology between these models and HD patients 

(Gray et al. 2008; Yu-Taeger et al. 2012). 

Subtle cognitive impairments are considered as an early indicator for the disease. In our 

longitudinal characterisation of BACHD mice and BACHD rats, we want to address 

specifically the followings: (1) to what extend cognitive deficits occurred prior to motor 

impairment? (2) Is the disease progression similar/dissimilar in 2 species with identical 

genetical constructs? (3) Which experimental assays are sensitive and of value for drug 

screening?  

 
Synopsis 

The following studies have investigated behavioural-like symptoms in transgenic 

BACHD mice and rats models for HD. 
 

Study 1 

Reports from different studies showed that BACHD mice have progressive and 

pronounced behavioral deficits when assessed in several tasks such as rotarod, open 

field, paw print, and sensorimotor gating tests (Gray et al. 2008; Menalled et al. 2009). 

Many studies in mice models have been largely limited to assessing motor deficits. Our 

first study aims to provide a more comprehensive behavioral analysis by assessing the 

full triad of symptoms, motor, emotional and cognitive behavior, in adult BACHD mice. 



 G E N E R A L  I N T R O D U C T I O N  P a g e  | 21 
 
Motor deficits were tested in a rotarod test, a robust and quantitative test that is 

generally used across laboratories. We hypothesized that transgenic mice may present 

coordination imbalances on the rotarod test as previously described (Gray et al. 2008; 

Menalled et al. 2009). Gait abnormalities were investigated in the catwalk, an 

automated system that can detect static and dynamic parameters during walking. In 

contrast to the paw print test, the Catwalk provides a better insight into subtle motor 

impairments that may occur in transgenic mice as described previously for HD patients 

(Koller and Trimble, 1985). Finally, emotional disturbances and cognitive deficits were 

evaluated in elevated zero maze, fear conditioning and cross maze tests respectively. 

We expected that transgenic mice may present anxiety and difficulties in shifting from 

one set of learning to another as reported in HD patients (Lawrence et al. 1998, 1999).    

The results have replicated some of the motor deficits reported in this model and we 

gain new insight in to gait abnormalities with the catwalk test. We have demonstrated 

that BACHD mice have difficulties on a cognitive task (cross maze) and present 

psychiatric like symptom as found in patients. 

 

Study 2 

A novel BACHD transgenic rat model for HD has recently been established. Like the 

BACHD mouse model, transgenic rats carry the human fl-mHTT with 97 polyglutamine 

repeats (mixed CAG/CAA) with all the regulatory elements (Yu-Taeger et al. 2012). 

They exhibit some of the futures of the disease like progressive motor deficits on a 

rotarod starting at 1 month of age, and gait abnormalities in footprint test at 14 months 

of age. A decreased in anxiety-like behaviour was observed in an elevated plus maze 

test. Neuropathological markers such as reduced dopamine level and presence of 

huntingtin aggregates have also been reported in these rats. Although preliminary data 

generated by Yu-Taeger and colleagues are of value, little is known about this novel 

model. The rationale was to determine the potential validity of this model. Therefore, we 

longitudinally characterise the progressive emergence of motor, sensorimotor and 

cognitive deficits in BACHD transgenic rat model for HD.  

Exploratory behaviour, motor coordination and gait deficits were assessed with an open 

field, rotarod and catwalk test, respectively. We expected to replicate – in part - the 

motor deficits reported on a rotarod test, and to gain a better understanding of gait 
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parameters that are sensitive to changes at the early stage of the disease.  Swerdlow 

and colleagues (1995) have demonstrated sensorimotor deficits in HD patients. We 

hypothesized that transgenic rat might present acoustic startle reflex deficits in 

sensorimotor tests. Recognition memory is impaired in manifest HD subjects (Montoya 

et al. 2006). We investigated transgenic rats in ORT, a task similar to the pattern and 

spatial recognition task (Lawrence et al. 1996). We expected that transgenic rats will 

show deficits in ORT.                                             

The results have demonstrated robust motor phenotype in transgenic rats, but 

sensorimotor deficits yield little and any recognition memory impairment was detected 

up to 12 months. Further investigations are indispensable to demonstrate face validity in 

BACHD rats. 

   

Study 3 

In lights of the results of the previous study, we aimed to expand our understanding of 

progressive cognitive deficits in BACHD transgenic rats by evaluating reversal learning 

and associative memory in fear conditioning and cross-maze tests, respectively. One 

advantage of using fear conditioning is that the neuroanatomical circuitry and 

neurochemical basis underlying fear & anxiety and learning & memory, are well 

described and conserved in rodents and humans (Fendt and Fanselow, 1999; Knight et 

al., 2004). The cross-maze is a spatial alternation task that allows evaluating the 

strategy that a rodent adopts during learning (Packard and McGaugh 1996; Packard, 

1999). We used similar models and experimental conditions as in the previous mouse 

study to allow a direct comparison between the phenotypes of the BACHD mouse and 

rat models.  

The results have demonstrated progressive cognitive deficits in transgenic rats and 

were informative on the time course of emergence. Like the BACHD mice, BACHD rats 

are useful for preclinical drugs evaluation. 
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Abstract 

 

Rationale  

Huntington's disease (HD) is characterized by progressive motor dysfunction, emotional disturbances and 

cognitive deficits. It is a genetic disease caused by an elongation of the polyglutamine repeats in the 

huntingtin gene. Whereas HD is a complex disorder, previous studies in mice models have largely been 

confined to assessing motor deficits.  

Objectives  

The aim of the present studies is a comprehensive phenotypical assessment of not only motor and gait 

deficits, but also of emotional and cognitive deficits in adult BACHD mice.  

Material and methods  

46 male BACHD mice between 9 and 10 months of age were used. Wild type (+/+) and transgenic (+/T) 

mice were tested for motor deficits on a Rotarod and Catwalk system. Emotional deficits were assessed 

with the zero-maze and fear conditioning tests. Cognitive deficits in a strategy shifting task were 

evaluated in a cross-maze test. 

Results  

Comparing +/T and +/+ mice, we replicated the motor deficits in the transgenic mice that were previously 

described in the Rotarod test. For the first time, motor coordination imbalances in +/T animals are 

described in the Catwalk gait analysis system. +/T mice showed more anxiety-like behavior in the zero-

maze test and a higher freezing response in the fear conditioning test. Reversal and strategy shifting 

impairments were demonstrated in the cross-maze, indicative of a disturbed prefrontal-striatal pathway. 

Conclusion  

The results suggest that BACHD mice represent an animal model with a high degree of face validity for 

HD and may be very useful for testing novel therapeutic strategies. 
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1. Introduction 
 

Huntington's disease (HD) is one of the 9 neurodegenerative diseases which are 

characterized by unstable Glutamine (CAG) repeats expansion in their target gene. The 

huntingtin (htt) gene is widely expressed in the brain and in non-neuronal tissues. The 

pathology in HD is caused by an elongation of the polyglutamine (polyQ) repeats (> 35 

CAG) in the htt gene, on chromosome 4 (Huntington’s disease collaborative research 

group, 1993). Many studies have suggested that htt plays a role as a scaffolding 

protein, essential for intracellular and synaptic vesicular trafficking, required during 

development and normal brain functioning; however, its precise role in cell apoptosis 

mechanisms for example are not yet well-understood (Caviston and Holzbaur, 2009; 

Cisbani and Cicchetti, 2012; Trushina et al. 2004; Zheng and Diamond, 2012). What is 

known in HD is that the accumulation of elongated polyQ-containing proteins in the 

nucleus and the subsequent formation of nuclear inclusions lead to a widespread 

degeneration of neurons, especially in striatal and cortical regions of the brain (Douaud 

et al. 2006; Jones and Hughes, 2011; Vonsattel et al. 1985). Medium spiny striatal 

neurons are the most sensitive to neuronal degeneration. Despite recent findings, 

molecular mechanisms underlying the selective vulnerability of these neurons in HD 

remain unclear (Bezprozyanny and Hayden, 2004; Kovalenko et al. 2012). 

Several rodent models have been designed to reproduce the pathogenesis of the 

disease with the ultimate goal of developing potential novel drugs for clinical therapies 

(Crook and Housman, 2011). A good animal model should recapitulate as many of the 

hallmark pathology and symptoms of the disease as possible (Bowles et al. 2012). A 

particularly interesting model is the BACHD transgenic mouse in which the full length 

human mutant huntingtin (fl-mhtt) gene with 97 CAA-CAG mix repeats under control of 

the human HD promoter is expressed (Gray et al. 2008). The neuropathology in this 

model closely resembles that of HD patients, including nuclear accumulation of 

aggregated mhtt and reduction in cortical BDNF mRNA expression levels, an important 

neurotrophic factor in the regulation of neuronal activity and survival (Zuccato and 

Cattaneo, 2009).  
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Functional impairments in HD patients worsen throughout the course of their disease 

ultimately leading to an inability to perform normal daily living activities (Hamilton et al. 

2003). This progression is paralleled in animal models by an increased motor deficit as 

observed using the Rotarod test and foot-print test. For example, R6/2 mice, YAC 128 

mice and BACHD mice show marked, progressive and phenotypic motor deficits 

starting already at 2 months of age (Carter et al. 1999; Kordasiewicz et al. 2012; 

Menalled et al. 2009; Southwell et al. 2009). However, dynamic gait characteristics that 

appear more relevant for HD, such as velocity and cadence, cannot be assessed using 

the Rotarod or the foot-print test. Koller and Trimble (1985) have revealed specific gait 

deficits in HD patients using video recordings and gait analyses. Indeed, movement 

disorders become more pronounced as the disease progresses, and contribute to 

clinical diagnosis of HD. Therefore, one of the aims of the present study was to perform 

a detailed gait analysis of BACHD mice using a Catwalk system. The Catwalk is an 

automated video-computer based system that detects and measures a variety of spatial 

and temporal aspects of inter-limb coordination in rodents (Hamers et al. 2001). The 

Catwalk has shown to be efficient in detecting both static and dynamic gait parameters 

deficits after adult rat sciatic nerve lesion (Deumens et al. 2007), and behavioral 

recovery from sciatic nerve crush injury (Bozkurt et al. 2008).  

 

In addition to the motor deficits, neuropsychiatric symptoms such as obsessions, 

apathy, depressed mood, irritability and anxiety contribute to the functional decline in 

HD patients and often constitute reasons for hospitalization (Hamilton et al. 2003; Van 

Duijn et al. 2007). Emotional symptoms have a significant impact on the daily life of 

patients.  Lack of emotional control (Paradiso et al. 2008) and lower fear ratings in 

response to fear stimuli (Eddy et al. 2011) have been described for the clinical and 

preclinical stage of the disease in patients. Few reports on emotional deficits have been 

published in HD mouse models. Bolivar (Bolivar et al. 2003) has reported variable 

anxiety-like behavior in R6/2 mice in an activity monitor test, while Hickey (Hickey et al. 

2008) showed in 4 months old CAG 140 knock-in (KI) mice increased anxiety in a dark 

light box test and a fear conditioning paradigm. In BACHD mice, anxiety-like behavior 

was observed as early as 4 weeks of age in a dark-light choice test, in an open field 

test, and in elevated plus-maze test (Carter et al. 1999; Kordasiewicz et al. 2012; 
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Menalled et al. 2009; Southwell et al. 2009). Since all these represent similar conflict 

paradigm (i.e. the conflict between exploration and anxiety), we planned to extend our 

understanding of emotional reactions related to anxiety in BACHD mice by additionally 

testing them in the fear conditioning paradigm and the zero-maze. In comparison with 

the widely used elevated plus maze for the assessment of anxiety-like behaviour, the 

design of the zero maze (annular runway), has been optimized to decrease ambiguity in 

interpretation of the behavior of mice in the centre compartment (Shepherd et al. 1994). 

As compared with the above-mentioned anxiety tests, the neural circuits involved in fear 

conditioning paradigm have been well described and are highly conserved between 

rodents and humans (Kim et al. 2011; Pezze and Feldon, 2004). The test depends 

much less on intact motor capacity than the conflict tests discussed above. 

 

Cognitive deficits have been described in the early stages of HD and symptoms worsen 

throughout the course of the illness. Patients with HD are impaired in their visuospatial 

memory, reversal learning and executive functioning. In visual discrimination learning 

and attentional set shifting tasks, patients perseverate in the selection of a previous 

reinforced stimulus (Lawrence et al. 1996, 1998). In general, tasks for measuring 

cognitive deficits in rodent have been mostly based on spatial learning and memory. 

Visuospatial learning and strategy shifting memory have not been well described in 

BACHD mice (Southwell et al. 2009). Cognitive and visuospatial deficits were found in 4 

week old R6/2 mice in a Morris Water Maze (MWM) task, a two choice swim task and a 

T-maze task (Ciamei and Morton, 2009; Lione et al. 1999). A drawback of these tasks is 

that they do not probe the functioning of some of the core cognitive domains that are 

impaired in patients. There are also concerns that mice testing in water mazes may lead 

to confounds due to the stress associated from being immersed in water. Therefore, in 

the present paper, we used a ‘land-based’ cross-maze task to specifically assess 

cognitive functioning in BACHD mice. The cross-maze is a closed elevated four arms at 

90 degree to each other. A T-maze configuration is made by closing one arm and 

spatial alternation (acquisition and reversal learning) can be investigated. In addition, 

the cross-maze allows us to assess the strategy (spatial vs. non-spatial) used by each 

animal. Finally, since HD patients show a deficit in extra dimensional shift learning in a 
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Wisconsin Card Sorting Test (Brandt et al. 2008; Lawrence et al. 1996, 1998), it is of 

interest to assess if transgenic mice also present deficits in shifting. 

 

The aim of this study was to investigate motor, emotional and cognitive deficits in adult 

BACHD mice. The results from the present study showed that in addition to replicating 

the well-known motor deficits in BACHD mice, we found that these animals showed an 

increase in anxiety-like behavior as well as cognitive deficits in the cross-maze. 

 

2. Material and methods 

 

Husbandry and genotyping 

 

A total of 46 male BACHD mice, aged between 9 to 10 months were used at EVOTEC 

AG (Hamburg, Germany). Mice were obtained from the CHDI’s breeding colony 

(Universität klinikum Hamburg Eppendorf, Germany), maintained on the FVB/N 

background. Transgenic mice expressed the full length human htt with 97 mix CAA-

CAG repeats [13].  Mice were group-housed 3 to 5 per cage with wood shavings and a 

filter top. The environment was enriched with a play tunnel, wooden sticks and 

shredded paper. Homozygous wild type (+/+) and heterozygous transgenic (+/T) mice 

were maintained in climate controlled housing, with a 12-h reversed dark/light cycle 

(light on 17:00h and off at 07:00h). Mice had free access to food and water except 

during experiments, which took place during their active phase (dark cycle). Animals 

were held and all experiments performed in accordance with the German animal welfare 

act and the EU legislation (council directive 86/609/EEC). 

All the animals were tail tipped at weaning. Genotyping was performed using a validated 

protocol. Briefly, Genomic DNA was prepared from tail biopsies using proteinase K 

digestion, followed by phenol/chloroform extraction (Qiagen DNeasy Tissue kit). Primers 

flanking the polyQ repeat in exon 1 were designed (EVOTEC-AG, Germany) to 

recognize both endogenous and exogenous gene (htt, mhtt), and were used to PCR 

amplify the polyQ regions [Q3: 5’ – AGG TCG GTG CAG AGG CTC CTC - 3’ and Q5: 5’ 

– ATG GCG ACC CTG GAA AAG CTG - 3’]. The PCR product was run on an 
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automated apparatus PTC-200 (Peltier Thermal Gradient Cycler) and the Agilent 2100 

Bioanalyser (Agilent technologies) was used to determine the fragments size.  

 

Behavioral testing 

 

All the behavioral tests were performed during the dark phase and conducted over a 6 

week period. Only male mice were used for this study to avoid any effects of changes in 

the female estrus cycle on behavioral responses. Mice were weighed twice a week 

during the testing phase. For the following tests, the reader is referred to the 

experimental time course in Fig. 1a. 

 

 Rotarod 

 

Motor coordination and strength were assessed with a Rotarod apparatus (Ugo Basile, 

Italy). Mice were trained to walk against the motion of a rotating drum. First, a training 

session of 5 min was done at a constant speed (4 R.P.M.; rounds per minute). Then, 1 

h later, mice were tested 3 times in 5-min trials at an accelerating speed (from 0 to 40 

RPM over 5 min). The mean latency to fall off the Rotarod was recorded and mice 

remaining on the rod for more than 300 s were removed and their time scored as 300 s. 

The test was repeated once a week for a total of four times. 

 

 Catwalk system  

 

The gait analysis system Catwalk 7.1 (Noldus IT, the Netherlands) consisted of an 

enclosed walkway made with a glass plate and a speed camera. Assessment of gait 

performance was performed with a recording and analysis software. On the first day, 

the mice were habituated to the apparatus for 5 min with the goal to cross the walkway. 

The 3 following days, free runs across the walkway were recorded. From among the 

correct runs, one run per animal per day was selected randomly for analysis. A correct 

run was defined as one complete (60 cm) crossing of the walkway without interruption. 

For one crossing, a mouse needs a minimum of 9 step sequences patterns. In addition, 

runs with step sequence categories related to exploration, Rotate Ra (RF-LF-LF-RH) 
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and Rotate Rb (LF-RF-RH-LH) were not analyzed (RF= right forelimb; RH= right 

hindlimb; LF= left forelimb; LH= left hindlimb). 

The following parameters were evaluated: walking speed (measured as the average of 

strides in cm/s); the normal step sequence patterns (NSSP, i.e. the order in which the 

four paws were placed); base-of-support (B.O.S, i.e. distance between two hind or fore 

paws, as measured perpendicular to the walking direction); stride length (i.e. distance 

between the placement of a hind or fore limb and the subsequent placement of the 

same limb); print position (space relation between a fore and a hind paw of the same 

side in mm); regularity index [RI, i.e. an index for the degree of interlimb coordination 

during gait, as measured by the NSSP, multiplied by four (number of paws), divided by 

the number of limbs placements, and multiplied by 100%]; stance (i.e. time of contact of 

the hind or fore limbs with the glass floor); swing (i.e. time that the hind or fore limbs are 

not in contact with the glass plate); Phase of dispersion [i.e. the timing relationships 

between paw placements. It is expressed as percentage of time of initial contact of one 

paw (the target) related to the stride length of another paw, the anchor]; max contact 

(at) (i.e. the point where the breaking phase turns into propulsion phase); intensity 

(measured as the mean brightness of all pixels of the print at maximum paw contact 

ranging from 0 to 255 arbitrary units). A full description of the apparatus, method, 

parameters and analysis is provided by Hamers (2001).  

 

 Zero maze  

 

The zero maze consisted of an elevated annular runway (diameter 46 cm, width 5.5 cm, 

40 cm above the floor) made from grey plastic. It was divided into four equal sectors: 

two opposing 90° sectors of the runway were protected by an inner and outer wall of 

grey polyvinyl-chloride (height 16 cm). The two remaining sectors were unprotected. 

The maze was exposed to diffuse room light (70 lux). 

Each test started by placing the mouse in the protected area. A video camera was 

suspended above the maze and a tracking system (Ethovision, Noldus IT, the 

Netherlands) was used for 5 min recordings. We analyzed the time spent, the distance 

moved, the frequency of entrance in each quadrant, and the velocity.  
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 Fear conditioning   

 

The apparatus (Med Associates Inc., Italy) consisted of a sound-attenuated box with 

wire stainless steel rods on the floor. On the first day, mice were given 5 min habituation 

session in the apparatus. On day 2, after 2 min of acclimatization, mice received 6 

pairings (120 s inter trial time) of a 30-s tone (80 dB) with a 0.45-mA, 2-s foot shock. 

The foot shock terminated at the same time as the tone. On day 3, mice were tested for 

contextual freezing in the conditioning chamber for 3 min, in the absence of tone or foot 

shock. One hour later, a new context was generated in the conditioning chamber by 

applying a white polyvinyl chloride material. Mice were tested 3 min without tone to 

assess freezing in the new context and 3 min with the tone in absence of foot shock.  

 

 Strategy shifting  

 

For the strategy shifting test a standard dual-solution task (Tolman et al. 1946) was 

used to assess the respective contributions of response (or egocentric) and place (or 

allocentric) learning strategies on memory. It determines the relative involvement of 

these 2 strategies during the course of learning. 

Spatial alternation was assessed using a modified version of the standard cross-maze; 

the home made maze consists of 4 identical arms (40 cm x 8 cm x 20 cm) at 90 

degrees to each other. The maze was made with clear Plexiglas, elevated 45 cm above 

the floor, and a T-maze was created by closing one arm (north, N) with a guillotine door. 

The T-maze configuration was as follow: 2 arms [east (E) and west (W)] are at 180 

degrees to each other and the last arm (south, S) was perpendicular to these arms. Two 

holes were present: one at the end of the E and W arms each, and spatial cues were 

placed on a black curtain which surrounded the maze. The home cage was put at one 

end of the arms (E or W) to motivate the animals to explore the maze and find the exit 

into their home cage (where they were additionally rewarded with food pellets). One 

week prior to the test, mice received small sucrose food pellets in addition to their 

normal diet. One day prior to the start of the experiments, all mice received a 5-min 

habituation session in the apparatus. During that period, food was not available.  
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The next day, the acquisition sessions started and the mouse was placed in the S arm. 

Its home cage containing sucrose food pellets was placed under the hole in the W arm. 

The mouse had to guide itself in the maze and reach the home cage. During acquisition, 

mice received one trial per day for 8 days. During the first 2 days, the goal arm (i.e. arm 

giving access to the home cage) was baited with small sucrose food pellets. The same 

training procedure was run during the reversal session except that the mouse had to 

reach this time the home cage placed underneath the E arm (opposite of the previously 

learn arm). When a mouse made a wrong choice (entrance into the arm without home 

cage), it was allowed to trace back to the goal arm. If the mouse failed to reach the 

home cage within 2 min, the mouse was gently guided manually to the goal arm and the 

trial ended 30 s later.  

Two probe tests were performed at day 9 and day 18, at the end of the acquisition and 

reversal training sessions, respectively. During the probe trials the S arm was closed 

and the N arm was used as the new start arm; the strategy (place or response) that the 

animal used to reach the goal arm was assessed. If the animal during the acquisition 

training had learned to use a place strategy, it would select the W arm. However, if the 

animal had used a response strategy (i.e. learned to turn left), it would select the E arm. 

 

Statistical Analysis 

 

All data are shown as the mean ± SEM. Graph Pad statistics software was used to 

perform all analyses. Differences between groups were assessed with Student’s t-test 

or mixed ANOVA with repeated measures, with the factor genotype as between subject 

and time as within subject variable. When significance was found, a Bonferroni - post 

hoc analysis was performed. In the Strategy shifting test, Chi-square (χ2) analyses were 

computed on animal’s choice during Acquisition and Reversal learning in order to 

determine discrepancies between groups and to determine potential changes in 

strategies between both probe trials. The significance level was set for all analysis at 

0.05. 
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3. Results 
 

 Experimental timeline and gross phenotype (Fig. 1) 

 

 
 
Fig. 1 (a) Experimental time course (b) Body weight. Results are expressed as Mean ± SEM. Transgenic 

mice (+/T) are heavier than control (+/+) mice. Asterisks indicate significant difference between control 

and transgenic mice (***p < 0.001).  

 

One week prior to the beginning of the experiments, a general inspection of mice did not 

show any gross abnormality in the phenotype and all animals looked healthy. During the 

course of the experiments, 3 mice (one transgenic and two wild types) showed severe 

circling behavior and were euthanized. 

Transgenic mice had a significantly higher weight than their wild type littermate controls 

(Fig. 1b; results from 2-way ANOVA for the main factors GENOTYPE: F (1, 43) = 27.85, 

P< 0.0001 and TIME: F (5, 215) = 5.70, P< 0.0001). The difference in body weight was 

maintained and no significant interaction between the main factors GENOTYPE and 

TIME was found.  
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 Motor behavior in a Rotarod test and a Catwalk gait analysis system (Fig. 2) 

  

 Rotarod test  

 

The latency to fall from the rod was shorter in transgenic mice.  Transgenic and wild 

type mice showed statistically significant differences in the overall latency to fall (Fig. 

2a; GENOTYPE: F (1, 28) = 17.78, P< 0.001; TIME: F (3, 84) = 9.79, P< 0.0001). The 

absence of a significant GENOTYPE X TIME interaction suggests that the difference in 

latency to fall was maintained over time. However, although visual inspection of Fig. 2a 

suggests a difference between both groups at week four, this was not confirmed by post 

hoc analysis (t = 2.276 and P < 0.05).  

 

 Catwalk gait analysis system 

 

We analyzed static and dynamic gait parameters changes in BACHD mice with the 

Catwalk system.  Because velocity can significantly influence gait parameters (Cendelin 

et al. 2010), we analyzed walking speed as well. As shown in Fig. 2b, there were no 

significant differences in walking speed over the days for both transgenics and wild 

types. Therefore the data were pooled.  

For the static parameters, significant differences were seen in the order in which the 

four paws were placed [NSSP, Fig. 2c: cruciate a (sequence = RF-LF-RH-LH, t= 2.727 

and P< 0.05), cruciate b (sequence = LF-RF-LH-RH, t= 2.628 and P< 0.05) and 

alternate Ab (sequence = LF-RH-RF-LH, t= 3.643 and P< 0.01)]. The degree of 

coordination, measured by the regularity index (RI), was not different. With respect to 

the base of support (B.O.S), the transgenic group presented a larger distance between 

forelimbs placements (Fig. 2d; t= 2.786, P< 0.05) but not between hindlimbs 

placements. Also, no significant difference between groups was observed for front and 

hind-limbs intensity (Fig. 2e), stride length and print positions (data not shown). 
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Fig. 2 Results are expressed as Mean ± SEM. (a) Rotarod performance. Presented is the latency to fall 

on the accelerating (4 - 40 r.p.m) rod.  Although there was no significant difference between groups on 

day 4, the overall genotype deficit was significant. [b-g] Catwalk gait analysis: (b) Walking speed. There 

was no significant difference between transgenic and wild type in the crossing time. Significant 

differences were found in static parameters (c) NSSP; Cruciate a; Cruciate b, Alternate Ab (d) Base of 

support (B.O.S) of the front paws width, (e) Intensity, and dynamic parameters: (f) Max.contact at of the 

hind paws, and (g) Phase of dispersion; Diagonal RF  LH and Ipsilateral LF  LH. See Methods for a 

full description of these parameters. Asterisks indicate significant differences between control (+/+) and 

transgenic (+/T) mice (*p < 0.05; **p < 0.01 and ***p < 0.001). Note: RF, right forelimb; RH, right hindlimb; 

LF, left forelimb; LH, left hindlimb; R.index, Regularity index. 

 

With respect to the dynamic parameters, no significant difference in stance and swing 

phases for both front and hind-limbs were found (data not shown). Transgenics had a 

shorter stand/propulsion time with their hindlimbs (Fig. 2f; max contact at (%), t= 2.245, 

P< 0.05). There was no significant difference for the forelimbs. We further analyzed the 

parameter which describes the temporal relationship between placements of two paws 

within a step cycle, that is, the phase dispersions.  Transgenic mice show a higher 
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percentage of dispersions for the diagonal RF-LH (t= 3.316, P< 0.01) and ipsilateral LF-

LH (t= 4.578, P< 0.001) phases (Fig. 2g). There was no significant difference in the 

girdle paws pairs dispersions phases or in the diagonal LF-RH and ipsilateral RF-RH. 

 

 Anxiety-like behavior in a zero-maze test (Fig. 3a-c) 

 
We first investigated the behavior of the animals in the elevated zero maze which 

represents a conflict test: on the one hand rodents have a natural tendency to explore a 

novel environment; on the other hand they prefer to remain in confined spaces. 

Transgenic BACHD mice spent significantly more time in the closed sectors (t= 2.852, 

P< 0.05) and less time in the open sectors (t= 2.871, P< 0.05) than wild type mice (Fig. 

3a). Also, there was a significant difference between wild type and transgenic BACHD 

mice in the distance moved in open sectors (Fig. 3b; t= 2.459, P< 0.05). There was no 

significant difference between groups in frequency of entrance in open and closed arms 

(Fig. 3c).  

 

 Freezing expression in a fear conditioning test (Fig. 3d) 

 

Next, we moved on to a different kind of anxiety test, not based on the conflict 

paradigm: fear conditioning. There was no significant difference in freezing response 

during habituation (base line) and new context. Transgenic mice showed a significantly 

stronger freezing response to a tone stimulus (Fig. 3d; t=3.486, P< 0.01 Bonferroni post 

test). Two-way ANOVA revealed a significant effect for the factors GENOTYPE (F= 

7.61, P< 0.01) and TEST (F= 10.47, P< 0.0001). There was no statistically significant 

interaction (GENOTYPE X TEST). Although visual inspection of Fig.3d suggests that 

transgenics present higher freezing to the context, this effect was not statistically 

significant (t = 1.767 and P > 0.05 Bonferroni post hoc test).  
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Fig. 3 Results are expressed as Mean ± SEM. Zero maze test: (a) time spent, (b) distance moved and (c) 

frequency of entrance in closed and open sectors of the maze. Transgenic mice (+/T) spend less time 

and moved less in the open sectors compared to their wild type (+/+). However, no significant difference 

was seen in frequency of entrance in both sectors. (d) Fear conditioning. Transgenic mice spent 

significant more time freezing to the tone (cue) compared with the wild type littermates (+/+). A tendency 

for increased freezing to the context is observed in transgenic mice. Asterisks indicate significant 

differences between +/+ and +/T mice (*p < 0.05, **p < 0.01). 

 

 

 Learning and memory response in a strategy shifting task: the cross-maze test 

(Fig. 4) 

 

Data from acquisition and reversal training sessions at the first 2 days were not 

analyzed because the goal arm was baited with sucrose food pellets to guide mice to 

their home cage. 

A schematic representation of the cross-maze task is presented in Fig. 4a. 
 

 Learning index (Fig. 4b) 

 

The learning index is calculated as the ratio of the mean number of correct choices over 

trials per animal. During acquisition, transgenic mice displayed improved learning as 

compared to the wild type littermates. During reversal, transgenic mice showed a lower 
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learning index; however, the difference between wild type and transgenic mice did not 

reach statistical significance. 

 

 

 
 
Fig. 4 Strategy shifting task. (a) Schematic representation of the cross-maze task. The north (N) arm is 

closed. The mouse starts training in the south arm (S) and reaches the home cage through the hole 

located in the west arm (w, (1) acquisition) or east arm (E, (2) reversal). During (3) probe trial days (9 and 

18), the (S) arm is closed and the mouse starts in the (N) arm. Mice reaching the usual home cage arm 

are Place learners, while those reaching the other arm are Response learners. (b) The learning index. (c) 

Acquisition and reversal training. Percentage of correct choice made during trainings is depicted. There 

was no difference in acquisition training. Transgenic mice (+/T) differed significantly from wild type (+/+) 

during the reversal training. (d) Strategy shifting on Probe trials. Wild type mice (+/+) tended to shifted 

from a Response learning (R) (probe 1, R = 80%) to a Place learning (P) (probe 2, P = 60%) strategy, 

while transgenic BACHD mice (+/T) persevered in the same strategy of response (R) (probe 1, R = 91% 

and probe 2, R = 71%). Asterisks indicate significant difference between transgenic (+/T) and control 

(+/+) mice during reversal learning (*p < 0.05, between day 12 and day 17).
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 Acquisition and reversal training (Fig. 4c) 

 

The effect of acquisition and reversal learning in both groups was investigated by 

analyzing the number of correct choices made. There was no significant difference in 

acquisition learning. For reversal learning, only animals with learning index higher than 

0.5 during acquisition were analyzed. That is, animals that actually learned the task. 

Wild type – but not transgenic - animals made significant more correct choices over the 

course of reversal learning (χ2= 6.153, P< 0.05). Transgenic mice made fewer correct 

choices during reversal training as compared to acquisition training (χ2= 8.251, P< 

0.01). Wild type mice did not show differences in their correct response choice during 

acquisition and reversal trainings.  

 

 Strategy (Fig. 4d) 

 

On days 9 and 18, a probe trial was done to assess which strategy mice used to solve 

the task. The new start arm was now at the opposite site of the arm that the mice were 

initially trained on. Mice entering the same arm as during training sessions were 

designated place learners (allocentric learning) and mice entering the opposite arm 

were designated response learners (egocentric learning). Data were only analyzed for 

animals that made correct arm choices and had a learning index interval greater than 

0.5 during each training session. 

At the first probe trial (day 9), both wild type and transgenic mice exhibited a preference 

for response learning. At the second probe trial (day 18), transgenic mice maintained a 

response learning preference (71% of mice). Although wild type mice shifted more 

towards a place learning strategy (60% of mice), the strategy shift between both probe 

sessions was not statistically significant.  
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4. Discussion  
 

We compared the BACHD transgenic mice to their wild type littermate controls in a 

series of standard and novel behavioral tests assessing sensory-motor, emotional and 

cognitive functions. BACHD mice showed a clear motor imbalance and gait coordination 

problems in both static and dynamic walking sequences. Zero maze and fear 

conditioning results demonstrated that transgenic mice are more anxious and present a 

higher freezing response to stressful stimuli. In the cross maze, we found cognitive 

impairment that may be related to striatal-frontal dysfunctioning in transgenic mice, 

especially in reversal learning.  

 

 Motor deficits 

 

At an early stage of the disease, assessment of motor dysfunction is an important 

component in the diagnosis of HD (Harper, 1996).  Measurement of motor function in 

BACHD mice was therefore a logical starting point for our comprehensive behavioral 

phenotyping effort. The shorter latency to fall off the Rotarod is consistent with previous 

findings and indicates that BACHD mice have difficulties in balancing (Gray et al. 2008; 

Menalled et al. 2009). The lack of significant difference between both groups at week 

four could be due to an outlier and does not alter the general conclusion that, the 

Rotarod deficit persists for up to 12 months in BACHD mice. The subsequent slight 

increase in latency upon repeated testing suggests a learning process in both 

transgenic and wild type mice (Pouladi et al. 2012).  

 

Deficits in gait were found during Catwalk testing for both static and dynamic 

parameters. These deficits are unlikely to be confounded by differences in weight and/or 

the health status of the mice. Weight bearing changes in limbs can be objectively 

evaluated with the intensity parameter, a measure of the mean brightness of all pixels at 

maximum paw contact with the glass plate (Masocha and Parvathy, 2009).   We did not 

find a difference in measured intensity, notwithstanding the fact that transgenic mice are 
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heavier than wild type mice. These data suggest that BACHD mice have no arthritis or 

abnormal nociceptive activity in weight load changes during walking.  

Static gait analysis revealed variability in step sequences in transgenic mice and a large 

width of their front limbs B.O.S. Dynamic gait analysis showed deficits in phase of 

dispersion and at the point where the breaking phase turns into propulsion phase.  

Other labs have used different equipment for the assessment of gait deficits. For 

example, using an ink-footprint test in R6/2 transgenic mice, Carter (1999) found that 

the front base was significantly broader and more splayed, starting at 8-9 weeks of age. 

Similar observations were also reported in R6/2 and BACHD transgenic mice with 

shorter/longer splay, wider base and sensory-motor gaiting deficits (Menalled et al. 

2009; Pouladi et al. 2012). Amende (2005) looked at motor behavior in a treadmill in a 

striatal neurodegeneration mouse model for HD using the mitochondrial toxin, 3-

nitropropionic acid (3-NP). Mice repeatedly administered with a cumulative dose of 50 

mg/kg of 3-NP showed a higher stance width variability in their forelimbs and a greater 

stance duration spent in propulsion (stance/propulsion) phases in their hind limbs. We 

observed shorter stance/propulsion duration in the hindlimbs of BACHD mice.  This 

discrepancy may involve differences in methods such as voluntary vs. forced walking, 

and the HD animal models that were used. In contrast to the Catwalk, mice submitted to 

a motorized treadmill are ‘forced’ to walk and a deficit in walking could have affected 

their gait.  The mechanism by which 3-NP induce striatal neurodegeneration in animals 

is not yet well elucidated and this model does not mimic specific morphological and 

neurochemical features of the progressive neurodegeneration seen in the early stage of 

HD (Tunez et al. 2010).   

 

An attractive feature of gait analysis with the Catwalk model is that similar parameters 

can be measured in humans. Indeed, similar deficits in gait parameters were reported in 

HD patients (Koller and Trimble, 1985). The larger distance between forelimbs (B.O.S) 

and the ipsilateral phase of dispersion (LF-LH) in BACHD mice may correspond to the 

wide base station and the lateral swaying in patients (Tian et al. 1992).  

A more profound understanding of the functional neurocircuitry that underlies the motor 

behavior assessed by Rotarod and Catwalk testing would greatly add to the translation 

of the mouse findings to humans.  Available evidence supports, perhaps not 
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surprisingly, a key role for striatal areas. A bilateral projection from motor cortex to 

striatum is well-documented in rat (McGeorge and Faull, 1989). Rats chronically treated 

with 3-NP showed neurodegeneration in the dorsolateral striatum but not in the 

hippocampus, thalamus, cerebral cortex and cerebellum (Guyot et al. 1997). They 

develop dystonia and bradykinesia as well as gait abnormalities such as decreased 

tangential velocity and higher peak lateral velocity (parameters related to position of the 

animal’s centroid as a function of time during the board cross). A study using 2- deoxy-

D-[14C] glucose autoradiography in rats, revealed activation of different areas in the 

striatum during stimulation of fore/hind limbs (Brown, 1992). In addition, an EMG study 

on the gastrocnemius muscle/soleus muscle using intrastriatal injections of drugs 

affecting the dopamine, acetylcholine and gamma-aminobutyric acid (GABA) 

neurotransmission suggested a functional flow of information from the rostral to the 

intermediate part of the striatum (Ellenbroek et al. 1986). Thus, the striatum is not only 

important for the actual execution and control of motor behavior but has also a role that 

overlaps with that of the primary motor cortex. 

In a next step, abnormalities in static and dynamic phases of gait that we observed in 

transgenic BACHD mice should be correlated to striatal dysfunction. For example, using 

imaging technologies such as fMRI in awake BACHD mice it is possible to reconstruct 

distributed, integrated neural circuits or 'fingerprints' of brain activity (Ferris et al. 2011). 

Interestingly, a marked motor phenotype is observed notwithstanding a lack of 

huntingtin aggregates and no loss of medium spiny neurons at 9 and 10 months of age 

in BACHD mice (Gray et al. 2008; Kordasiewicz et al. 2012; Pouladi et al. 2012; 

Southwell et al. 2009). This is apparently not unique for rodent models as there are also 

reports of HD patients that show (chorea) motor abnormalities in the absence of neural 

loss (Myers et al 1988). These findings support the suggestion that an animal model of 

HD may not only provide relevant genetic features but may also develop progressive 

neurological phenotype as seen in early HD. This facilitates comparisons between 

species and the validation of animal models and molecular drug targets. 
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 Emotional deficits  

 

Transgenic mice spend less time in the open, “unsecure”, arms and this is unlikely to 

involve a deficit in locomotor activity because the groups did not differ in the total 

frequency of entries into open or close arms. The results from the zero-maze are 

consistent with the anxiety-like phenotype reported in a light-dark choice test 

(Kordasiewicz et al. 2012; Menalled et al. 2009).  

In the fear conditioning test, the tone stimulus elicited a higher level of freezing in 

BACHD than wild type mice. Again, confound by motor deficits seems unlikely since the 

mice did not show a difference in percentage of time freezing during habituation (base 

line) and when presented with a new context (Fig. 3d). Although visual inspection of 

Figure 3D suggests that the conditioned fear response to the context was higher in the 

transgenic mice, this difference was not statistically significant. It cannot be excluded 

that this is confounded by the low intensity of the unconditioned stimulus (foot shock) as 

the overall mean percentage of freezing was very low (15% to 20 %). Results obtained 

in other HD models have been mixed: A deficit in contextual fear-conditioning was 

shown in R6/2 mice whereas an enhanced fear response was reported in CAG140 

Knock-In (KI) mice (Bolivar et al. 2003; Hickey et al. 2008). The reasons for the different 

findings are not well understood but may involve differences in fear conditioning 

methods and progression of the disease in different models (Blanchard et al. 2003; 

Fendt and Fanselow, 1999). This illustrates the challenge of replicating fear conditioning 

results across laboratories. A comparative study using the same protocols for the 

different HD models in the same lab would be the preferred way to reach a definite 

conclusion on the fear conditioning phenotype in HD models.  

Nonetheless, our data are consistent with the high anxiety rate described with the 

Neuropsychiatric inventory (NPI) in HD patients (Paulsen et al. 2001b), suggesting that 

our fear conditioning protocol in BACHD mice may have translational value.  
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 Cognitive deficits 

 

Navigation in complex environments involves the use of different memory strategies. In 

the cross-maze task, subjects can either make a body turn response (egocentric 

learning), or use spatial cues (allocentric learning) to locate their home cage at the end 

of a dedicated arm. All mice acquired the task and used an egocentric learning strategy 

during the first probe trial. Results from other studies found that the allocentric strategy 

is normally adopted by rodents during acquisition learning (Botreau and Gisquet-Verrier, 

2010; Restle, 1957; Tolman et al. 1946). It is not clear why our mice used an egocentric 

strategy during acquisition. Maybe the navigational cues (polystyrene expanse foam 

cross, small plastic container, Christmas tree star and cardboard cube) that we used 

were not strong enough, despite their validation for the MWM. However, Espina-

Marchant and colleagues (Espina-Marchant et al. 2009) has demonstrated in a cross 

maze paradigm that A x C rats (phenotypically similar to wild rats) injected with saline 

solution in Neostriatum presented egocentric learning strategy during acquisition and 

extend training (probe days 11 and 19), whereas Long-Evans rats shifted from 

allocentric to response learning strategy. These findings indicate that a specific learning 

strategy in the cross-maze could be strain-dependent. 

Transgenic mice made more errors during reversal learning which is not surprising as 

reversal learning is more demanding than acquisition learning. The former requires a) 

memory of the previous task learned, b) suppression of this acquired learning and c) 

learning of the new task. Our data are in line with reports in YAC 128 mice; they 

displayed reversal learning deficit in a water T-maze task from 27 weeks of age (Brooks 

et al. 2012; Van Raamsdonk et al. 2005). The perseverative strategy response we 

observed in BACHD transgenic mice during probe trials are similar to that reported by 

Lione and colleagues (1999) in R6/2 mice during a spatial alternation T-maze test; they 

have demonstrated that transgenic mice, in contrast to control turned in the same 

direction in the maze irrespective of their start position and this deficit was present as 

early as 5 weeks of age.  

Clinical investigation in early HD patients has revealed impairment in the shifting but not 

the formation or maintenance of a learned response set (Lawrence et al. 1996). The 



46 | P a g e  S T U D Y  1  
 
perseverative responding strategy during reversal training in transgenic mice is 

reminiscent of the cognitive deficits seen in HD patients. HD patients show deficits in 

the extradimensional shift (EDS) test and in the Wisconsin Card Sorting Test (WCST), 

when attention has to be shifted from one perceptual dimension to another. This 

cognitive set shifting behaviour is mediated by the prefrontal cortex (Josiassen et al. 

1983; Lawrence et al. 1999). The mosaic organisation of striatum suggests that its 

dorsal regions receive input primarily from dorsal prefrontal cortex, and the ventral 

regions of the caudate to receive input from limbic-related areas (Gerfen et al. 1992). 

Examination of neostriatal tissue from autopsy cases of early HD revealed a 

progressive wave of neural loss. In fact, immunocytochemical stains showed that this 

neuronal loss extended from the dorsal to the ventral regions of striatum in later stages 

of the disease (Hedreen and Folstein, 1995). Thus, reversal and strategy shift deficits 

could be attributed to disruption of the prefrontal-striatal activity. 

Different brain regions, such as the medial temporal lobe, the prefrontal cortex, the 

basal ganglia or the amygdala complex, are important for the consolidation of different 

memory domains and memory flexibility. Devan (1999) has demonstrated after different 

lesions to the rat striatum that the medial part may underlie allocentric learning. In 

addition, it has been reported that the hippocampus and the striatum selectively mediate 

expression of allocentric and egocentric learning strategies, respectively. A shift from a 

place to a response strategy can occur in the course of extended training (Chang and 

Gold, 2004; Packard, 1999; Packard and McGaugh, 1996; Pych et al. 2005; Yin and 

Knowlton, 2004). These findings suggest that memory functions are mediated by 

distributed networks in the brain where key neuroanatomical substrates such as the 

hippocampus, the striatum and the prefrontal cortex interact with each other. 
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5. Conclusion 
 
Our study replicates and extends published results in adult BACHD mice. We showed 

that BACHD mice have motor imbalance and gait coordination problems in both static 

and dynamic walking sequences. The results of the zero maze and of the fear 

conditioning tests, demonstrated that transgenic mice are more anxious and present a 

higher freezing response to stressful situations. Finally, using the cross maze, we could 

demonstrate cognitive impairment related to a striatal-frontal dysfunctioning in 

transgenic mice especially in reversal learning. In the future the same study would be 

interesting to address in female BACHD mice. Nevertheless, our data indicate that 

BACHD mice show several of the symptoms found in HD patients. The results suggest 

that these animals are suited to investigate the developmental time course of these 

deficits in relation to motor deficits and for the assessment of potential novel 

therapeutics for the treatment of HD.  
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Abstract 

 

Rationale  

Huntington disease (HD) is frequently first diagnosed by the appearance of motor symptoms; the 

diagnosis is subsequently confirmed by the presence of expanded CAG repeats (> 35) in the 

HUNTINGTIN (HTT) gene. A BACHD rat model for HD carrying the human full length mutated HTT with 

97 CAG-CAA repeats has been established recently. Behavioral phenotyping of BACHD rats will help to 

determine the validity of this model and its potential use in preclinical drug discovery studies. 

Objectives 

The present study seeks to characterize the progressive emergence of motor, sensorimotor and cognitive 

deficits in BACHD rats.  

Material and methods  

Wild type and transgenic rats were tested from 1 till 12 months of age. Motor tests were selected to 

measure spontaneous locomotor activity (open field) and gait coordination. Sensorimotor gating was 

assessed in acoustic startle response paradigms and recognition memory was evaluated in an object 

recognition test. 

Results  

Transgenic rats showed hyperactivity at 1 month and hypoactivity starting at 4 months of age. Motor 

coordination imbalance in a Rotarod test was present at 2 months and gait abnormalities were seen in a 

Catwalk test at 12 months. Subtle sensorimotor changes were observed, whereas object recognition was 

unimpaired in BACHD rats up to 12 months of age. 

Conclusion 

The current BACHD rat model recapitulates certain symptoms from HD patients, especially the marked 

motor deficits. A subtle neuropsychological phenotype was found and further studies are needed to fully 

address the sensorimotor phenotype and the potential use of BACHD rats for drug discovery purposes.  
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1. Introduction 
 

Huntington disease (HD) is a progressive neurodegenerative disorder that is associated 

with widespread degeneration of cortical neurons and striatal medium spiny neurons 

(MSN) (Douaud et al. 2006; Jones and Hughes, 2011; Vonsattel et al. 1985). The 

neuronal loss is caused by an expanded polyglutamine tract (> 35 CAG) in the 

HUNTINGTIN (HTT) gene on chromosome 4 (Huntington’s Disease Collaborative 

Research Group, 1993). Huntingtin (htt) has many functions in cells and is essential for 

development (Bezprozvanny et al. 2004; Caviston and Holzbaur, 2009; Cisbani and 

Cicchetti, 2012; Trushina et al. 2004). It is not well-known why MSN neurons are 

selectively vulnerable in HD (Zheng and Diamond 2012). A wide variety of motor, 

cognitive and neuropsychiatric symptoms have been observed in HD patients (Di Maio 

et al. 1993; Myers et al. 1985). As the disease progresses, patients become completely 

dependent and eventually require full-time care. To date, clinically proven treatments 

that can cure or halt the disease’s progression have not yet been discovered. 

 

Important insights into the pathogenic mechanisms in HD were gained by the 

development and use of multiple transgenic murine models. At present, a number of 

knock-in and transgenic mouse models, expressing the N-terminal fragment of HD exon 

1 (e.g. R6/2 mice, (Mangiarini et al. 1996) or the full-length endogenous / human mutant 

htt (such as the BACHD mice, (Gray et al. 2008) provide ample opportunities to study 

the chronically progressing phenotype of the disease  (Crook and Housman, 2011). A 

good animal model should reflect as many of the neuropathological and clinical 

symptoms of the human disease as possible (Bowles et al. 2012). The BACHD mouse 

model of HD, for example, recapitulates several aspects of the neuropathology and 

symptoms, including formation of mutant htt positive aggregates, reduction in cortical 

BDNF mRNA expression levels, cognitive, emotional, motor and sensory gating deficits 

(Abada et al. 2013; Gray et al. 2008; Kordasiewicz et al. 2012; Menalled et al. 2009; 

Pouladi et al. 2012; Southwell et al. 2009). Notwithstanding the value of existing mouse 

HD models, certain behavioral processes related to learning and memory and 

pharmacological validation are typically more challenging to evaluate in mice (Tecott 
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and Nestler, 2004). This is one of the reasons why the availability of HD models in other 

species is important. Certain aspects of the behavioral repertoire of rats are more 

adequate and/or accessible for assessment in specific tasks, such as in learning and 

memory models. A BACHD rat model of HD has recently been established. This rat 

model is of particular interest since it expresses, like the BACHD mouse, the full length 

human mutant huntingtin (fl-mhtt) with 97 CAG-CAA mix repeats under control of the 

human HD promoter gene (Yu-Taeger et al. 2012). This model has not been fully 

characterized yet and this was the aim of the present studies that are described below.  

 

We first wanted to get a detailed description of possible gait abnormalities in BACHD 

rats because HD patients have motor impairments such as gait deficits, imbalance, 

clumsiness and unsteadiness (Di Maio et al. 1993). In this study, we used the Catwalk, 

an automated video-computer based system that detects and measures a range of 

spatial and temporal aspects of rodent’s inter-limb coordination during free walking 

(Hamers et al. 2001). Also, we wanted to replicate motor imbalance reported in BACHD 

rats with a Rotarod test (Hamm et al. 1994; Yu-Taeger et al. 2012). The Rotarod has 

become an essential tool for assessment of motor coordination and balance in rodent 

models of HD (Carter et al.1999; Gray et al. 2008; Menalled et al. 2009; Von Horsten et 

al. 2003; Woodman et al. 2007). Finally, we employed an Actimot apparatus to evaluate 

exploratory locomotor activity of BACHD rats in an open field. 

The progressive degeneration of striatal MSN in HD patients may result in deficits in 

sensorimotor gating inhibition. This ‘gating’ inhibition can be measured in patients by 

exposing them to startle stimuli. The startle reflex response elicited by either tactile or 

acoustic stimuli is typically inhibited when it is preceded by a weak prepulse. 

Interestingly, Swerdlow and colleagues (1995) have reported prepulse inhibition (PPI) 

deficits in HD patients. In animals, startle response and PPI can be derived from the 

assessment of whole body movement following exposure to auditory or visual stimuli 

(Menalled et al. 2009; Pouladi et al. 2012; Swerdlow et al. 1992). Since the PPI test is of 

particular interest for its ‘translational’ value, we investigated the acoustic startle 

response (ASR) and prepulse inhibition in BACHD rats. 

Neuropsychological assessments found that, in general, cognitive impairments start 

prior to the emergence of motor deficits, although these are generally diagnosed later 
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(Hahn-Barma et al. 1998; Lawrence et al.1998). Episodic memory – that is, the memory 

for events which is described as a spatio-temporal record of a subject’s experience - is 

impaired in HD patients. Some of the most common tests used to measure episodic 

memory are based on auditory and verbal learning [Rey auditory verbal learning test 

(RAVLT), California verbal learning test (CVLT), Wechsler memory scale (WMS)], or 

pattern and spatial recognition. Results from recognition memory performance in 

patients have led to mixed results and seem to depend on the task that is used. For 

example, verbal recall memory impairment was reported in the CVLT and WMS tests 

(Rosenberg et al. 1995); whereas performance in spatial recognition memory was intact 

(Lawrence et al. 1998). A meta-analysis conducted on a computer-based search in 

presymptomatic, symptomatic and control subjects has revealed deficit in recall-

recognition memory in HD (Montoya et al. 2006). In addition, investigations made in a 

tgHD rat model have showed spatial and recognition memory deficits at 16 months of 

age (Zeef et al. 2012a). Although there seems to be a clear impairment in recall-

recognition memory in HD patients and tgHD rats, there is a further need to clarify 

recognition memory performance. Therefore we evaluated the recognition memory in 

BACHD rats in a novel object recognition task (ORT).  

 

 

2. Materials and methods 
 

 Ethics statement 

 

The study was carried out in strict accordance with the German animal welfare act and 

the EU legislation (EU directive 2010/63/EU). The protocol was approved by the local 

ethics committee Behörde für Gesundheit und Verbraucherschutz (BGV, Hamburg).  

 

 Husbandry and genotyping    

 

Wild type (+/+, WT) and transgenic (+/T, TG) male BACHD rats carrying the mutant 

human huntingtin gene, under the control of the human huntingtin promoter and its 

regulatory elements were used. The transgene contains 97 CAG-CAA mix repeats, and 
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additional 20 kb upstream and 50 kb downstream sequences ensure stability of the 

repeat length (Yu-Taeger et al. 2012). Two transgenic males (TG5 line) were supplied 

from the original BACHD colony of the Universitätsklinikum Tübingen (Tuebingen, 

Germany) and an in-house breeding colony was established and maintained at 

EVOTEC AG (Hamburg, Germany) by cross-breeding these males with wild type female 

rats. BACHD animals were maintained on a Sprague-Dawley background. All the 

animals at weaning were group-housed 2 to 4 per cage with wood shavings and a filter 

top. The environment was enriched with a play tunnel and shredded paper. BACHD rats 

were maintained in climate controlled housing, with a 12-h reversed dark/light cycle 

(light from 19:00 to 07:00). Rats had free access to food and water except during 

experiments.  

Ear punches were collected from the litters at weaning in order to determine the rats 

genotype. Genotyping was performed before and after all the studies using a validated 

protocol. Briefly, genomic DNA was prepared from ear biopsy tissue using proteinase K 

digestion, followed by phenol/chloroform extraction (Qiagen DNeasy Tissue kit). Primers 

flanking the polyQ repeat in exon 1 were designed to recognize whether or not the rat 

carried at least one copy of the mutation, and were used to PCR amplify the polyQ 

regions [Q3: 5’ – AGG TCG GTG CAG AGG CTC CTC - 3’ and Q5: 5’ – ATG GCG ACC 

CTG GAA AAG CTG - 3’]. Gene status was confirmed in parallel by using designed 

primers from Tuebingen [exon 1: FW 5’-ATG GCG ACC CTG GAA AAG CTG- 3’ and 

RV: 5’ -AGG TCG GTG CAG AGG CTC CTC- 3’; exon 67: FW 5’-TGT GAT TAA TTT 

GGT TGT CAA GTT TT- 3’ and RV: 5’ –AGC TGG AAA CAT CAC CTA CAT AGA CT- 

3’]. The PCR product was run on an automated apparatus PTC-200 (Peltier Thermal 

Gradient Cycler) and the Agilent 2100 Bioanalyser (Agilent technologies) was used to 

determine the fragments’ size.  

 

 Behavior testing 

 

All the behavioral tests were performed during the dark phase and male BACHD rats 

were weighed twice per month. Acoustic startle experiments and object recognition 

tests were undertaken independently on all animals of a cohort at a specific age. For 

other tests, subgroups of either one or more cohorts were allocated for longitudinal 
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testing. Before each behavioral test, animals were given a 1h minimum habituation 

period to the testing room.  

 

Exploratory behavior 

 

Spontaneous locomotor activity was evaluated with the automated Actimot system (TSE 

system, Germany). The apparatus consists of a square shape frame equipped with a 

transparent cage (50 cm3) and two pairs of light-beam strips. Each strip is equipped with 

32 infrared sensors and their height can be adjusted. Thus, the coordinates of the 

animal can be determined in three dimensions (X-Y-Z axis). The apparatus was cleaned 

and dried with a 10% ethanol solution before each use. Each rat was placed in the 

center of the box and the number of beam breaks recorded during free walking for a 1 

hour testing period. We examined and analyzed the total activity (X+Y beam breaks) 

directly from the data collected by the system software. 
 

Rotarod 

 

Motor coordination and balance was assessed using a rotarod apparatus (Med 

Associates, Italy). All rats underwent a 3-day training program by which time a steady 

baseline level of performance was attained. During that period, rats were trained to walk 

against the motion of a rotating drum at a constant speed of 12 R.P.M (rotations per 

minute) for a maximum of 2 min. In total, four training trials per day with an interval trial 

time of one hour were performed. Rats falling off during a training trial were put back on 

the rotating drum. Following the training days, a one day test of three trials was 

performed using an accelerating speed levels (4 to 40 R.P.M) mode of the apparatus 

over 5-min. The apparatus was wiped with a 70% ethanol solution and dried before 

each trial. The mean latency to fall off the rotarod was recorded and rats remaining on 

the drum for more than 300 s were removed and their time scored as 300 s. 
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Catwalk system 

 

The gait analysis system Catwalk 7.1 (Noldus IT, the Netherlands) consisted of an 

enclosed walkway with a glass plate and a speed video recording camera. Gait 

performance was assessed and recorded using the catwalk analysis software. The 

glass plate was cleaned and dried with a 70% ethanol solution before each use. On the 

first day, rats were habituated to the apparatus for 300 s with the goal to cross the 

walkway. The following day, free runs across the walkway were recorded. From among 

the correct runs, three runs per animal were selected randomly for analysis. A correct 

run was defined as one complete (60 cm) crossing of the walkway without interruption. 

For one crossing, a rat needs a minimum of 4 to 5 step sequences patterns. Runs with 

step sequence categories related to exploration, Rotate Ra (RF-LF-LF-RH) and Rotate 

Rb (LF-RF-RH-LH) were not analyzed (RF= right forelimb; RH= right hindlimb; LF= left 

forelimb; LH= left hindlimb).  

The Catwalk parameters are: walking speed (measured as the average of strides in 

cm/s); the normal step sequences patterns (NSSP, i.e. the order in which the four paws 

were placed); base-of-support (B.O.S, i.e. distance between two hind or fore paws, as 

measured perpendicular to the walking direction); stride length (i.e. distance between 

the placement of a hind or fore limb and the subsequent placement of the same limb); 

print position (space relation between a fore and a hind paw of the same side in mm); 

regularity index [RI, i.e. an index for the degree of interlimb coordination during gait, as 

measured by the NSSP, multiplied by four (number of paws), divided by the number of 

limb placements, and multiplied by 100%]; stance (i.e. time of contact of the hind or fore 

limbs with the glass floor); swing (i.e. time that the hind or fore limbs are not in contact 

with the glass plate); phase of dispersion [i.e. the timing relationships between paw 

placements. It is expressed as percentage of time of initial contact of one paw (the 

target) related to the stride length of another paw, the anchor]; max contact (at) (i.e. the 

point where the breaking phase turns into propulsion phase); intensity (measured as the 

mean brightness of all pixels of the print at maximum paw contact ranging from 0 to 255 

arbitrary units).   
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Based on the previous study in BACHD mice (Abada et al. 2013), the hypothesis was to 

investigate gait abnormalities in the rat model with the same construct. Therefore we 

focused on the same parameters we identified in the BACHD mice study. Some of the 

selected parameters were: the normal step pattern sequences, the width between 

forelimbs placements, stand/propulsion time with their limbs and timing relationships 

between paw placements. A full description of the apparatus, parameters and analysis 

is provided by Hamers and colleagues (Hamers et al. 2001).   

 

Object Recognition Test (ORT) 

 

Our ORT protocol was similar to a previously described (Zeef et al. 2012a). The 

apparatus consisted of a circular arena, which was 80 cm in diameter. The floor of the 

arena and the 35 cm high wall was made of grey polyvinyl chloride. 
During testing periods, the experimental room was homogenously illuminated (~ 20 lux). 

Two objects were placed in a symmetrical position about 20 cm away from the wall. In 

each trial the objects were placed on the exact same location. Two different sets of 

objects were used, which had no natural significance or possible association for the 

rats. The different sets used were: (1) three food cans made of metal painted in blue 

(diameter 7 cm, height 11 cm), (2) three metal tee caddies cubes (8.5 cm × 8.5 cm × 11 

cm, coffee background color) with different shape and size letterings. The objects were 

secured to the floor to prevent rats from displacing them. On the first day, rats were 

habituated to the arena without objects for 5 min. In the period preceding the testing, 

rats were adapted to the arena and all objects 5 min/day for two days.  

An ORT testing session (day 4) comprised of two trials (T1 and T2) and the duration of 

each trial was 3 min. During T1 the arena contained two identical objects. A rat was 

always placed in the arena facing the wall. After the first exploration period (T1) the rat 

was returned to its home cage. Subsequently, after a retention interval of 90 min, the rat 

was put back into the arena containing a familiar (a replicate of the object) and a novel 

object (T2). The time spent exploring each object during T1 and T2 was recorded with 

the help of a video tracking system (Ethovision, Noldus). The retention interval time of 

90 min was chosen to ensure a reliable recognition memory in WT rat. Exploration of an 

object was defined as directing the nose towards the object at a distance of no more 
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than 2 cm and/or touching the object with the nose. Sitting on or leaning on an object 

was not considered as exploratory behavior. In order to obtain reliable results in this 

task, sufficient exploration time of the objects is critical. The cut-off point for sufficient 

exploration time was set at 7.5 s total exploration time (both objects) per trial. Since 

rodents can discriminate between objects based on olfactory cues, the objects were 

thoroughly cleaned and dried after each trial with a 10% ethanol solution. All 

combinations and locations (left and right) of the objects were used in a balanced 

manner in order to prevent potential bias due to preferences for particular locations or 

objects.  

The following variables were calculated:  

 (e1) is the amount of the time (in s) spent in exploring both identical objects (a1 

and a2) during T1: e1 = a1 + a2 

 (e2) is the amount of the time (in s) spent in exploring both the familiar (a3) and 

new object (b) during T2: e2 = a3 + b 

 d1 and d2 correspond to the ability to discriminate between the old and new 

object during T2: d1 = b − a3, and  

 d2 = (b − a3) / e2 (which is d1 corrected for the total exploration time during T2). 

A negative d2 indicates a preference for the familiar object; a value of zero indicates no 

preference, and a positive d2 indicates a preference for the novel object. 

 

 Acoustic Startle Response (ASR) 

 

The experiments took place in standard “Prime” isolation cabinets from San Diego 

Instruments (SD Instruments, California).  Each ventilated chamber contains a 

loudspeaker at the top and a cylindrical animal enclosure (10 cm diameter and 20 cm 

length) made with Plexiglas and mounted on a plastic frame. A piezoelectric 

accelerometer was mounted under the plastic frame to record and transduce the motion 

of the tube. All chambers were cleaned with a 70% ethanol solution and dried before 

each use. Rats were individually placed in the startle enclosure and the resulting 

movement of the rat was measured during 100 milliseconds (ms) after startle stimulus 

onset. The response was rectified, amplified and digitized into a computer which 

calculated the maximal response over the 100 ms period. All rats were habituated for 5-
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min during which a 70 decibels (dB) background white noise was present. After this 

habituation period, one of three different experiments was performed similarly to 

established protocols on independent cohorts: (Chabot and Taylor, 1992; Ellenbroek et 

al. 2004).  

 

 Prepulse Inhibition (PPI) 

 

Rats underwent a test session of 51 trials consisting of: eighteen startle pulse, twenty-

four prepulse and nine no stimulus trials where no acoustic pulses were delivered.  The 

startle pulse (P120) consisted of a single 120 dB [A] white noise burst lasting 40 ms. 

Five pulse-alone (P120) stimuli were presented at the beginning and at the end of the 

test session. Three types of auditory prepulse at 3, 6, 12 dB above the background 

noise (70 dB) were presented in random order, followed by a single P120. Each 

prepulse lasted 20 ms and the prepulse-pulse interval time was 80ms. An average of 

16 s (ranging from 10 to 20 s) separated consecutive trials and the total session was 

approximately 17 min. PPI was calculated as the percent decrease of the ASR in pulse-

alone trials compared to the ASR in prepulse-pulse trials [100× ((pulse-alone trial) – 

(prepulse-pulse trial))/pulse-alone trial]. 
 

 Startle Habituation 

 

Rats were subjected to 50 startle trials with an intertrial interval varying between 10 s 

and 20 s. The startle trial (P120) consisted of a single 120 dB [A] white noise burst 

lasting 40 ms. Data were analyzed as mean of 10 trials in 5 blocks (BL). 

 

 Startle Threshold  

 

Differences in ASR magnitude for different stimulus intensities (dB) were assessed. 

Rats received 60 startle trials with varying dB levels ranging from 80 to 120 dB [A] in 10-

dB increments, and a no stimulus-free trial (70 dB background noise) per 10 trials. 

These stimuli lasting 40 ms were randomly assigned to trials within each set of 10 trials. 
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The mean response for all trials of a given dB level, including trials for the 70 dB 

background white noise for each individual rat was calculated. 

 

 

Statistical Analysis 

 

All data are shown as the mean ± SEM. Graph Pad and InvivoStat software were used 

to perform all analyses. Differences between groups were assessed with Student’s t-

test or mix ANOVA with repeated measures, with the factor GENOTYPE as between 

subject and TIME, AGE, INTENSITY or TRIAL as within subject variable. When 

significance was found, a Bonferroni - post hoc analysis was performed where 

appropriate. In the ORT test, to evaluate the preference of each genotype, we 

performed a one sample t-test on the discrimination index. The hypothetical value was 

set at zero. The significance level was set at 0.05. 

 

 

3. Results 

 

Gross inspection of each BACHD rat prior to the experiments did not reveal any visible 

differences in phenotype between wild type (WT) and transgenic (TG) animals: all 

animals appeared healthy. Only male rats were used to avoid any potential effects of 

changes in the female estrus cycle on behavioral responses. For each test, dedicated 

cohorts and their size are reported in Table 1.  

 

 Body weight (Fig. 1a) 

 

Both, TG and WT littermate control rats body weight increased over time. A repeated 

measure ANOVA did not reveal any significant GENOTYPE effect (F (1,276) = 2657.06, 

P > 0.1), but, as expected, a significant AGE effect was found (F (6,276) = 717.67, P < 

0.001). A GENOTYPE x AGE interaction was not found. 
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BACHD rats AGE (months) 

 Behavioral tests 1 1.5 2 3 4 6 9 12 

Weight (25:15)* (29:15) (15:15) (30:20) (25:16) (27:13) (31:12) 

Locomotor Activity (17:7) (16:16) (29:15) (30:20) (13:13) (37:22) (28:13) (31:12) 

Catwalk (14:15) (14:5) 

Rotarod (8:9) (24:27) (19:18) (12:13) (15:16) (20:12) 

Object recognition (15:15) (14:6) 

Prepulse inhibition (17:17) (13:13) (14:15) (28:12) 

Startle habituation (15:15) 

Startle threshold (13:15) 
                    

 
Table 1. Summary of BACHD rat cohort sizes for each behavioral experiment. (*) indicates group size (WT:TG). 

 

 

 Locomotor activity (Fig. 1b) 

 

In comparison to WT, TG rats showed hyperactivity at one month of age (t= 2.978, P < 

0.01) followed by hypoactivity starting at 4 months of age (t= 4.415, P < 0.001). This 

hypoactivity in TG rats persisted till 12 months of age [6 months (t= 3.586, p < 0.001), 9 

months (t= 2.784, p < 0.01) and 12 months (t= 2.176, p < 0.05)]. No statistical difference 

between WT and TG rats was present in 1.5, 2 and 3 months old BACHD rats. A 

repeated measure ANOVA revealed significant GENOTYPE (F (1,331) = 26.97, P 

<0.001), AGE (F (7,331) = 10.54, P <0.001) and GENOTYPE x AGE (P < 0.01) effects. 
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Figure 1. Phenotype. Results are expressed as Mean ± SEM. (a) Body weight. There is no significant difference 

between TG and WT control rats. (b) Locomotor activity. Compared to WT, TG rats have a higher total activity at 

one month followed by a lower activity starting at 4 months of age. (c-d) Rotarod. Presented are the latency to fall 

off the rod during (c) constant speed (12 r.p.m) and (d) accelerating speed (4 - 40 r.p.m). A significant difference 

between groups was present already at 2 months of age [constant speed (2 months: t= 3.373, P< 0.001; 3 months: t= 

3.53, P< 0.01; 4 months: t= 4.798; P< 0.001; 6 months: t=5.433; p< 0.001 and 9 months: t= 2.742, P< 0.05); 

accelerating speed (1 month: t= 1.066, P> 0. 1; 2 months: t= 4.172, P< 0.001; 3 months: t= 3.549, P< 0.01; 4 

months: t= 6.493, p< 0.001; 6 months: t= 4.263, P< 0.001 and 9 months: t= 3.015, P< 0.01)]. Asterisks indicate 

significant differences between WT and TG rats (*p < 0.05; **p < 0.01 and ***p < 0.001).  
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 Rotarod (Fig. 1c-d) 

 

Differences in latency to fall off the rotating beam between TG and WT rats were found 

for training trials at constant speed (Fig. 1c, 12 r.p.m) and for testing trials at 

accelerating speed (Fig. 1d, 4 to 40 r.p.m); For technical reasons, results from training 

at constant speed mode for 1 month old rats cannot be presented. The 12 months old 

cohort could not be tested because the animals were simply too big to stand on the 

beam of the rotarod apparatus that we used. Visual inspection of Fig. 1(c-d) indicates a 

progressive decline in rotarod performance for all animals during training at constant 

speed and test trials at accelerating speed. In fact, TG fell off the rotarod faster than WT 

rats. This motor coordination deficit and imbalance started at 2 months of age and 

persisted across time. A repeated measure ANOVA revealed significant GENOTYPE 

and AGE effects [constant speed: GENOTYPE, F (1,167) = 75.47, P < 0.001 and AGE, 

F (4,167) = 14.53, P < 0.001; accelerating speed: GENOTYPE, F (1,188) = 58.34, P < 

0.001 and AGE, F (5,188) = 17.08, P < 0.001]. No GENOTYPE x AGE interaction was 

found. 

 

 Catwalk gait analysis system (Fig. 2) 

 

We investigated gait deficits in BACHD rats with a Catwalk system. Results from rats of 

2 independent cohorts that had made 3 good runs, aged 6 months (WT, n= 6; TG, n= 7) 

and 12 months (WT, n= 7; TG, n= 3) were analyzed. There was no significant difference 

in general walking speed at 6 and 12 months. No significant differences in static and 

dynamic parameters were observed between WT and TG rats at 6 months (data not 

shown). However, at 12 months, TG rats exhibited a shorter stride length (front limbs, t= 

2.194 and p<0.05; hind limbs, t= 2.355 and P< 0.05), shorter stand (the duration contact 

with the glass plate; front limbs, t= 2.107 and p<0.05; hind limbs, t= 2.690 and P< 0.05) 

and shorter front limbs swing (t= 2.871 and p< 0.01). There was a statistical trend for a 

difference in hind limb swing (the duration of no contact with the glass plate; t= 1.819 

and p = 0.079). No significant differences were found for the other parameters (data not 

shown). 
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Figure 2. Catwalk gait analysis in 12 months old BACHD rats. Results are expressed as Mean ± SEM. There was no 

significant difference between TG and WT control rats in walking speed (data not shown). (a) Static parameters: 

Stride length. Compared to WT, TG rats had a significant shorter stride length for both front and hind paws during 

walking. (b-c) Dynamic parameters: presented are the Stand (c) and the Swing (d). TG rats had a significant shorter 

time of stand (or Stance) for front and hind paws and a shorter time in front swing than WT rats. Asterisks indicate 

significant differences between WT and TG rats (*p < 0.05 and **p < 0.01).  

 

 

 Object Recognition test (ORT) (Fig. 3) 

 

Three WT rats of the 4 months old group and one WT rat from the 12 months old group 

were excluded from the analysis as they did not explore the objects. Visual inspection of 

Fig. 3a indicates that TG rats had a higher total exploration time (e2). Indeed, during T1 

and T2, significant GENOTYPE and TIME effects were found in four months old [2-way 

ANOVA: GENOTYPE, F (1,25) = 4.75, P< 0.05; TIME, F (1,25) = 9.45, P< 0.01] and 12 

months old rats (GENOTYPE, F (1,18) = 4.92, P< 0.05; TIME, F (1,18) = 4.87, P< 0.05). 

Bonferroni post hoc testing revealed significant differences only for (e2) exploration time 

in 12 months old rats (t = 2.612, P < 0.05). No interaction between GENOTYPE and 

TIME was found.  
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Analysis of the recognition performance during T2 (Fig.3b) revealed a TIME effect at 4 

months of age [2-way ANOVA: GENOTYPE, F(1,25) = 3.482, P> 0.05; TIME, F (1,25) = 

16.62, p< 0.001]  whereas a GENOTYPE and TIME effects were found at 12 months of 

age (GENOTYPE, F (1,18) = 6.589, P< 0.05; TIME, F (1,18) = 39.34, p< 0.001). In all, 

WT and TG had a significantly higher exploration time for novel objects than familiar 

objects at both ages (4 months: WT, t = 2.389, P< 0.05 and TG, t = 3.444, P< 0.01; 12 

months: WT, t = 4.218, P< 0.01 and TG, t = 4.735, P< 0.001). 

The relative discrimination index (d2) was positive in both age groups (Fig. 3c). A one 

sample t-test revealed a statistically significant difference from zero for both 4 months 

old (WT, t = 2.8, P< 0.05; TG, t = 4.1, P< 0.01) and 12 months old (WT, t = 5.38, P< 

0,001; TG, t = 6.18, P< 0.01) rats. 

 

 

 
 
Figure 3. Object Recognition Test (ORT). Results are expressed as Mean ± SEM. Three WT rats of the 4 months 

old group and one WT rat from the 12 months old group were excluded from the analysis as they did not explore the 

objects (a) Exploration time (e1) and (e2) during T1 and T2 respectively. TG rats showed a significantly higher 

exploration time during e2 at 12 months of age. (b) Recognition testing during T2: 4 months and 12 months old 

BACHD rats had a significantly higher exploration time to the novel object than the familiar object. (c) The 

discrimination index (d2) for both groups are above zero and were significant at each age. Asterisks indicate 

statistical significance (*p < 0.05; **p < 0.01 and ***p < 0.001).  
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 Acoustic Startle Response (ASR) (Fig. 4) 

 

We evaluated sensorimotor gating in different BACHD rat cohorts. Prepulse inhibition 

(PPI) was assessed in 1, 4, 9 and 12 months old rats, whereas startle habituation and 

startle threshold were evaluated in 6 and 9 months old rats, respectively. A first look to 

the results yields very little with large standard errors in PPI and startle threshold (Data 

S1). Given the fact that we have rigorously executed the experiments with fairly good 

large size of animals per test and time points, possible confounding factors could be 

attributed to outliers. Therefore, we performed a Grubb’s test analysis and as a result 

removed the outliers, which indeed significantly reduced the variability of the groups. 

 

 
 

Data S1. Startle testing. Results are expressed as Mean ± SEM. (a) Prepulse inhibition and (b) Startle threshold 

amplitude in BACHD rats. 2 way ANOVA: Prepulse inhibition [GENOTYPE: (1 month, F (1,32) = 3.84, P = 

0.0587; 4 months, F (1,24)= 0.376, P= 0.545; 9 months F (1,27)= 1.447, P= 0.23 and 12 months, F (1,38)= 0.311, 

P= 0.58); TRIAL: (1 month, F (2,64) = 68.22, P = 0.0492 with PP 12, t= 2.438 P= 0.0498 ; 4 months, F (2,48)= 

10.74, P= 0.0001, 9 months F (2,54)= 13.22, P< 0.0001 and 12 months, F (2,76)= 16.25, P< 0.0001) ]; Startle 

threshold [9 months, GENOTYPE: F (1.26) = 2.109, P= 0.158);  INTENSITY: F(5,130)= 23.73, P< 0.0001 with 120 

dB, t = 3.473 and P = 0.004]. The general observation of data indicated that no statistical differences in over all 

GENOTYPE might potentially be due to some outliers.  The results without outliers are presented in figure 4. 
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 Prepulse Inhibition (PPI) (Fig. 4a) 

 

For the PPI experiments, prepulse intensities (PP) of 3, 6, 12 dB above background 

were used. One month old (17WT:16TG), 4 months old (12WT:13TG), 9 months old 

(13WT:14TG) and 12 months old (25WT:11TG) BACHD rats data were analyzed. A 2-

way ANOVA analysis with GENOTYPE as a between subjects factor and TRIAL (PP3, 

PP6, PP12) as a within subjects factor revealed a significant GENOTYPE and TRIAL 

effect in 9 months old rats [GENOTYPE: (F (2,25) = 5.42, P< 0.05; TRIAL: F (2,50) = 

12.96, P< 0.0001) with PP6, t = 2.78, P< 0.05 and PP12, t= 2.76, P< 0.05 Bonferroni 

post hoc test)]. An interaction between GENOTYPE and TRIAL was detected (F (2,50)= 

4.589, P< 0.05). No significant GENOTYPE effect was found at 1, 4 and 12 months of 

age; however a significant TRIAL effect was detected in all groups [(1 month, F (2,62)= 

65.02, P< 0.0001; 4 months, F (2,46)= 53.14, P< 0.0001 and 12 months, F (2,68)= 

41.27, P< 0.0001)]. There was no interaction between GENOTYPE and TRIAL. A close 

inspection of the data for the 1 month old rats suggests a difference between WT and 

TG rats at PP6 and PP12. A post hoc analysis of 1 month old rats revealed a trend to 

significance at PP12 (PP6, t = 2.026, P = 0.136; PP12, t = 2.206 and P = 0.089). This 

suggests that 1 month old transgenic rats have mildly impaired sensorimotor gating. 

Together with 4 and 12 months old rats from Fig.4 data, the deficits were too subtle to 

reveal a significant, overall, genotype difference between WT and TG rats at any of the 

other prepulse intensities following post hoc analysis. Finally, analysis of startle 

amplitude on P120 alone trials in BACHD rats did not show differences between groups 

(data not shown).  
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Figure 4. Startle testing. Results are expressed as Mean ± SEM. (a) Prepulse inhibition. A 2 way-ANOVA revealed 

a GENOTYPE difference in 9 months old BACHD rats especially at PP 6 and PP 12; however any significant 

differences were found in 1, 4 and 12 months old rats. (b) Startle habituation amplitude in 6 months old rats. Each 

trial consisted of 10 blocks of 120 dB startle stimuli. WT and TG rats presented a normal startle habituation.  (c) 

Startle threshold. Amplitude to varying startling stimulus intensities in 9 months old rats. WT and TG response 

amplitude increased with higher stimulus intensities. No GENOTYPE effect was observed. However, a significant 

difference was detected at 120 dB. Asterisks indicate statistical significance in BACHD rats (*p < 0.05).  
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 Startle Habituation (Fig. 4b) 

 

To further evaluate startle habituation in BACHD rats, six months old rats were 

presented 50 trials of a 120 dB (P120) startle stimulus. The results are presented in 5 

blocks of 10 trials. Visual inspection of Fig. 4b suggests a general decrease in startle 

amplitude. This was confirmed by a 2-way ANOVA with a significant TRIAL effect (F 

(4,112) = 3.36, P< 0.05). However, no statistically significant GENOTYPE effect or 

GENOTYPE and TRIAL interaction was found. 

 

 Startle Threshold (Fig. 4c) 

 

We evaluated 9 months old BACHD rat’s response magnitude to different stimulus 

intensities; five startle intensities (80dB to 120 dB), 10 trials each, were presented. Ten 

WT and 12 TG BACHD rats’ data were analyzed. WT and TG startle amplitude 

increased with the startle stimulus intensity. A 2-way ANOVA analysis revealed a 

significant INTENSITY effect at 120 dB [INTENSITY, F (5,100) = 26.80, P< 0.0001 and 

120 dB, t = 2.965 and P < 0.05]. However, there was no over-all GENOTYPE effect and 

no interaction between GENOTYPE and INTENSITY was found. 

 

 

4. Discussion 

We evaluated transgenic BACHD rats and wild type littermate control in a series of 

standard behavioral tests assessing motor, sensory-motor and cognitive function. TG 

rats showed a clear motor coordination imbalance on a Rotarod, as well as gait 

coordination deficits in both static and dynamic free walking sequences as measured 

with a catwalk system. These data demonstrate a progressive motor impairment over 

time as seen in patients. Rats showed intact recognition memory as measured in an 

object recognition test. A clear deficit in sensory-motor paradigms (startle habituation, 

and startle threshold) was absent, although a subtle impairment in PPI was found. 

Whereas we confirmed the motor phenotype as described previously (Yu-Taeger et al. 
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2012), we expected a more profound cognitive and sensorimotor phenotype. Additional 

studies will be needed to provide further insights into the validity of the BACHD rat 

model for HD and how this model compares with other rodent models for HD.  

 

Motor Behavior 

 

The first clinical reports on HD predominantly addressed motor symptoms, including 

progressive involuntary movements named “chorea” (George Huntington, 1972). 

Therefore, we started first with the assessment of motor behavior in our comprehensive 

behavioral phenotyping approach of BACHD rats. 

 

A first report on ambulatory activity in BACHD rats found hypoactivity at 3 months of 

age (Yu-Taeger et al. 2012). In the present study, TG rats showed hyperactivity in an 

open field environment at 1 month followed by a progressive and long-lasting 

hypoactivity starting at 4 months. Similar observations have been reported in YAC 128 

mice with a hyperkinetic phenotype at 3 months followed by hypokinetic phenotype at 6 

months of age (Slow et al. 2003). However, results from other rodent models for HD 

have been variable. For example, hyperactivity was found in transgenic tgHD rats 

carrying 51 CAG-repeats, with higher exploratory distance travelled in an open field test 

at 6, 7, 8 and 10 months. A progressive hypoactivity phenotype was found in transgenic 

BACHD mice, starting at 7 months (Menalled et al. 2009; Zeef et al. 2012b).  

The hyperactivity detected in BACHD rats at an early age (4 weeks) was only 

expressed for a very short time window as it had disappeared at 6 weeks. Yu-Taeger 

and colleagues have probably missed this phenotype in BACHD rats as they started 

testing at 3 months of age. However, the robustness of this phenotype needs to be 

addressed in follow-up studies with a higher number of animals (there were only 7 rats 

in the one month old transgenic cohort). Nevertheless, it is encouraging that the 

biphasic activity pattern in our rats appears to mimic more closely some of the clinical 

neuropsychiatric symptoms reported in pre-manifest and manifest HD patients (Paulsen 

et al. 2001; Van Duijin et al. 2007).  
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Measurement of motor coordination and balance on a rotarod showed a clear deficit in 

TG rats as they have a shorter latency to fall off the rotating rod during constant speed 

training trials and during accelerating speed trials. It is interesting to note that the 

performance of WT rats on the rotarod declines over time. Indeed, weight gain in rats 

can impact rotarod performance; however the results demonstrate that the difference 

we observed between WT and TG BACHD rats is unlikely to be influenced by animal’s 

weight. The same observations were made by Yu-Taeger and colleagues (2012), with 

TG rats having difficulties maintaining balance on the rod at higher rotation speeds. The 

progressive imbalance in rats persists over time and is consistent with data obtained 

from BACHD mice and tgHD rats (Abada et al. 2013; Kordasiewicz et al. 2012; 

Menalled et al. 2009; Nguyen et al.2006; Pouladi et al. 2012; Von Horsten et al. 2003). 

Taken together, these data prove the reliability of using the Rotarod test for motor 

coordination assessment across laboratories.  

 

Gait abnormalities were found in both static and dynamic parameters during Catwalk 

testing in 12 months old rats. TG rats had a shorter stride length and decreased stand 

duration of front and hind paws. A decrease in swing duration was observed for the front 

paws. Although velocity can significantly influence catwalk gait parameters (Koopmans 

et al. 2007), the deficits in BACHD rats are unlikely to be confounded by this parameter 

as TG and WT rats did not differ in walking speed. Footprints of TG rats have been 

previously investigated for gait abnormality at 14 months of age. Shorter steps for limbs, 

increased stride width and reduced overlap between forelimbs and hindlimbs placement 

were found (Yu-Taeger et al. 2012). In accordance with our findings, similar results 

have been reported in other HD rodent models. For example, tgHD rats also showed 

decreases in stand and swing duration in a Catwalk test (Vandeputte et al. 2010). R6/2 

transgenic mice displayed a significantly shorter stride length by 8-9 weeks of age in an 

ink-footprint test, and shorter stance time for front and hind limbs at 17 weeks in a 

Digigait system during treadmill locomotion (Carter et al. 1999; Pallier et al. 2009). 

Finally, HD patients show gait abnormalities like mean decrease in velocity, stride 

length and cadence (Koller and Trimble, 1985). 

Based on the early and profound coordination deficits in the Rotarod, we did not expect 

the late occurrence of relative mild gait abnormalities in TG rats. However, consistent 
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with the late onset in BACHD rats, we found gait abnormalities at an advanced age (10 

months) in BACHD mice such as: differences in the NSSP cruciate and alternate, larger 

distance between forelimbs placements, shorter stand/propulsion time with their 

hindlimbs and timing relationships between paw placements (Abada et al. 2013). 

However, none of these deficits were found in 12 months old BACHD rats in the present 

study. Methodological confounds cannot be excluded but seem unlikely as the mice and 

rats were tested in the same laboratory, by the same experimenter, using the same 

equipment. This illustrates that the disease progression in 2 different species with a 

same construct might be different. Although gait deficits appear to be present at 14 

months of age with the footprints test, it would be worthwhile investigating if major 

deficits in Catwalk performance are present in BACHD rats that are older than 12 

months.  

 

Object recognition 

 

Recognition memory was investigated in BACHD rats in an ORT task and intact object 

memory was found in 4 and 12 months old rats. A close look at the recognition 

performance of 12 months old rats during T2 suggests a better cognitive performance in 

TG rats. Unfortunately, the design of the experiments (i.e. using a relatively short inter 

trial interval) was aimed at inducing a robust object recognition in WT rats. One way to 

investigate the hypothesis that TG rats actually have superior performance would be to 

increase the inter trial time between T1 and T2 and observe if WT rats performance 

decrease faster. This would, however, be beyond the scope of this study, which was 

signed to investigate only whether TG rats have reduced recognition memory. Given 

that both transgenic and control groups exhibit a significant positive discrimination 

index, we can conclude that their recognition memory is intact. Our results contrast with 

findings in another rat model for HD. tgHD rats show deficits in ORT and OLT (object 

location test) at 16 months of age (Zeef et al. 2012a) and cognitive deficits have been 

reported as early as 9 months of age with different tasks assessing visual-spatial 

learning and memory processing (Brooks et al. 2009; Fink et al. 2012; Kirch et al. 2013). 

It cannot be ruled out that we might have missed a recognition memory deficit as 

BACHD rats show no clear htt aggregates or neurodegeneration before 12 months of 
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age (Yu-Taeger et al. 2012). Therefore, we assume that in contrast to motor behavior, 

the circuitry involved in ORT may become dysfunctional only if htt aggregates have 

formed. Further studies need to be done in animals and humans to better understand if 

and how object memory is impaired in HD. Object memory seems to be impaired in HD 

patients. In a pattern recognition task (a task similar to the rat ORT), subjects had to 

remember and touch the abstract patterns they were shown during training and that 

were paired with a novel pattern during testing. Early HD patients and clinically 

symptomatic subjects performed significantly worse than control subjects (Lawrence et 

al. 1996, 2000), whereas in at-risk gene carriers, no difference in recognition memory 

was found (Lawrence et al. 1998). Irrespectively, this is the first study to report intact 

object memory in BACHD rat and further studies in older cohorts may shed further light 

on a potential recognition memory deficit. 

 

Acoustic Startle Response 

 

Nine months old BACHD transgenic rats had a significant prepulse inhibition deficit at 6 

and 12 dB prepulse (PP) intensities. Closer inspection of 1 month old rats’ data 

suggests subtle deficits at PP 6 and 12 dB. However, no genotype differences were 

found in 1, 4 and 12 months old rats. Likewise, no statistical difference was detected in 

startle responding and startle habituation.  

PPI deficits have been demonstrated in BACHD mice and YAC 128 mice models for HD 

at later ages (Menalled et al. 2009; Pouladi et al. 2012; Van Raamsdonk et al. 2005). 

Impaired PPI has been shown in the neurotoxic rat model after systemic administration 

of 3-Nitropropionic acid (Kodsi and Swerdlow, 1997; Seaman, 2000). Also, PPI has 

been extensively investigated in several neuropsychiatric disorders (Castellanos et al. 

1996; Esteban et al. 1981; Grillon et al. 1992). In HD patients, only Swerdlow and 

colleagues (1995) have reported reduced PPI in both acoustic and tactile startle reflex 

whereas no impairment was observed in startle amplitude, habituation or prepulse 

latency facilitation paradigms. In view of 1) the correlations between PPI impairments 

and degenerative changes in the striatum of animal models and HD patients; and 2) the 

absence of clear neurodegeneration or striatal htt aggregates in caudate putamen 

(CPu) before 12 months of age (Yu-Taeger et al. 2012), it cannot be ruled out that a PPI 
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deficit develops after 12 months of age. Unfortunately, we could not test older rats since 

they were too big for the standard PPI rat enclosures. Although this technical issue is 

certainly not insurmountable, an interesting alternative would be to test PPI in a non-

human primate model for HD (Yang et al. 2008). Testing in a different species would 

help to shed more light on the robustness of a sensorimotor gating deficit in HD models.  

 

5. Conclusion 
 

In the present time course study, we investigated motor, sensorimotor and cognitive 

symptoms in BACHD rats. Transgenic rats showed motor coordination imbalance on a 

Rotarod and subtle gait deficits in a Catwalk system. These rats had an intact object 

recognition memory and a subtle deficit in prepulse inhibition of acoustic startle. In 

contrast to the symptoms progression in patients, BACHD rats may not show object 

memory impairment until after motor deficits occurred. Further assessment of other 

cognitive functions, such as reversal learning and associative memory, may shed 

further light on the comparative time courses for the emergence of motor and cognitive 

deficits.  

If deficits in sensorimotor and cognition functions are linked to htt aggregation, it is 

possible that our BACHD rats were too young (12 months) to show robust deficits. Yu-

Taeger and colleagues (2012) revealed that nuclear accumulation of N-terminal htt 

appeared in cortex after 9 months of age and few aggregates were present in the 

dorsolateral caudate putamen from 12 months old rats and increases thereafter. 

However, the relationship between mutant huntingtin (mhtt) aggregation and MSN loss, 

motor and cognitive deficits in BACHD rodent models for HD appears complex. 

Sometimes symptoms occur before the neuropathology like in BACHD mice, where few 

mhtt aggregates are present at 12 months of age in cortical and striatal regions (Gray et 

al. 2008; Kordasiewicz et al. 2012; Pouladi et al. 2012; Southwell et al. 2009). Further 

studies need to be performed to better understand the molecular and cellular 

mechanisms underpinning motor and cognitive symptoms in BACHD rats. 
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Abstract 

 

Rationale  

Chorea and psychiatric symptoms are hallmarks of Huntington disease (HD), a neurodegenerative 

disorder, genetically characterized by the presence of expanded CAG repeats (> 35) in the HUNTINGTIN 

(HTT) gene. HD patients present psychiatric symptoms prior to the onset of motor symptoms and we 

recently found a similar emergence of non motor and motor deficits in BACHD rats carrying the human full 

length mutated HTT (97 CAG-CAA repeats).  

Objectives 

We aimed to replicate and expand our initial findings and evaluated cognitive performance in reversal 

learning and associative memory tests in different age cohorts of BACHD rats. Material and methods  

Male wild type (WT) and transgenic (TG) rats between 2 and 12 months of age were tested.  Learning 

and strategy shifting were assessed in a cross-maze test. Associative memory was evaluated in different 

fear conditioning paradigms (context, delay and trace). The possible confound of a fear conditioning 

phenotype by altered sensitivity to a ‘painful’ stimulus was assessed in a flinch-jump test. 

Results  

In the cross maze, 6 months old TG rats showed a mild impairment in reversal learning. In the fear 

conditioning tasks, 4, 6 and 12 months old TG rats showed a marked reduction in contextual fear 

conditioning. In addition, TG rats showed impaired delay conditioning (9 months) and trace fear 

conditioning (3 months). This phenotype was unlikely to be affected by a change in ‘pain’ sensitivity as 

WT and TG rats showed no difference in their threshold response in the flinch-jump test.    

Conclusion 

Our results suggest that BACHD rats have a profound associative memory deficit and, possibly, a deficit 

in reversal learning as assessed in a cross maze task. The time course for the emergence of these 

symptoms (i.e., before the occurrence of motor symptoms) in this rat model for HD appears similar to the 

time course in patients. These data suggest that BACHD rats may be a useful model for preclinical drug 

discovery.  
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1. Introduction 
 

Huntington disease (HD) is one of the neurodegenerative disorders where the origin has 

been unequivocally identified, that is, an elongation of polyglutamine (>35 CAG repeats) 

in the HUNTINGTIN (HTT) gene on chromosome 4 (Huntington’s Disease Collaborative 

Research Group, 1993). Patients carrying the mutation present a combination of motor 

symptoms such as chorea, psychiatric symptoms, and cognitive changes (George H 

1872; Myers et al. 1988). The disease is associated with degeneration of neurons in the 

striatum (especially the Medium Spiny Neurons, MSN) and cortex (Douaud et al. 2006; 

Jones and Hughes, 2011; Vonsattel et al. 1985). Treatments to delay HD onset or 

inhibit the mechanisms by which neural loss occurs are still lacking (Jackson et al. 

1998; Pidgeon and Rickards, 2013), and therefore there is a continuing need for 

improved animal models to support drug discovery efforts. 

 

During the last decades, many animal models for HD have been generated, from 

insects (Drosophilae melanogaster), to nonhuman primates (Macaca mulatta), including 

several rodents models (Crook and Housman, 2011; Jackson et al. 1998;  Vlamings et 

al. 2012; Yan et al. 2008). The availability of such a wide range of models increases the 

potential opportunities to understand the disease progression and to find a cure. 

Besides selection of a reliable and valid animal model, the timing of drug treatment is of 

critical importance for HD drug discovery studies. One plausible explanation for the 

recent failure of monoclonal antibodies against the beta-Amyloid protein to reverse 

symptoms in patients with advanced Alzheimer’s disease in Phase III studies, has been 

that therapeutic intervention is needed at a time point when the disease has not yet 

caused too much neurodegeneration for treatments to be effective(Mullard, 2012). 

Accordingly, it is increasingly recognized that identification and validation of prodromal 

symptoms and biomarkers is critical. For HD, cognitive impairments may consist of 

prodromal symptoms that could be used as clinical endpoints in drug discovery. HD 

patients present several impairments in executive and visuospatial mnemonic functions 

(Lawrence et al. 1996, 1998, 1999). Cognitive impairment appears to occur before the 

emergence of motor symptoms. For example, patients exhibited impairments in the 
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California verbal learning test (CVLT) and the Wechsler memory scale (WMS)] in the 

absence of motor disturbances (Hahn-Barma et al. 1998). An important aim for future 

animal model development is to identify, characterize and validate cognitive symptoms 

that occur before the onset of motor symptoms. It is not yet clear to what extent the 

occurrence of cognitive and motor symptoms are adequately reflected in the current 

rodent HD models. In fact, several studies reported cognitive impairments after the 

appearance of motors deficits. For example, in a tgHD rat model of HD that carry the 

human mutation with 51 CAG repeats (von Hörsten et al. 2003), Fielding and 

colleagues (Fielding et al. 2012) have not found significant impairment in object 

recognition, set shifting, and operant tests, although motor deficits were present at 13 

months of age. Deficits were shown at 12 months of age in radial maze and at later 

ages (15 to 20 months old rats) in choice reaction time tasks, spatial, and location 

recognition memory tests, whereas in the R6/2 mouse model for HD, selective deficits in 

spatial, visual and reversal discrimination were observed before or during subtle motor 

deficits (3.5-5.5 weeks and 7-8 weeks respectively) (Cao et al. 2006; Kantor et al.2006; 

Lione et al. 1999; Mangiarini et al. 1996; Nguyen et al. 2006; Zeef et al. 2012b). 

 

Herein, we used BACHD rat, a novel model for HD that has been recently established 

(Yu-Taeger et al. 2012). Like the mouse BACHD model (Gray et al. 2008), the rat model 

carries the full length human mutant HUNTINGTIN (fl-mHTT) with 97 CAG-CAA mix 

repeats under control of the human HD promoter gene. An advantage of the rat model 

is that behavioral processes related to learning and memory and pharmacological 

validation have been well described for this species. We have previously found 

progressive motor deficits during rotarod testing, starting as early as 2 months of age; a 

decrease in spontaneous locomotor activity, as well as, gait deficits in a catwalk test. 

However, we were unable to show a significant cognitive impairment in an object 

recognition task or robust sensorimotor deficits in a prepulse inhibition test (Abada et al. 

2013b). These results were somewhat unexpected in light of the cognitive deficits 

reported in patients. Therefore, we decided to perform a more profound evaluation of 

the cognitive phenotype of BACHD rats. The cognitive performance of different age 

cohorts of BACHD rats was assessed in reversal learning and associative memory 

tests. The cross-maze and the fear conditioning paradigms tests (contextual, delay and 
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trace conditioning) were selected, because they have proven to be efficient for cognitive 

assessment in rodents. An important consideration for selection of the rat fear 

conditioning paradigms was that the neural circuitry for fear conditioning has been well 

described in rodents and humans and that these neural circuits are well conserved 

(Fendt and Fanselow, 1999; Knight et al. 2004). This offers a potentially powerful 

translational approach as fear conditioning studies in tandem with functional brain 

imaging studies in both species could be used for future drug discovery studies.  

 

 

2. Materials and methods 
 

 Ethics statement 

 

The study was carried out in strict accordance with the German animal welfare act and 

the EU legislation (EU directive 2010/63/EU). The protocol was approved by the local 

ethics committee Behörde für Gesundheit und Verbraucherschutz (BGV, Hamburg).  

 
 Husbandry and genotyping    

 

Wild type (WT) and transgenic (TG) BACHD rats, carrying the mutant human HTT gene, 

under the control of the human huntingtin promoter and its regulatory elements were 

used. The transgene contains 97 CAG-CAA mix repeats, which produces a particular 

stability of the repeat length, and additional 20 kb upstream and 50 kb downstream 

sequences that reduce its position effect [25]. Two transgenic males were supplied from 

the original BACHD colony of the Universitäts Klinikum Tübingen (UKT, Germany) and 

an in-house breeding colony was preserved and maintained at EVOTEC AG (Hamburg, 

Germany) by cross-breeding these males with wild type female rats. BACHD animals 

were maintained on a Sprague-Dawley background. All the animals at weaning were 

group-housed 2 to 4 per cage with wood shavings and a filter top. The environment was 

enriched with a play tunnel and shredded paper. BACHD rats were maintained in 

climate controlled housing, with a 12-h reversed dark/light cycle (light from 19:00 to 

07:00). Rats had free access to food and water except during experiments. 
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Ear punches were taken at weaning to determine their genotype. Genotyping was 

performed before and after all the studies using a validated protocol. Briefly, Genomic 

DNA was prepared from ear biopsy tissue using proteinase K digestion, followed by 

phenol/chloroform extraction (Qiagen DNeasy Tissue kit). Primers flanking the polyQ 

repeat in exon 1 were designed to recognize whether or not the rat carried at least one 

copy of the mutation, and were used to PCR amplify the polyQ regions [Q3: 5’ – AGG 

TCG GTG CAG AGG CTC CTC - 3’ and Q5: 5’ – ATG GCG ACC CTG GAA AAG CTG 

- 3’]. Gene status was confirmed in parallel by using designed primers from UKT [exon 

1: FW 5’-ATG GCG ACC CTG GAA AAG CTG- 3’ and RV: 5’ -AGG TCG GTG CAG 

AGG CTC CTC- 3’; exon 67: FW 5’-TGT GAT TAA TTT GGT TGT CAA GTT TT- 3’ and 

RV: 5’ –AGC TGG AAA CAT CAC CTA CAT AGA CT- 3’]. The PCR product was run on 

an automated apparatus PTC-200 (Peltier Thermal Gradient Cycler) and the Agilent 

2100 Bioanalyser (Agilent technologies) was used to determine the fragments size.  

 

Our concern in this longitudinal study was to reduce as much as possible potential 

confounds that hamper the interpretation or extrapolation of the results. Therefore only 

male rats were used in the cognitive tests as the female estrus cycle may influence 

experimental outcomes (Farr et al. 1995; Pearson et Lewis, 2005). 

 

 Strategy and shifting (Cross-Maze) 

 

The strategy shifting test is a standard dual-solution task which was used to assess the 

respective contributions of response (or egocentric) and place (or allocentric) learning 

strategies on memory (Tolman et al. 1946). It determines the relative involvement of 

these 2 strategies during the course of learning. We essentially used the same method 

as has been described for testing the BACHD mice (Abada et al. 2013a).   

Spatial alternation was assessed using a modified version of the standard cross-maze; 

the home made maze consists of 4 identical arms (50 cm x 12 cm x 20 cm) at 90 

degrees to each other. The maze was made with clear Plexiglas, elevated 45 cm above 

the floor, and a T-maze was created by closing one arm (north, N) with a guillotine door. 

The T-maze configuration was as follow: 2 arms [east (E) and west (W)] are at 180 

degrees to each other, and the last arm (south, S) was perpendicular to these arms. 
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Two holes were present: one at the end of the E and W arms each, and spatial cues 

were placed on a black curtain which surrounded the maze. A home cage was put at 

one end of the arms (E or W) to motivate the animals to explore the maze and find the 

exit into this home cage (where they were additionally rewarded with food pellets). One 

week prior to the test, rats received small sucrose food pellets in addition to their normal 

diet. One day prior to the start of the experiments, all rats received a 5-min habituation 

session in the apparatus. During that period, food was not available.  

The next day, the acquisition sessions started and a rat was placed in the S arm. The 

home cage containing sucrose food pellets was placed under the hole in the W arm. 

The rat had to guide itself in the maze and reach the home cage. During acquisition, 

rats received one trial per day for 7 days. During the first 2 days, the goal arm (i.e. arm 

giving access to the home cage) was baited with small sucrose food pellets. The same 

training procedure was run during reversal and extended reversal training sessions 

except that the rats had to reach this time the home cage placed underneath the E arm 

(opposite of the previously learned arm). When a rat made a wrong choice (entrance 

into the arm without home cage), it was allowed to trace back to the goal arm. If the rat 

failed to reach the home cage within 2 min, the rat was gently guided manually to the 

goal arm and the trial ended 20 s later. The maze was cleaned after each animal 

crossing with a 10% ethanol solution to avoid any bias related to odor. 

Three probe trials were performed at days 8, 16 and 22, at the end of the acquisition, 

reversal and extended reversal training sessions, respectively. During the probe trials 

the S arm was closed and the N arm was used as the new start arm; the strategy (place 

or response) that the animal used to reach the goal arm was assessed. If the animal 

during the acquisition training had learned to use a place strategy, it would select the W 

arm. However, if the animal had used a response strategy (i.e. learned to turn left), it 

would select the E arm. 

 

 Fear conditioning  

 

Classical fear conditioning (FC) is a form of associative learning in which subjects 

express fear responses to a neutral conditioned stimulus (CS) after it has been paired 

with an aversive, unconditioned stimulus (US). The tests were run in an apparatus (Med 
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Associates Inc., Italy) consisting of a ventilated sound-attenuated box and a rectangular 

testing chamber (30 x 26 x 25 cm) with stainless steel rod floor. Measurements were 

accomplished through a front digital video recording camera, connected to a computer 

with video freeze software. All rats received 5 min acclimatization one day prior to 

training and testing days. The chambers were wiped with a 70% ethanol solution and 

were dried prior to each rat testing. Three different tasks were used: contextual, delay 

and trace fear conditioning.  

   
 Contextual fear conditioning  

 

The training session consisted of a 5 min acclimatization followed by 6 pairings (1 min 

inter trial time) of a 0.6-mA, 1-s foot shock. Animals were returned to their home cage 3 

min after receiving the last foot-shock. On the next day, conditioned freezing was 

assessed by placing rats in the conditioning chambers for 5 min, in the absence of foot 

shock. For the evaluation of long term memory (LTM), animals were re-exposed one 

and 2 months later during a 5-min sessions to the conditioning chambers. 

 

 Delay conditioning 

 

The testing protocol is similar to the contextual fear paradigm, except that on the 

training day, after 3 min acclimatization, rats received 6 pairings (120 s inter trial time) of 

a 30-s tone (85 dB) with a 0.6-mA, 2-s foot shock. The foot shock terminated at the 

same time as the tone and rats were removed from the testing chambers 60s after the 

last pairing. On the testing day, rats were tested for contextual freezing in the 

conditioning chambers for 3 min, in the absence of tone or foot shock. One hour later, 

an altered context was generated with white polyvinyl chloride materials that covered 

the shock-grid bars and the inside of the conditioning boxes. Freezing was assessed in 

the altered context without tone for 3min, followed by a 3-min tone presentation in the 

absence of foot shock. 
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 Trace fear conditioning  

 

The test was adapted from an existing protocol (Blum et al. 2006). In this associative 

learning paradigm, rats received during the training day eight trials of a 85 dB, 10s tone 

(CS), followed by 20s trace period, after which a 1s – 0.6 mA foot shock (US) was 

delivered. Each CS-US pairing was separated by a random inter-trial interval (ITI) that 

varied between 60 and 120s. The random ITI time was used to prevent time between 

foot-shocks to be used as a cue for the US. Rats were removed from the chamber 60s 

after the last CS-US presentation. 

Retention tests for contextual, auditory and trace fear memory were carried out 24 h 

after conditioning. Rats were first tested for tone and trace period in an altered context 

made with a white polyvinyl chloride insert to cover the shock-grid bars and the inside of 

the conditioning boxes. Each rat was given 2 min habituation, followed by four 

presentation of the CS with varied ITI, in the absence of US. Freezing behavior during 

the four CS presentations and trace periods were averaged for each animal. Following 

CS and trace retention testing periods, contextual retention test was measured by 

placing the animals back into the original context for 2 min during which freezing was 

scored, without exposure to the CS or US. 

For all the paradigms, freezing behavior was defined as the lack of any movement, 

except respiration. The percent of time spent freezing was assessed using the linear 

methods of observation measures (video freeze software). 

 

 The ‘flinch-jump’ test  

 

The method has been described by Lehner and colleagues (2010). Rats were placed 

individually into the fear conditioning boxes (Med Assoc. Italy).  Shocks were delivered 

to the grid floor of the test box through a shock generator. After a 3-min period of 

habituation to the test box, shock titrations continued to increase in a stepwise manner 

(0.05 mA, 0.05–0.6 mA range). In this way, the ‘flinch’ and ‘jump’ thresholds in mA is 

defined for each rat. The interval between shocks was 2 min, and each animal was 

tested only once at each intensity. Behavior for each rat was recorded through a front 



S T U D Y  3  P a g e  | 83 
 
digital video recording camera and analysis was done blind to the genotype. The ‘flinch’ 

threshold was defined as the lowest shock intensity that elicited a detectable response. 

The ‘jump’ threshold was defined as the lowest shock intensity that elicited 

simultaneous removal of at least three paws (including both hind paws) from the grid.  

 

 Statistical Analysis 

 

All data were analyzed using GraphPad and InVivoStat software. Differences between 

groups were assessed with Student’s t-test or mix ANOVA with repeated measures, 

with the factor GENOTYPE as between subject and TIME or TEST as within subject 

variable. When significance was found, a Bonferroni - post hoc analysis was performed 

when appropriate. For the cross maze, the learning index is defined as the ratio of the 

mean number of correct choices over trials per animal. Therefore, we have generated a 

binary data set with 2 possible outcomes (correct choice vs. incorrect choice). The 

hypothetical value that results is “½” because each animal has 50% chance at every 

trial. The one sample t-test was used to evaluate the learning index in each population 

with a hypothetical value set at “½”. Chi-square (χ2) analyses were computed on 

animal’s choice during Acquisition (A), Reversal (R), and Extend Reversal (ER) learning 

in the cross maze test, in order to determine discrepancies between groups and to 

determine potential changes in strategies between both probe trials. The Chi square 

test assesses whether an observed frequency distribution (i.e. the number of correct 

choices) differs from a theoretical distribution, and if this distribution is independent (i.e. 

the choice is genotype dependent). Finally, a Mann Whitney U-test was used to analyze 

‘flinch-jump’ data. The significance level was set for all analysis at 0.05.  
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3. Results 

We inspected each BACHD rat cohort animals prior to the experiments and all animals 

looked healthy. No global differences in phenotype were observed between wild type 

(WT) and transgenic (TG) rats. Only male rats were used during the study. No 

difference in weight was found between WT and TG (data not shown). 

 Acquisition, Reversal learning and Strategy shifting in a Cross-maze (Fig. 1) 

 

The cross maze test was performed in independent cohorts of 2 months (n = 17 per 

genotype) and 6 months (n = 15 per genotype) old BACHD rats in order to avoid any 

bias related to recall or long term memory of the task. Data from acquisition and 

reversal training sessions at the first 2 days were not analyzed because the goal arm 

was baited with sucrose food pellets to guide BACHD rats to the home cage. A 

schematic representation of the cross-maze task is presented in Fig. 1a. One WT rat of 

2 months was removed from the data analysis because it did not show any interest in 

the task and did not make a choice (turn left or right) during the experimental period.  

 

 Learning indices during acquisition, reversal and extended reversal learning 

 

The learning index is calculated as the ratio of the mean number of correct choices over 

trials per animal (Fig.1b). Both cohorts of 2 and 6 months old BACHD rats displayed 

improved learning during acquisition (A) (2 months: WT, t = 5.91 and P < 0.0001; TG, t 

= 4.02 and P < 0.001; 6 months: WT, t = 4.35 and P < 0,001; TG, t = 5.776 and P < 

0.0001). During reversal (R), 2 months old WT and TG have a learning index above the 

chance level of 0.5, although both groups did only reach a statistical trend (p value 

between 0.05 and 0.1; 2 months: WT, t = 2.126 and P = 0.0532; TG, t = 1.884, and P 

=0.0805). The 6 months old cohort (WT and TG) showed a (R) learning index below 

chance level (< 0.5) and did not reach statistical significance. In the extended reversal 

training (ER), both WT and TG rats of 2 months presented a statistically significant 

learning index (WT, t = 3.809 and P < 0.01; TG, t = 2.874 and P < 0.05). Six Months old 
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WT rats had a significant learning index during (ER) (t = 3.323, and P < 0.01) whereas 

TG did not reach statistical significance (t = 0.743, and P > 0.1); 6 months old TG 

learning index was around 0.5. A comparison between the (A) and (ER) learning index 

in WT and in TG rats showed only a difference for 6 months old TG rats (A vs. ER, t= 

2.846, P < 0.01). A closer look at the 6 months rats (ER) bar graph (Fig. 1b) suggests a 

difference between WT and TG rats, and statistical analysis found a trend (t= 1.737, P 

=0.0946). 

 

 Correct choices during acquisition, reversal and extended reversal learning 

 

The progress of 2 and 6 months old BACHD rats in learning the task during training 

sessions for (A), (R) and (ER) is presented in Fig. 1 (c-d). We analyzed the number of 

correct choices that both groups made. All rats had one trial per day. There was no 

statistical difference during (A) in 2 and 6 months old BACHD rats.  For (R) and (ER), 

only animals with learning index higher than 0.5 during acquisition were analyzed. That 

is, animals that actually learned the task. Four (WT, n= 2 and TG, n = 2) 2 months old 

rats and two (WT, n= 1 and TG, n = 1) 6 months old rats did not reach the criteria and 

therefore were not included in the analysis. Although 2 months old TG rats made correct 

choices during (R) and (ER) training, as did WT control rats, 6 months old TG rats made 

fewer correct choices. In fact, WT - but not TG - animals made more correct choices 

over the course of (ER) training. The difference between 6 months WT and TG rats was 

significant already on reversal trial 7 (χ2= 6.23, P< 0.05) and persisted during (ER) 

trainings (χ2= 8.594, P< 0.01). 
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Figure 1. Cross-maze task. 2 months (WT n=17, TG n=17) and 6 months (WT n=15, TG n=15) BACHD rats were 

used. [a] Schematic representation of the cross-maze task. The north (N) arm is closed. The rat starts training in the 

south arm (S) and reaches the home cage through the hole located in the west arm (w, (1) acquisition) or east arm 

(E, (2) reversal). During (3) probe trial days 8 (P1), 16 (P2) and 23 (P3), the (S) arm is closed and the rat starts in the 

(N) arm. Rats reaching the home cage arm are Place learners, while those reaching the other arm are Response 

learners. [b] Learning index. Mean number of correct choices over acquisition (A), reversal (R) and extended 

reversal (ER) trials in BACHD rats. Both WT and TG rats of each age showed difficulties during (R); however, with 

(ER) training, 2 months old rats have improved learning whereas 6 months old TG rats have a learning index barely 

above chance level. Asterisks indicate significant difference from the hypothetical value (One sample test, *p < 

0.05, **p < 0.01 and ***p < 0.001). [c and d] Training trials. The percentage of correct choices made during 

acquisition (A), reversal (R) and extended reversal (ER) training are depicted. For the first 2 days, results where the 

goal arm was baited with sucrose food pellets are presented by dashed lines. There was no difference in acquisition 

training for both age cohorts. 6 months old TG rats (d) differed significantly from WT rats during reversal trial 7 and 

overall extended reversal trials (ER1 to ER6). Asterisks indicate significant difference (Chi square test, *p < 0.05 

and **p < 0.01). 
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 Strategy shifting during probe trials (Fig. 2) 

 

On trial days 8, 16, and 23 a probe trial was done to assess which strategy rats used to 

solve the task. The north arm (N) was now the new start arm. Rats entering the same 

arm as during training sessions were designated place learners (allocentric learning) 

and rats entering the opposite arm were designated response learners (egocentric 

learning). Data were only analyzed for animals that made (1) correct arm choices with a 

learning index greater than 0.5 during each training session, and (2) were successful for 

the two last trials prior to the probe trial. Two months old rats exhibited a preference for 

response learning on P1 (response: WT= 73 % and TG = 77 %) and P2 (response: WT 

= 67 % and TG = 57 %). This preference for response learning was maintained on P3 

(response: WT = 64 % and TG = 67 %). Six months old WT rats again exhibited a clear 

response learning during P1 (WT = 73 %) while only half of TG rats were response 

learners. However, during P2 and P3, WT rats have adopted a place learning strategy 

(WT, place: P2 = 66% and P3 = 57 %), whereas TG rats showed a response learning 

strategy (TG, response: P2 = 50% and P3 = 60%). Although WT rats results between 

both probe sessions (P1  P3) would suggest a shifting towards a place learning (∆ = 

30%), this was not statistically significant (χ2= 1.606, P> 0.05).  

 
 Contextual fear conditioning (Fig. 3) 

 

Rats of 4 months (WT, n= 13 and TG, n = 13), 6 months (WT, n= 7 and TG, n = 9) and 

12 months (WT, n= 16 and TG, n = 6) of age underwent a one day training session in 

conditioning chambers. Baseline activity was recorded 5 min before foot shocks were 

given and contextual memory was measured 24h later (Fig. 3a).  

As shown in Fig. 3b, there was no significant difference between WT and TG baselines 

at all testing ages. However, TG rats expressed a significant lower freezing behaviour 

when re-exposed to the conditioning context (4 months: t= 5.757, P< 0.0001; 6 months: 

t= 4.987, P< 0.001 and 12 months: t= 5.147, P< 0.0001).  
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Figure 2. Strategy shifting. Number of rats that exhibited Place (P) or Response (R) learning strategy during each 

Probe trial P1, P2 and P3 (days 8, 16 and 23 respectively) are represented for WT and TG cohorts of 2 and 6 months 

of age. The size corresponds to animals that made (1) correct arm choices with a learning index greater than 0.5 

during each training session, and (2) were successful for the two last trials prior to the probe trials in the cross maze.  

 
 
Visual inspection of fig. 3b indicates a decrease in percentage of freezing between 4 

months, 6 and 12 months old rats. In fact, a 2-way ANOVA analysis on Context results 

showed significant GENOTYPE (F (1, 79) = 76.53, P< 0.001) and AGE (F (2, 79) = 

13.42, P< 0.001) effects. No interaction between GENOTYPE x AGE was found. 

 

We next evaluated long term memory for contextual freezing in 4 months old rats by 

exposing them again to the conditioning chambers 1 and 2 months after the contextual 

test (retention tests, Fig. 3c). A progressive ‘extinction’, characterized by a decrease in 

percentage freezing was observed in WT and TG rats (2-way ANOVA, GENOTYPE: F 

(1, 72) = 82.92, P< 0.001 and AGE: F (2, 72) = 24.48, p< 0.001). This trend is sustained 

as no interaction (GENOTYPE x AGE) was found. 
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Figure 3. Contextual fear conditioning. [a] Schematic illustration of the contextual fear conditioning protocol. [b-c] 

Results are expressed as Mean ± SEM of percentage freezing. 4 months (WT n= 13, TG n = 13), 6 months (WT n= 

7, TG n = 9) and 12 months (WT n= 16, TG, n = 6) BACHD rats were used. No difference in baseline responding to 

training was observed. TG rats showed less fear memory to the context as they freeze less in comparison with WT 

rats at 4, 6, and 12 months of age [b]. Long term memory was assessed 1 month and 2 months after retention testing 

were conducted in the 4 months old rats cohort (i.e. they were tested at 5 and 6 months of age respectively) [c]. TG 

compared to WT still had lower freezing to the context. A progressive freezing ‘extinction’ was observed. Asterisks 

indicate significant differences between WT and TG rats (***p < 0.001).  
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 Delay and Trace conditioning (Fig. 4) 
 

The delay conditioning experiment evaluated the acquisition of a tone (85dB) fear 

conditioning when presented for 30s before a 2s foot-shock co-termination (Fig. 4a). 

Thirteen WT and fifteen TG rats of 9 months of age were given 6 trials training sessions. 

Baseline activity was recorded 3 min prior to the first trial and expressed as percentage 

freezing. WT and TG rats did not show differences in baseline freezing behavior (Fig. 

4b). A 3-min retention test was performed after 24h in the conditioning context and, for 

the tone, in an altered context. Both WT and TG rats expressed a trend for increased 

freezing to the context and the tone. TG rats showed a lower percentage freezing to the 

context and to the tone than WT rats. A 2-way ANOVA revealed significant effects for 

the main factors GENOTYPE and TEST (GENOTYPE, F (1,52) = 18.84, P< 0.001; 

TEST, F (2,52) = 132.04, P< 0.0001) as well as a significant interaction between both 

factors (F (2,52) = 5.04, P< 0.01).  

 

In the trace fear conditioning paradigm, the memory for context, tone and trace training 

is evaluated in 3 months old rats (Fig. 4c). The highest freezing responses were found 

during the trace period (Fig. 4d). No differences in baseline activity were found, but for 

all the stimuli (context, tone and trace), TG rats displayed a significantly lower freezing 

response than WT rats. A 2-way ANOVA analysis showed significant effects for the 

main factors GENOTYPE and TEST (GENOTYPE, F (1,78)= 39.34, P< 0.0001; TEST, 

F (3,78)= 96.42, P< 0.0001), as well as a significant interaction between both factors (F 

(3,78)= 15.08, P< 0.0001).  
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Figure 4. Delay and Trace fear conditioning. [a] Schematic illustration of the delay fear conditioning paradigm. [b] 

Results in 9 months old BACHD rats are expressed as Mean ± SEM (WT n=13, TG n= 15).  TG rats presented a 

significant lower freezing response to the context and to the tone. [c] Schematic illustration of trace fear 

conditioning paradigm. [d] Results in 3 months old BACHD rats are expressed as Mean ± SEM (WT n=13, TG n= 

15). TG rats, compared to WT rats, showed a significantly lower freezing response to the context, to the tone and 

trace period during retention tests. Asterisks indicate significant differences between WT and TG rats (**p < 0.01 

and ***p < 0.001).  
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 Flinch-Jump test (Fig. 5) 

 

Thirty BACHD rats (n=15 per genotype) of 6 months of age underwent the flinch-jump 

test. A flinch response was observed in all rats (Fig. 5a. WT, Mean = 0.23 ± 0.048 SEM; 

TG, Mean = 0.25 ± 0.042 SEM); whereas only 7 WT and 9 TG rats presented a jump 

response (Fig. 5b. Mean = 0.535 ± 0.037 SEM and Mean = 0.538 ± 0.048 SEM, 

respectively). In fact, statistical analysis did not reveal significant differences between 

WT and TG rats (Mann Whitney U-test: flinch, U= 85 and P= 0.23; Jump, U= 29 and P= 

0.82).  

 

 
 
Figure 5. Flinch-jump test. Sensitivity of 6 months old BACHD rats to foot-shocks for [a] flinch and [b] jump (WT 

n=15, TG n= 15). Individual intensity response is plotted and bars indicate median values for each genotype.  There 

was no difference between WT and TG rats in current intensities that elicited a flinch or a jump response. 
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4. Discussion 

 
We investigated the cognitive phenotype of BACHD rats at ages 2 through 12 months. 

Learning deficits were found at 6 months of age in a cross-maze test. Pronounced 

associative memory deficits were found in context, delay (context and tone) and trace 

(context, tone and trace) fear conditioning. This fear conditioning phenotype is unlikely 

to be confounded by altered pain sensitivity, as WT and TG rats showed no differences 

in foot-shock intensity threshold as determined in a flinch-jump test. This is the first 

study to report robust and specific memory deficits in BACHD rats.  
 

Reversal learning deficit in cross maze test 

 

We have investigated BACHD rats in a spatial memory paradigm with the cross maze 

test. A T-maze standard dual solution task (Tolman et al. 1946) has proven to be useful 

in distinguishing between spatial and non-spatial learning in animals. Rats were trained 

over several trials from the same start arm to consistently enter the arm where a baited 

home-cage was located. We used a home-cage baited with sucrose pellets as an 

alternative to traditional motivational procedures that use water or food deprivation. 

Since BACHD transgenic rats show reduced food intake (Yu-Taeger et al. 2012), we felt 

that procedures that avoid food deprivation may be less liable to potential confounds 

and misinterpretation of behavioral data.  

During Acquisition training (A) both TG and WT rats learned the task and showed a 

significant learning index (~ 0.8). This indicates that a ‘return to home-cage’ is an 

effective incentive and that a training protocol of only one trial per day is sufficient. 

These observations are in line with results from a study in adult B6D2F2 mice (cross of 

C57BL/6J and DBA/2J strains) in a Lashley III maze. It was demonstrated that one 

training trial per day with a home-cage reward procedure led to a significant learning 

index (~ 0.7) after just 4 days (Blizard et al. 2006). 

During Reversal training (R), the home cage was located at the end of another arm, 

different from the initially trained arm. The same start arm was used. All rats of 2 and 6 

months of age initially had difficulties finding the new location. This was confirmed by a 
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comparison of the percentage correct choice of the last two acquisition trials (6 and 7) 

with the first two reversal trials (1 and 2). A difficulty in finding the new location is 

perhaps not surprising, as reversal learning is more challenging per se because rats 

have to disengage from a previous learned task in order to acquire a new task. We 

decided to extend the reversal training for 6 days (Extended Reversal training; ER) and 

all rats eventually learned the new task, although the 6 months old TG rats performed 

significantly worse than WT rats. We previously reported similar reversal learning 

deficits in adult transgenic BACHD mice of 10 months of age in a cross-maze task 

(Abada et al. 2013a). In 6 months old Hdh(CAG)150 knock-in mice, cognitive impairments 

were shown in compound reversal of an extra-dimensional shift task (EDS) (Brooks et 

al. 2006). Reversal learning difficulties were also reported in a spatial operant reversal 

test paradigm of 9 months old tgHD rats and in 27-week old YAC128 mice in a water T-

maze task (Brooks et al. 2012; Fink et al. 2012; Van Raamsdonk et al. 2005). These 

data are in accordance with the present findings, suggesting a progressive cognitive 

decline between 2 and 6 months of age.  

To discover which learning strategy rats have adopted, a test trial was performed after 

training was finished. The new start arm was now located opposite of the arm used 

during training. Accordingly, rats which used spatial cues to find the correct arm would 

enter the same baited arm as during trainings (place learners); whereas rats that used 

‘body turn response’ learning (stimulus response, S-R) should enter the non-baited arm 

(response learners). The first probe trial (P1) demonstrated that BACHD rats of 2 and 6 

months of age were predominantly response learners. Using a similar cross maze task, 

this preference for the response strategy on (P1) was also observed in WT and TG 

BACHD mice (Abada et al. 2013a). Consistent with our findings, homozygote tgHD rats 

of 6 and 12 months of age were also mostly response learners in a Morris water maze 

task (Kirch et al. 2012). Interestingly, our results are in contrast with findings suggesting 

that during (A), place learning is typically adopted by rats in a cross-maze (Packard et 

McGaugh, 1996; Packard, 1999; Tolman et al. 1946). The reason why 2 months old rats 

maintain their preference for response learning during P3 is unclear, but may involve a 

developmental time scale of spatial representation. In fact, spatial memory in the cross-

maze involves association of the object (landmarks) to their spatial location (home 

cage); we assume that the network underlying the memory of spatial location in 2 
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months old WT rats is slower to develop (Ainge and Langston, 2012). The preference 

(shift) for place strategy was only observed in 6 months old WT during the 2nd and 3rd 

probe trial (P2 and P3), whereas TG rats maintained their response strategy. The same 

strategy was seen in adult BACHD mice during reversal probe trial (Abada et al. 2013a). 

The reason why BACHD rats maintain response learning may probably involve altered 

functioning of fronto-hippocampal (place learning) vs. fronto-striatal (response learning) 

circuitry (Ciamei and Morton, 2009; Pych et al. 2005; Restle, 1957). Indeed, TG rats 

show already at 3 months of age abundant htt aggregates in the CA3 region of the 

hippocampus, whereas only few aggregates were present in the caudate-putamen (Yu-

Taeger et al. 2012). Therefore, the striatal-based ‘body turn response’ might prevail 

during learning and subsequent probe testing in TG rats.  

The rodent data are consistent with human data. Similar impairments in reversal 

learning and strategy, when attention has to be shifted from one perceptual dimension 

to another, have been demonstrated in early and advanced-stage HD patients in an 

extradimensional shift (EDS) test and in a Wisconsin Card Sorting Test (WCST). These 

patients made perseverative errors suggesting memory inflexibility (Josiassen et al. 

1983; Lawrence et al. 1996, 1998, 1999). Finally, cognitive set shifting ability in EDS 

and WCST involves cortical and basal ganglia circuitry system, especially the prefrontal 

cortex and the caudate nucleus (Rogers et al. 2000).  

  

Associative learning deficits in fear conditioning test 

 

We performed an extensive characterization of BACHD rats in various fear conditioning 

paradigms and found very robust deficits across all age cohorts and under all 

experimental conditions. A technical challenge that was successfully mastered was the 

selection of an appropriate current intensity. One that was not too high - high intensities 

would lead to a generalized freezing response – or too low – low intensities would lead 

to large variability in freezing and inconsistent fear conditioning (Baldi et al. 2004). A 

confound of the BACHD fear conditioning phenotype by motor deficits seems unlikely 

since rats did not show any difference in percent of time freezing during habituation. In 

order to address if altered sensitivity to foot shocks (US) may have confounded the fear 

conditioning phenotype, we employed a flinch-jump test and found no differences 
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between WT and TG rats. We used a relatively low shock intensity (0.6 mA) which may 

explain that not all rats showed a ‘jump’ reflex. Our data are consistent with findings in 

Wistar rats where no correlation was found between pain sensitivity, conditioned and 

novelty-evoked fear responses in ‘flinch-jump’, ‘tail flick’ and ‘contextual’ fear tests 

(Lehner et al. 2010). Together, these data suggest that the deficit in conditioned fear 

responses in BACHD rats are not confounded by motor deficits or altered sensitivity to 

foot shocks.  

 

What are the mechanisms underlying the fear conditioning deficits in BACHD rats? 

Learning in contextual fear conditioning is thought to involve association of stimuli 

present in the conditioned chamber (texture, shape, dimensions) with the (US) itself. 

More complex stimuli may put a higher demand on effective learning and memory, and 

thus may affect subjects with impaired activity in fear conditioning circuitry to a larger 

extent than unaffected subjects (Rescorla, 1972). The amygdala and hippocampus are 

involved in complex stimuli learning and BACHD rats show htt aggregates in both brain 

areas (Phillips and LeDoux, 1992; Yu-Taeger et al. 2012). Therefore, TG rat’s lower 

freezing response to the context could be associated to a hippocampal-amygdala 

dysfunction. Such a conclusion is consistent with our findings from delay and trace fear 

conditioning testing. As expected from a stimulus with a higher salience, all rats showed 

higher levels of fear conditioning to the tone than to the context. The BACHD rats 

showed again a fear conditioning impairment. During trace fear conditioning, the Tone 

and shock (US) are separated by a time interval and the Trace period becomes 

predictive of the (US). Using these more complex stimuli, BACHD rats showed a clear 

deficit in fear conditioning. Impairments in fear conditioning have also been reported in 

mouse models for HD. For example, 5 weeks old R6/2 mice showed less contextual 

freezing than their wild-type control, although no difference was observed in tone 

conditioning (Bolivar et al. 2003). In addition, a reduced fear expression during 

extinction retrieval and a reinstatement of a fear conditioning in R6/2 mice was not 

associated with a weakness in CS-US, but with neuronal hypoactivation in the prelimbic 

cortex, a subregion region of the prefrontal cortex (Walker et al. 2011). Four months old 

CAG140 Knock-In (KI) mice have shown an increased freezing response during 

training, but, again displayed no deficit in recall tone fear conditioning (Hickey et al. 
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2008). We reported that adult transgenic BACHD mice present higher freezing rates to 

the context and tone during retention testing, and attributed this impairment to emotional 

deficits (Abada et al. 2013a). The difference in fear conditioning phenotypes between 

BACHD mice and rats is surprising. However, in view of the robustness of the rat 

phenotype and the fact that we are eventually interested in the translation of these 

findings to humans, it would be more sensible to perform fear conditioning studies in a 

non-human primate model for HD, rather than undertaking an effort to further 

characterize the mouse fear conditioning phenotype (Yang et al. 2008).  

Interestingly, reversal learning impairments in a cross-maze appeared at 6 months of 

age, whereas associative learning and memory deficits in fear conditioning tasks were 

already present at 3 months of age. Matching the different onset of these deficits with 

the emergence of htt aggregates in brain areas involved in the circuitry underlying cross 

maze behavior and fear conditioning will be helpful to translate the findings from rodents 

to humans. Especially for fear conditioning the functional neuroanatomy has been well 

described (Fendt and Fanselow, 1999). Rodent data support a role for the amygdala in 

the acquisition of conditioned fear, whereas the hippocampus and the medial prefrontal 

cortex (mPFC) are required for consolidation of long-term memory (Faure et al. 2011; 

LeDoux, 2000; Gilmartin and Helmstetter, 2010, 2012). Human functional magnetic 

resonance imaging (fMRI) studies in delay and trace fear conditioning, have 

demonstrated a role of the hippocampus and other brain regions that support working 

memory processes in encoding temporal information and maintaining the associative 

representation CS-US during trace intervals (Knight et al. 2004). Wide spread htt 

aggregates have been observed in brain areas involved in fear conditioning such as the 

neocortex, hippocampus, and the amygdala of BACHD rats (Yu-Taeger et al. 2012). 

However, the behavioral effects occurred at an earlier age than the htt aggregates (12 

months). It is possible that more subtle molecular and cellular deficits in the cortex, 

hippocampus and amygdala contribute to the early deficits in fear conditioning. Further 

studies should address the developmental mechanisms underlying the disease 

progression in BACHD rats. 
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5. Conclusion 
 

Our study is the first to provide evidence of progressive cognitive deficits in a transgenic 

BACHD rat model for HD. TG animals showed difficulties in associative learning at 3 

months of age in a fear conditioning test, and impairments in spatial memory at 6 

months of age, mainly in reversal training where attention has to be shifted from one set 

of learning to another. BACHD rats recapitulate some of the cognitive impairments seen 

in HD patients. The precise time course for development of the cognitive symptoms 

requires further studies in additional age cohorts. As fear conditioning deficits appeared 

already in the youngest cohort tested, animals of 1 and 2 months of age need to be 

tested to determine if the onset of the fear conditioning is similar to the onset of, for 

example, rotarod deficits that occur at 2 months of age (Abada et al. 2013b). 

Emergence of cognitive deficits before motor deficits might more closely mimic the time 

course in HD patients (Hahn-Barma et al. 1998). In conclusion: the robust fear 

conditioning phenotype offers a firm foundation for future studies aimed to further 

characterize the time course for the associative memory deficit and its underlying neural 

circuitry. In addition, this functional readout can be validated for drug discovery 

approaches that target htt aggregates, using, for example, adenovirus-based viral 

transfection methods against htt (Ramaswamy and Kordower, 2012). 
 
 
 



 
 

 
 
 
 
 

III. General Discussion & 
Conclusion 
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General Discussion  
 

One of the most important milestones in HD research since the discovery of the gene 

itself has been the generation of different genetic animal models. Although clinical 

reports have shown evidence of progressive cognitive impairments to occur in gene 

carriers before motor symptoms are diagnosed, results from animal models have been 

less clear (Foroud et al. 1995; Jason et al. 1988; Paulsen et al. 2001; Höhn et al. 2011; 

Fielding et al. 2012). The studies presented in this thesis evaluated the behavioral 

phenotype of BACHD mice and rats that have the human fl-mHTT with mixed 97 

CAA/CAG repeats expressed in their genome (Gray et al. 2008; Yu-Taeger et al. 2012). 

The results from these studies increase our understanding of the disease progression in 

transgenic BACHD rodent models for HD (Table 1). The general discussion will mainly 

focus on the results from our studies. 

 

1. Gross phenotype 
 
BACHD mice and BACHD rats grow normally with a general increase of their body 

weight. However, a significant weight gain was reported in transgenic BACHD mice 

starting at 2 months of age and this weight gain was maintained (Gray 2008; Menalled 

2009). On the other hand, no difference in body weight was reported in the BACHD rat 

model, despite a reduction in food consumption during the dark phase (Yu-Taeger et al. 

2012). Our studies replicated these findings. We found a sustained difference in the 

body weight of adult BACHD mice but no difference in BACHD rats compared to their 

WT counterparts.  

There are several physiological mechanisms that could mediate the body weight gain in 

BACHD mice: 1) reduced metabolic rate; 2) an increase in food intake; 3) a reduction in 

total activity, or 4) a combination of these 3 factors. For example, in one report, 

transgenic mice displayed higher food intake and reduced metabolic rate, but no 

reduction in activity in an open field at an age when they were already significantly 

heavier than WT mice (Hult et al. 2011). With regard to the molecular basis for the 
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increase in body weight, changes in the expression levels of HTT may represent a 

potential biological mechanism. Heterozygous mice (Hdh +/-) expressing 50% of the htt 

protein compared to WT mice, were lighter than WT mice.  YAC 128 mice line B60 and 

line 212 over expressing WT htt at about 2 to 3 times endogenous levels were 

physically larger and heavier than WT mice (Van Raamsdonk et al. 2006). BACHD 

animals express 2 copies of the endogenous full length WT HTT (gene) as well as 1 or 

more copies of the human fl-mHTT in their genome. Therefore, reports mentioned 

above suggest that BACHD mice’s body weight phenotype is due to an increase of the 

mutated huntingtin protein, or a combination of both endogenous and mutated HTT total 

expression. Van Raamsdonk and colleagues (2006) demonstrated with western blot 

techniques that endogenous htt levels in transgenics were comparable to that of WT in 

YAC128 mice, suggesting that the increased body weight is due to an increase in 

mutated rather than normal htt. Thus, we can postulate that, in BACHD mice, the “gain” 

in body weight also results from increased fl-mHTT expression.  

From a molecular point of view, body weight changes in YAC 128 and BACHD mice 

have been associated with IGF-1 (insulin-like growth factor 1) levels and HAP-1 

(huntingtin associated protein 1) expression, both playing important roles in mediating 

organs growth and food intake (Li et al. 1995; Li et al 2003; Pouladi et al. 2010). Finally, 

a recent study by Hult et al. (2011) point to the importance of the hypothalamus mHTT’s 

role in regulating body weight. In this experiment, the authors used the cre-recombinase 

technique to selectively rescue the mHTT production in the hypothalamus in BACHD 

mice. As a result, these mice showed a normal body weight. Interestingly, the serum 

levels of IGF-1 were still significantly higher in these animals compared to WT mice, 

emphasing the complex regulation of body weight. 

 

If changes in HTT level expressions may explain, at least in part, the “gain” in body 

weight phenotype of BACHD mice, the “normal” body weight phenotype in BACHD rats 

is unexpected, especially since both species have the same construct. One possible 

explanation for this discrepancy may involve species-specific genetic differences. In 

fact, as previously reported by Hult et al. (2011), the relationship between IGF-1/HAP-1 

and body weight is a complex one. It is possible that mHTT expression in BACHD rats’ 

brain may affect metabolic pathways in hypothalamus circuits, including corticotrophin-
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releasing hormone (CRH) and the neuropeptide orexin (Funato et al. 2008; Hult et al. 

2011; Masaki et al. 2003). Further studies are needed to determine the mechanism of 

action for the effects of htt in the regulation of body weight phenotype in BACHD mice 

and rats. 

Weight loss is present in HD patients and it appears not to be associated with a 

decrease in food intake (consumed calories), an increase in energy expenditure or 

basal metabolic rate (Aziz et al. 2010; Morales et al. 1989; Pratley et al. 2000; Sanberg 

et al. 1981). The causes of weight loss in HD patients are currently unknown and further 

analyses are necessary to shed light on this important non-neurological symptom and to 

further assess the validity of our animal models. 

 

2. Motor deficits  
 

BACHD mice 

Gray and colleagues (2008) demonstrated in BACHD mice progressive motor deficits 

on the accelerating rotarod starting at 2 months of age. Other reports have confirmed a 

decline in motor coordination on a rotarod and in rearing-climbing tests in mice as 

young as 1 month of age. Hypoactivity in the dark phase of the light cycle in an open 

field test was reported at 7 months of age. Subtle gait abnormalities, such as 

shorter/longer stride length, splay, and wider base, were found in a paw-print test at 3 

and 9 months of age, respectively (Kordasiewicz et al. 2012; Menalled et al. 2009; 

Pouladi et al. 2012; Southwell et al. 2009).  

In our first study, we performed a comprehensive behavioral analysis and investigated 

motor deficits in adult male BACHD mice of 9 and 10 months of age. We found 

significant motor deficits in BACHD mice as they showed a shorter latency to fall off a 

Rotarod. Novel findings were the gait abnormalities in both static and dynamic 

parameters, such as the order in which the four paws are placed during free walking 

and the timing relationships between paw placements that were found in a catwalk test. 

Since a deficit in rotarod performance was as already observed at 1 month of age, it 

would be interesting to see if the catwalk phenotype observed at 3 months of age would 

also manifest itself in younger animals. 
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BACHD rats 

Transgenic rats displayed a progressive deficit in their performance on an accelerating 

rod at 1 month of age (Yu-Taeger et al. 2012). In our study, transgenic rats showed 

motor deficits starting at 2 months of age in both, a fixed (constant) and accelerating 

speed rotarod test. At fixed speed, the rat’s balance, muscle strength and fatigue is 

assessed. The accelerating speed test is more complex and demands to adapt gait, 

balance and coordination skills. Our results confirm that the rotarod is a robust test that 

is suitable for motor function assessment in animal models for HD.  

In an open field test (Actimot), we found an increase in locomotor activity at 1 month of 

age, followed by a decrease that started at 4 months of age. Yu-Taeguer and 

colleagues (2012) found a decrease in locomotor activity and rearing during the dark 

phase at only 3 and 6 months of age (they did not test younger animals). Interestingly, 

Yu-Taeguer and colleagues used a different experimental set-up, more closely related 

to the home-cage and recorded motor activity over a prolonged period of time (12 h). 

The fact that, in spite of these differences, both studies show hypolocomotion 

emphasizes the robustness of the motor deficit in the BACHD model. Moreover, our 

study showed that short duration open field studies should be sensitive enough to 

detect the effects of potential treatments.  

Finally, gait abnormalities like decreased step length, increased stride width, and 

decreased overlap between hind and front paw placement in footprints test were 

observed in 14 months old rats (Yu-Taeger et al. 2012). Longitudinal characterization of 

BACHD rats gait analysis with catwalk revealed subtle deficits at 12 months of age. We 

found a shorter stride length, shorter time for stand for both front and hind paws, and 

shorter time in front paw swing during walking. The catwalk system is a more 

sophisticated instrument for the assessment of gait than conventional footprint testing 

since it allows evaluation of both static and dynamic gait parameters. In light of the 

Catwalk phenotype in BACHD mice, we expected more robust deficits in the BACHD 

rats. The reason for the more subtle phenotype in rats is not clear. It is unlikely to 

involve differences in testing protocol since the same catwalk testing procedure was 

used in the same facility and by the same experimenter for the mouse and rat studies. 

Alternatively, differences in body weight and/or genetic background may have 
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contributed to the different findings. Body weight seems not a good candidate for 

explaining the differences between the mouse and rat findings since no difference in the 

print intensity of the paws (an indicator of weight load bearing), was observed between 

transgenic and WT mice and rats. Strain differences were reported in gait parameters 

on a catwalk test between Lewis, Wistar and Sprague Dawley rats (Koopmans et al. 

2007). Although little is known about the relative paw placement when moving on a flat 

surface, differences in size and skeletal morphometry between rats and mice exist and 

could contribute to differences in standard gait between BACHD mice and rats (Herbin 

et al. 2007; Pereira et al.2006; Wooley et al. 2009). Further studies using more 

challenging conditions - like a ladder rung walking task that requires exact placement of 

all four limbs - could help to better understand the locomotor phenotype of BACHD rats 

and mice. 

 

3. Emotional deficits  

 

Anxiety 

Non-motor symptoms such as anxiety, depression, irritability and apathy are often 

associated with HD (Van Duijn et al. 2007). In adult BACHD mice, we found a higher 

level of anxiety-like behavior in an elevated zero-maze (EZM) test and a higher freezing 

response to a   tone in a fear conditioning test. Similar findings have been reported in 

the literature. For example, 3 months old BACHD mice showed a higher preference for 

staying in a dark area in a light-dark choice test (Kordasiewicz et al. 2012; Menalled et 

al. 2009).  

It remains to be determined to what extent the elevated zero maze (EZM) and the tone 

fear conditioning data can both be interpreted as supporting an anxious phenotype in 

the BACHD mice or whether these tasks measure largely independent emotional and/or 

cognitive processes. In BACHD rats, a decrease in anxiety level was reported in an 

elevated plus maze (EPM) test. At 4 months and at 12 months of age, the TG rats 

spend more time on the open arms of the maze compared with the WT rats. 3 Months 

old TG rats also expressed a lower level of freezing to a fearful stimulus in a fear 

conditioning test. However, this phenotype appears to be not confounded by differences 

in sensitivity to foot shocks (as shown in the flinch-jump test) or by motor deficits (same 
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base line activity).These results are consistent with a lower level of anxiety. But as 

mentioned before for the BACHD mice, it is again possible that the EPM and fear 

conditioning tasks measure different processes. The different phenotypes of BACHD 

rats and mice in EZM test, EPM test and fear conditioning models could involve 

differences in spatiotemporal nuclear accumulation of mhtt.  In BACHD rats of 3 months 

of age, mhtt was found in the neocortex and in limbic area such as amygdala, nucleus 

accumbens, bed nucleus of the stria terminalis, hippocampus and later in the striatum. 

In BACHD mice, mhtt was detected later (at 12 and 18 months of age) and there were 

differences in the mhtt distribution patterns (in the cortex, striatum and occasionally in 

the globus pallidus and substantia nigra (Gray et al. 2008; Yu-Taeger et al. 2012). The 

role of the limbic circuitry in emotion and motivation is well documented (Cardinal et al. 

2002; Davis and Whalen, 2001). We hypothesize that the molecular mechanisms that 

underlie these differences in emotional-like behavior between transgenic rats and mice 

involve differences in mhtt expression induced-dysfunctions in limbic areas.  

 

Depression 

Depression symptoms are common in HD with 60% of patients experiencing low mood 

(Thompson et al. 2012). A depression-like phenotype has also been found in transgenic 

HD models.  Transgenic BACHD and YAC 128 mice of 12 months of age showed 

increased immobility in a Porsolt forced swim test (Pouladi et al. 2012). This phenotype 

was seen as early as at 2 months of age in BACHD mice (Hult et al. 2013). A potential 

concern is the ability of these mice to swim, since transgenic mice have age-dependent 

motor deficits that could confound results from behavioral tests that rely on motor 

behavior read-outs. It is somewhat reassuring that no correlation between body weight 

and immobility time or swim ability was found in YAC 128 and BACHD mice. To expand 

the findings in the forced swim test, a next step would be to test BACHD mice in a tail 

suspension test. Like the forced swim test, this test is frequently used to phenotype 

mutant mice, although its validity as a depression test is also limited. In contrast, the 

sucrose consumption test is a more valid model as it measures a major component of 

depression: anhedonic behavior, that is, the inability to experience pleasure. YAC 128 

mice displayed anhedonic behavior in this test (Pouladi et al. 2009) and therefore the 
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sucrose test could yield valuable insights into a possible depression-like phenotype of 

BACHD mice and rats. 

 

4. Cognitive deficits 

 

Cognitive dysfunction is one of the triad of symptoms of Huntington disease (HD) and it 

appears to be present 15 years before clinically relevant motor signs have emerged 

(Duff et al. 2010; Stout et al. 2011). We have investigated and reported different aspects 

of memory and information processing by BACHD mice and rats in different tasks. 

 

Sensorimotor gating 

Prepulse inhibition (PPI) of the acoustic startle reflex is a measure of sensorimotor 

gating abilities that correlates with information processing. PPI is defined as a reduction 

in the magnitude of a startle response when a relatively weak sensory event precedes a 

strong startle stimulus.  

In BACHD mice, Menalled and colleagues (2009) reported a decrease in startle 

response at 6 and 9 months of age in transgenic females, and only at 9 months of age 

in males. PPI deficits were found at 7 and 9 months in transgenic males and females, 

respectively, and at 13 months in both genders. In BACHD rats, we have shown that 9 

months old transgenic males have deficits in PPI, especially at pre-pulses 6 and 12 dB 

above background (study 2). Therefore, BACHD mice and rats displayed similar PPI 

phenotypes. PPI deficits have been shown in HD patients and abnormalities in its 

modulation have been associated with striatal dysfunction (Kodsi and Swerdlow, 1995; 

Swerdlow et al. 1995). It should be noted that the PPI deficit in transgenic rats was 

subtle. Testing rats at later ages (13-15 months) may reveal a more robust sensorimotor 

phenotype.  

 

Recognition memory 

Pre-manifest and manifest HD patients are impaired in recognition memory tasks 

(Aretouli and Brandt, 2010; Hodges et al. 1990; Labuschagne et al. 2013; Lawrence et 

al. 1996, 2000; Montoya et al. 2006). Object recognition and object location tasks are 

two paradigms widely used to assess episodic memory in rodents. Deficits have been 
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reported in BACHD and YAC128 mice of 7 months of age with no preference for a 

target object in both paradigms (Southwell et al. 2009; Doria et al. 2013). However, our 

investigation in BACHD rats (reported in study 3) has showed intact recognition memory 

for a novel object at 4 and 12 months of age. The reason for this lack of impairment on 

object memory is presently not clear. It is possible that the neural circuits that mediate 

object recognition in our task do not sufficiently recruit brain areas that are significantly 

impaired in HD like the striatum to show a deficit. Future studies that use recognition 

tasks that rely more heavily on the functioning of these impaired brain areas (as 

determined by, for example, fMRI studies) may help to reveal a deficit in object memory 

(Montoya et al. 2006). 

 

Associative memory, Reversal learning and Strategy shifting 

We found cognitive deficits in BACHD mouse and rat models for HD in several tasks. In 

a fear conditioning task, transgenic rats have deficits in associating / remembering 

stimuli that are predictive of a fearful event (foot shock). We were able to provide strong 

evidence of how a temporal distance between events influences associative learning in 

3 months old transgenic rats in a Trace conditioning test; this paradigm is believed to 

involve the medial prefrontal cortex, the hippocampus and the basal ganglia (Gilmartin 

et al. 2010, 2012). Therefore, deficits in associative learning could be attributed to a 

dysfunction in the activation of these brain areas months before aggregates can be 

detected. 

 

Reversal learning in a cross-maze test was impaired in 6 months old transgenic rats. It 

would be important to confirm this in older animals (12 to 13 months). Like transgenic 

rats, adult transgenic mice had difficulties in reversal learning and this translated into a 

high number of incorrect arm choices during the task. Although the strategy adopted 

during each stage of learning (i.e. acquisition & reversal/extended reversal) was not 

statistically significant in mice and rats, the majority of wild type rats and mice shifted 

from a body turn response to a spatial learning strategy. Memory inflexibility was 

observed in transgenics as they persevered in the same set of strategy irrespective of 

the learning tasks. In the light of the cross maze test results (study 1 and 3), it will be of 

interest to perform a longitudinal study assessing the progressive learning and memory 
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impairment in BACHD mice. This will be a quite large study as different animals are 

needed for each age-cohort  to avoid that prior learning will affect subsequent 

learning/performance in the same task. 

 

 Do cognitive deficits start prior to motor impairments? 

 

Cognitive impairments are clinical indicators of the disease process before motor 

dysfunction is diagnosed in HD, although this has not always been found in animal 

models (Stout et al. 2011). In BACHD mice and rats, the earliest motor deficit was found 

during rotarod testing at 2 months of age. No impairment in reversal learning was found 

during cross maze testing. These results, together with published data, indicate that 

motor impairments are the first symptoms to occur in BACHD mouse and rat models for 

HD (Abada et al. 2013a, 2013b, 2013c; Duff et al. 2010; Menalled 2009; Southwell 

2009; Yu-Taeger et al. 2012) . 

 

The relative intact memory functioning found at this early stage in BACHD mice and rats 

point to intact functioning of striatal and cortical networks, since it has been 

demonstrated that progressive striatal and cortical atrophy correlate with cognitive 

deficits in attention, working memory and executive functions (Peinemann et al. 2005). 

To our knowledge, no evidence for neurodegeneration has been reported in rodent HD 

models before 6 months of age. Additional investigations with, for example, 

electrophysiological assays that can help examine the activity of prefrontal-striatal 

networks may shed further light on potential presymptomatic changes that may not be 

detectable with cognitive behavioral assays in BACHD mice and rats (Höhn S et al. 

2011). In addition, the use of further tests that more specifically probe the prefrontal-

striatal network can be used, such as the attentional set shifting test or specific working 

memory tests such as a delayed (non)-matching to sample task. 
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Table 1. Behavioral phenotype of BACHD mice and rats model for HD. This comparative table is based 

on results of the 3 studies of this thesis as well as on reports from the literature (Hult Lundh et al. 2013; 

Menalled et al. 2009; Southwell et al. 2009; Yu-Taeger et al.2012).  

PHENOTYPE 
ANIMAL MODELS HUMAN 

BACHD mice BACHD rats HD 

Weight Gain (from 2 months)  "normal" loss 

Motor 

Rotarod 
 decrease in latency 

(from 2months) 

 decrease in latency 

(from 2months) 

Chorea, 

bradykinea, 

dystonia, loss of 

postural reflexes, 

deficits in UHDRS 

motor tests and 

many subtle gait 

abnormalities 

(stride length, 

cadence sway…) 

Open field 
hypoactivity  (from 7 

months) 

hyperactivity (at 1 

month) hypoactivity  

(from 4 months) 

Ink paw print 
static gait 

parameters 

abnormalities (at 3 & 9 

months) 

abnormalities (at 14 

months) 

Catwalk 

static and 

dynamic gait 

parameters 

abnormalities (at 9 

months) 

subtle abnormalities 

(at 12 months) 

Emotional 

Elevated zero maze (EZM) 
Anxiety-like phenotype  

(at 9 months) 
N/A impairments  in 

UHDRS behavioral 

tests with anxiety, 

depression, 

irritability, apathy 

Elevated plus maze (EPM) 
Anxiety –like phenotype 

(at 2 months)  

low level of anxiety  

(from 4 months) 

Fear conditioning 
high level freezing (at 9 

months) 

low level freezing (at 

3 months) 

Cognitive 

PPI  
deficit (at 7 and 13 

months) 
deficit (at 9 months) Reduced PPI 

ORT  deficit (at 7 months) "normal" 

Impaired 

recognition 

memory 

Cross maze 

reversal 

learning 

Impairment (at 10 

months) 

Impairment (at 6 

months) impairments in 

reversal, WCST, 

EDS, MMSE, UHDRS 

cognitive tests 

strategy 

shifting 
difficulties at 10 months 

difficulties (at 6 

months) 

Trace fear 

conditioning 

Associative 

memory 
N/A 

Impairment (at 3 

months) 
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 Is the disease progression similar in BACHD mouse and rat models for 

HD? 

 

We have summarized results from our studies and related published works from other 

groups in Table 1. In general, many behavioral phenotypes such as progressive 

deteriorations of motor and cognitive functions and the late onset of neuronal 

aggregates / dark cells in the cortex and striatum observed in BACHD mouse and rat 

models are consistent and comparable to human HD reports (Abada et al. 2013a, 

2013b, 2013c; Gray et al 2008; Yu-Taeger et al. 2012). However, we found some 

differences in phenotype between BACHD mice and rats, in spite of the fact that they 

express the same genetic construct. Although the precise reasons for these differences 

are not known, these may involve differences in the regulatory sequences between 

mouse HTT, rat HTT and human mHTT (Ehrnhoefer et al. 2009) and the exact insertion 

of the mutant gene in the genome of the BACHD mice and rats.  

  

 Which experimental assays are sensitive for therapeutic drug screening? 

 

HD is a progressive neurodegenerative disorder; the use of robust, sensitive and 

inexpensive assays which can identify behavioural markers at an early stage and 

evaluate numerous compounds is highly desirable. In this thesis, we have used assays 

that can evaluate motor, emotional and cognitive abnormalities in BACHD mice and 

rats.  

For motor deficits assessment, the rotarod and open field seem to be reliable tasks 

since we were able to replicate data from previous reports (Menalled et al. 2009; Yu-

Taeger et al. 2012). Both tests have been widely used for measuring efficacy of 

potential disease-modifying therapies. Compared with the rotarod test, the catwalk is a 

more sophisticated task with the advantage that it allows free movement of the animal 

during the test. It can detect more subtle information on gait impairments. However, it 

has a lower through-put than the rotarod and open field tests .Our data suggest that the 

deficits in catwalk test are less robust and smaller. This may be relevant when using this 

task for drug screening and testing. One reason for the lower throughput is the current 



 G E N E R A L  D I S C U S S I O N  P a g e  | 111 
 
need for manual analysis of recorded foot prints which is a time consuming process. 

Finally, further tests across labs will help to demonstrate the reliability and efficacy of 

catwalk testing for phenotyping and drug testing. 

To evaluate emotional symptoms, we have used the EZM test and a fear conditioning 

test. A low level of anxiety has been reported in an EPM test by Yu-Taeger and 

colleagues (2012). A concern with the EPM design (plus shape) is the problem of how 

to interpret occupation by the animal of the central compartment. The EZM design 

(annular runway) decreases this ambiguity and seems therefore a more suitable task. In 

view of the relatively small effects sized in both the EZM and the EPM, they may not 

consist of the tasks of choice for drug testing. Instead, the effect size in the mouse fear 

conditioning test was larger and therefore this test could potentially be used for drug 

screening (Inoue et al. 1996).  

 

PPI, cross-maze and trace fear conditioning have been used to assess cognitive deficits 

in BACHD mice and rats models for HD. Our results indicate that BACHD mice and rats 

have subtle deficits in both PPI and cross maze tests. So far, only one report has 

demonstrated PPI deficits in HD patients and it would be good to see these findings 

replicated (Swerdlow et al. 1995). Testing BACHD mice and rats at older ages (more 

than 12 months of age), that is, when they display more profound 

neurohistopathological deficits, might reveal a more robust PPI and cross-maze 

phenotype. In contrast, assessment of associative memory with a trace fear 

conditioning test showed a robust deficit in BACHD rats at an early age (3 months). 

Therefore, from the current set of studies, the Trace fear conditioning task seems the 

best choice for drug testing. 
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5. Therapeutic approaches and plausible candidates 
 

Initial studies in conditional transgenic mice models have shown that the phenotype can 

be rescued after onset of the disease, and thus, raising the possibility that HD may be 

reversible (Yamamoto et al. 2000). Therefore, in order to initiate clinical trials it is 

indispensable that ‘successful’ compounds alleviate the disease in animal models. 

Since HD is associated with neuropathology changes in the striatum and cortex, many 

therapies have focused on general neuronal protection strategies (Krobitsch and 

Kazantsev, 2011).  

Combined treatment of coenzyme Q10 (CoQ10), a vitamin-like substance that generate 

energy in form of ATP, and Remacemide, a prodrug and NMDA receptor antagonist, 

significantly improved motor performance, delayed body weight loss and the occurrence 

of neuronal intranuclear aggregates and increased survival in R6/2 and N171-82Q mice 

models for HD (Ferrante et al. 2002). Unfortunately, clinical trials of CoQ10 and 

Remacemide as mono- or combination therapies where largely negative (HSG, 2001). 

One possible explanation for the false positive findings in the animal models is that the 

pathophysiology of neurodegeneration in these transgenic mice may not replicate HD 

illness. In addition, the disease stage at which the therapeutic trials were initiated in 

patients (symptomatic HD) differs from that of the transgenic mice (day 21, before onset 

of symptoms). 

HD has also been linked to alteration of glutamate and dopamine pathways, especially 

the fronto-striatal circuitry. Riluzole, a drug that prevents stimulation of glutamate 

receptors and that is used for amyotrophic lateral sclerosis (ALS) treatment is reported 

to significantly delay and reduce weight loss and htt aggregation in R6/2 mice (Schiefer 

et al. 2002). Clinical investigations with anti dopamine and glutamate agents such as 

Tetrabenazine (TBZ), Amantadine, olanzapine and Riluzole showed amelioration of 

chorea but these compounds induced many adverse effects, including depression and 

sedation (Novak and Tabrizi, 2010; Mittal and Eddy, 2013). Currently, there is no 

evidence of a universally effective treatment for HD; only Tetrabenazine, an approved 

drug from the US Food and Drug Administration (FDA), showed clear efficacy against 
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chorea (Fekete et al. 2012; Mestre et al. 2009; Pidgeon and Rickards, 2013; Scott, 

2011). 

 

An attractive therapeutic strategy would be to target mHTT itself. ‘Gene silencing’ or 

HTT lowering treatments is one of the promising experimental approach. Isis 

Pharmaceuticals and Roche started a collaboration using such an approach for the 

treatment of HD (Drug discovery news, 2013). Isis Pharmaceuticals is developing anti-

sense oligonucleotides (ASOs) drugs for HD. Unlike other gene silencing strategies 

including short-hairpin RNA (shRNAs), small interfering and micro interfering RNAs 

(siRNAs and miRNAs), ASOs have the advantage of penetrating the blood brain barrier 

(BBB) when injected in the spinal fluid. Infusion of human ASO (HuASO) in R6/2, 

BACHD and YAC 128 mice or MkHuASO in Rhesus monkeys has been recently shown 

to produce sustained effects in  rotarod and open field tests, and a prolonged survival 

(Kordasiewicz et al. 2012). These promising findings will hopefully translate into a 

positive proof of concept trial in patients. Another approach for novel therapeutics with 

an improved side effects profile consist of ASOs drugs that specifically silence mHTT – 

but not HTT.  

 

Finally, stem cell research could provide an opportunity to design new therapeutic 

strategies. HD is mostly due to loss of MSNs in the brain. Obtaining new MSNs to 

replace injured cells would be straight forward approach (Dunnett and Rosser, 2013). 

As a consequence, embryonic stem cells (ESCs) or induced pluripotent stem cells 

(iPSCs) are capable of self-renewal and can differentiate into MSNs. These stem cells 

have the ability to make all the different cells of the body (Lescaudron et al. 2012; 

Perrier and Peschanski, 2012). However, this technology raises many challenges to 

meet: 1) direct these stem cells to make only MSNs, 2) demonstrate proper integration 

of stem cells in the central nervous system with long-term survival and no tumor 

formation. A sensitive and viable approach that can help overcome these challenges will 

be to use HD patients-derived stem cells because neurons with mutations that were 

corrected before transplantation should not be subjected to cell-intrinsic 

neurodegenerative signals (An et al. 2012; Jeon et al. 2012). 
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Conclusion 
 
In this thesis, we have characterized transgenic BACHD mice and BACHD rats that 

have incorporated the human full length mHTT in their genome on motor, cognitive and 

emotional tasks. We have demonstrated that, although a difference in the disease 

progression exists between transgenic mice and rats, both models present several 

behavioral-like symptoms similar to those reported for HD patients.  

Cognitive symptoms appear years before clinically diagnose symptoms in HD. However, 

the studies we have presented in this thesis indicated that motor abnormalities are the 

first symptoms to be detected in transgenic BACHD mice and rats. The lack of 

significant cognitive deficits at the early ages has been highlighted as one of the most 

likely causes for discrepancy between experimental and clinical data. The development 

and use of techniques such as electrophysiology and neuroimaging can enhance our 

understanding of cognitive dysfunction associated with HD in animal models for HD. 

Finally, we have indicated relevant behavioral tasks for detecting and tracking different 

aspects of the disease progression.  

HD pathology is not restricted to the brain; it is also observed in non neuronal tissues. 

For example, high level of blood pro-inflammatory immune system agents like cytokines 

and increased kynurenine/tryptophan ratio have been reported (Björkqvist et al. 2008; 

Stoy et al. 2005). This ‘new window’ from the blood may also help us to understand and 

monitor the disease progression earlier.  

Currently, no effective treatment that can halt the disease progression or prevent its 

manifestation exists. The present thesis adds to the wide range knowledge of existing 

animal models because we have characterized 2 recently generated models for HD with 

the same genetical construct. The comparison of BACHD mouse, BACHD rat and other 

animal models for HD has given an outlook on differences and similarities in the disease 

progression. We come to the conclusion that, for an effective treatment, it is 

indispensable to use more than one genetical animal model and species for preclinical 

drugs testing.  

 



 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

IV. Summary 
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Summary 
 

Huntington’s disease (HD) is a devastating neurodegenerative disorder caused by a 

genetic mutation that produces an expansion of C-A-G repeats in the huntingtin (HTT) 

gene. This expansion results in a selective neuronal degeneration in striatal and cortical 

brain regions. The underlying mechanisms remain to be fully elucidated. Although HD is 

best known for chorea, the disease is actually a triad of progressive cognitive, 

psychiatric and motor symptoms and patients usually die within 15 to 20 years of onset. 

Cognitive impairments seem to occurs decades prior to the onset of motor symptoms. 

This potentially offers a long time window for treatments to delay or halt disease 

progression. Development of such treatments requires the generation of transgenic 

animal models for HD. Such models are now available and have already greatly 

enhanced our understanding of the pathogenesis of HD. But unsolved questions such 

as: “Do cognitive manifestations precede motor deficits in transgenic mouse and rat 

models for HD?” remain. We address this question in 3 studies that examine the 

development of motor, cognitive and psychiatric symptoms in BACHD mice and rats, 

two recently generated models for HD. Unlike other genetic models, BACHD mice and 

rats express the full length of the human mutant HTT (97 polyglutamine repeats) and 

present neuropathology similarities to that of patients.  

We found progressive motor, cognitive and psychiatric deficits in transgenics BACHD 

mice and rats compared to their wild type littermate controls, on different tasks such as 

catwalk, rotarod, open field, zero-maze, cross-maze, prepulse inhibition and fear 

conditioning. The findings indicate that progressive cognitive deficits can be reliably 

detected with methodologically rigorous protocols. However some phenotypic variability 

(body weight and emotional-like behavior, for example) was found and might involve 

species differences and ectopic expression of the human mutant HTT gene.  Finally, the 

time course for the emergence of the various symptoms indicates that motor 

abnormalities might be the first to occur in transgenic BACHD mice and rats.  

In conclusion: we have identified robust cognitive and motor phenotypes for BACHD 

mice and rats that can be used to test novel compounds from HD drug discovery 
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programs. Certain tests like fear conditioning, lend themselves for translational 

approaches and characterization of HD patients in such tests would be a logical next 

step. Confirmation of a fear conditioning phenotype in HD patients would offer an 

additional functional read-out for drug testing and decrease program risk by bridging the 

gap between rodent and human testing.  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

V. References 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 R E F E R E N C E S  P a g e  | 119 
 

 

References 
 

 Abada Y-s K, Schreiber R, Ellenbroek B. Motor, Emotional and Cognitive deficits 

in adult BACHD mice: A model for Huntington’s disease. Behav Brain Res. 2013 

Feb 1;238:243-51. doi: 10.1016/j.bbr.2012.10.039. Epub 2012 Oct 30. 

 

 Abada Y-s K, Nguyen HP, Schreiber R, Ellenbroek B. Assessment of motor 

function, sensory motor gating and recognition memory in a novel BACHD 

transgenic rat model for Huntington disease. PLoS One. 2013 doi: 

10.1371/journal.pone.0068584 

 

 Abada Y-s K, Nguyen HP, Ellenbroek B, Schreiber R. Reversal learning and 

associative memory impairments in a BACHD rat model for Huntington disease. 

PLoSOne 2013 doi: 10.1371/journal.pone.0071633. 

 

 A.D.A.M. Medical Encyclopedia, Huntington chorea. Reviewed April 30, 2011 

(http://www.ncbi.nlm.nih.gov/pubmedhealth/PMH0001775/) 

 

 Ahmari SE, Risbrough VB, Geyer MA, Simpson HB. Impaired sensorimotor 

gating in unmedicated adults with obsessive-compulsive disorder. 

Neuropsychopharmacology. 2012 Apr;37(5):1216-23. doi: 

10.1038/npp.2011.308. Epub 2012 Jan 4. 

 

 Ainge JA, Langston RF. Ontogeny of neural circuits underlying spatial memory in 

the rat. Front Neural Circuits. 2012;6:8. doi: 10.3389/fncir.2012.00008. Epub 

2012 Mar 1. 

 

 Amende I, Kale A, McCue S, Glazier S, Morgan JP, Hampton TG. Gait dynamics 

in mouse models of Parkinson's disease and Huntington's disease. J Neuroeng 

Rehabil. 2005; 2:20. 



120 | P a g e  R E F E R E N C E S  
 

 
 An M.C., Zhang N., Scott G., Montoro D., Wittkop T., Mooney S., Melov S., 

Ellerby L.M. Genetic Correction of Huntington’s Disease Phenotypes in Induced 

Pluripotent Stem Cells. Cell Stem Cell, 11 (2012), pp. 253–263  

 

 Antunes M., Biala G. The novel object recognition memory: neurobiology, test 

procedure, and its modifications. Cogn Process. 2012 May; 13(2): 93–110. 

Published online 2011 December 9. doi: 10.1007/s10339-011-0430-z. 

 

 Aretouli E, Brandt J. Episodic memory in dementia: Characteristics of new 

learning that differentiate Alzheimer's, Huntington's, and Parkinson's diseases. 

Arch Clin Neuropsychol. 2010 Aug;25(5):396-409. doi: 10.1093/arclin/acq038. 

Epub 2010 Jun 8. 

 

 Aziz NA, Anguelova GV, Marinus J, van Dijk JG, Roos RA. Autonomic symptoms 

in patients and pre-manifest mutation carriers of Huntington's disease. Eur J 

Neurol. 2010 Aug;17(8):1068-74. doi: 10.1111/j.1468-1331.2010.02973.x. Epub 

2010 Feb 24. 

 

 Baldi E, Lorenzini CA, Bucherelli C. Footshock intensity and generalization in 

contextual and auditory-cued fear conditioning in the rat. Neurobiol Learn 

Mem. 2004 May;81(3):162-6. 

 

 Bezprozvanny I, Hayden MR. Deranged neuronal calcium signaling and 

Huntington disease. Biochem Biophys Res Commun. 2004; 322(4):1310-7. 



 R E F E R E N C E S  P a g e  | 121 
 
 

 Björkqvist M, Wild EJ, Thiele J, Silvestroni A, Andre R, Lahiri N, Raibon E, Lee 

RV, Benn CL, Soulet D, Magnusson A, Woodman B, Landles C, Pouladi 

MA, Hayden MR, Khalili-Shirazi A, Lowdell MW, Brundin P, Bates GP, Leavitt 

BR, Möller T, Tabrizi SJ. A novel pathogenic pathway of immune activation 

detectable before clinical onset in Huntington's disease. J Exp Med. 2008 Aug 

4;205(8):1869-77. doi: 10.1084/jem.20080178. Epub 2008 Jul 14. 

 

 Blanchard DC, Griebel G, Blanchard RJ. The Mouse Defense Test Battery: 

pharmacological and behavioral assays for anxiety and panic. Eur J Pharmacol. 

2003; 463(1-3):97-116. 

 

 Blizard DA, Weinheimer VK, Klein LC, Petrill SA, Cohen R, McClearn GE. 

'Return to home cage' as a reward for maze learning in young and old genetically 

heterogeneous mice. Comp Med. 2006 Jun;56(3):196-201. 

 

 Blum S, Runyan JD, Dash PK. Inhibition of prefrontal protein synthesis following 

recall does not disrupt memory for trace fear conditioning. BMC Neurosci. 2006 

Oct 6;7:67. 

 

 Bolivar VJ, Manley K, Messer A. Exploratory activity and fear conditioning 

abnormalities develop early in R6/2 Huntington's disease transgenic mice. Behav 

Neurosci. 2003; 117(6):1233-42. 

 

 Botreau F, Gisquet-Verrier P. Re-thinking the role of the dorsal striatum in 

egocentric/response strategy. Front Behav Neurosci. 2010; 4:7. 

 

 Bowles KR, Brooks SP, Dunnett SB, Jones L  Gene expression and behaviour in 

mouse models of HD. Brain Res Bull. 2012 Jun 1;88(2-3):276-84. Epub 2011 

Aug 10. 

 



122 | P a g e  R E F E R E N C E S  
 

 Bozkurt A, Deumens R, Scheffel J, O'Dey DM, Weis J, Joosten EA, et al. 

Catwalk gait analysis in assessment of functional recovery after sciatic nerve 

injury. J Neurosci Methods. 2008; 173(1):91-8.  

 

 Braff DL, Geyer MA, Swerdlow NR. Human studies of prepulse inhibition of 

startle: normal subjects, patient groups, and pharmacological studies. 

Psychopharmacology (Berl). 2001 Jul;156(2-3):234-58. 

 

 Brandt J, Inscore AB, Ward J, Shpritz B, Rosenblatt A, Margolis RL, Ross CA. 

Neuropsychological deficits in Huntington's disease gene carriers and correlates 

of early "conversion". J Neuropsychiatry Clin Neurosci. 2008; 20(4):466-72. 

 

 Brooks SP, Janghra N, Higgs GV, Bayram-Weston Z, Heuer A, Jones L, Dunnett 

SB. Selective cognitive impairment in the YAC128 Huntington's disease mouse. 

Brain Res Bull. 2012 Jun 1;88(2-3):121-9. Epub 2011 May 20. 

 

 Brouillet E, Hantraye P, Ferrante RJ, Dolan R, Leroy-Willig A, Kowall NW, Beal 

MF. Chronic mitochondrial energy impairment produces selective striatal 

degeneration and abnormal choreiform movements in primates. Proc Natl Acad 

Sci U S A. 1995 Jul 18;92(15):7105-9. 

 

 Brouillet E, Guyot MC, Mittoux V, Altairac S, Condé F, Palfi S, Hantraye P. Partial 

inhibition of brain succinate dehydrogenase by 3-nitropropionic acid is sufficient 

to initiate striatal degeneration in rat. J Neurochem. 1998 Feb;70(2):794-805. 

 

 Brown LL. Somatotopic organization in rat striatum: evidence for a combinational 

map. Proc Natl Acad Sci U S A. 1992; 89(16):7403-7. 

 

 Brudno M, Poliakov A, Salamov A, Cooper GM, Sidow A, Rubin EM, Solovyev V, 

Batzoglou S, Dubchak I. Automated whole-genome multiple alignment of rat, 

mouse, and human. Genome Res. 2004 Apr;14(4):685-92. 



 R E F E R E N C E S  P a g e  | 123 
 
 

 Cao C, Temel Y, Blokland A, Ozen H, Steinbusch HW, Vlamings R, Nguyen HP, 

von Hörsten S, Schmitz C, Visser-Vandewalle V. Progressive deterioration of 

reaction time performance and choreiform symptoms in a new Huntington's 

disease transgenic ratmodel. Behav Brain Res. 2006 Jun 30;170(2):257-61. 

 

 Cardinal RN, Parkinson JA, Hall J, Everitt BJ. Emotion and motivation: the role of 

the amygdala, ventral striatum, and prefrontal cortex. Neurosci Biobehav 

Rev. 2002 May;26(3):321-52. 

 

 Carter RJ, Lione LA, Humby T, Mangiarini L, Mahal A, Bates GP, Dunnett SB, 

Morton AJ. Characterization of progressive motor deficits in mice transgenic for 

the human Huntington's disease mutation. J Neurosci. 1999; 19(8):3248-57. 

 

 Castellanos FX, Fine EJ, Kaysen D, Marsh WL, Rapoport JL, Hallett 

M.Sensorimotor gating in boys with Tourette's syndrome and ADHD: preliminary 

results. Biol Psychiatry. 1996 Jan 1; 39(1):33-41. 

 

 Caviston JP, Holzbaur EL. Huntingtin as an essential integrator of intracellular 

vesicular trafficking. Trends Cell Biol. 2009 Apr; 19(4):147-55. Epub 2009 Mar 5. 

 

 Cendelín J, Voller J, Vozeh F. Ataxic gait analysis in a mouse model of the 

olivocerebellar degeneration. Behav Brain Res. 2010; 210(1):8-15.  

 

 Chabot CC, Taylor DH. Circadian modulation of the rat acoustic startle response. 

Behav Neurosci. 1992; 106(5):846-52. 

 

 Chang Q, Gold PE. Inactivation of dorsolateral striatum impairs acquisition of 

response learning in cue-deficient, but not cue-available, conditions. Behav 

Neurosci. 2004; 118(2):383-8. 

 



124 | P a g e  R E F E R E N C E S  
 

 Chuang CS, Su HL, Cheng FC, Hsu SH, Chuang CF, Liu CS. Quantitative 

evaluation of motor function before and after engraftment of dopaminergic 

neurons in a rat model of Parkinson's disease. J Biomed Sci. 2010 Feb 13;17:9. 

doi: 10.1186/1423-0127-17-9. 

 

 Ciamei A, Morton AJ. Progressive imbalance in the interaction between spatial 

and procedural memory systems in the R6/2 mouse model of Huntington's 

disease. Neurobiol Learn Mem. 2009;92(3):417-28. 

 

 Cisbani G, Cicchetti F. An in vitro perspective on the molecular mechanisms 

underlying mutant huntingtin protein toxicity. Cell Death Dis. 2012 Aug 30; 

3:e382. doi: 10.1038/cddis.2012.121. 

 

 Crawley JN. Behavioral phenotyping strategies for mutant mice. Neuron. 2008 

Mar 27;57(6):809-18. doi: 10.1016/j.neuron.2008.03.001. 

 

 Crook ZR, Housman D. Huntington's disease: can mice lead the way to 

treatment? Neuron. 2011; 69(3):423-35. 

 

 Davis M, Whalen PJ. The amygdala: vigilance and emotion. Mol Psychiatry. 2001 

Jan;6(1):13-34. 

 

 DeJong RN. George Sumner Huntington. In: Haymaker W,ed. Founders of 

neurology. Illinois: Charles C Thomas,1953:305-8. 

 

 Delval A, Krystkowiak P, Blatt JL, Labyt E, Dujardin K, Destée A, Derambure P, 

Defebvre L. Role of hypokinesia and bradykinesia in gait disturbances in 

Huntington's disease: a biomechanical study. J Neurol. 2006 Jan;253(1):73-80. 

Epub 2005 Aug 17. 

 



 R E F E R E N C E S  P a g e  | 125 
 

 Deumens R, Jaken RJ, Marcus MA, Joosten EA. The Catwalk gait analysis in 

assessment of both dynamic and static gait changes after adult rat sciatic nerve 

resection. J Neurosci Methods. 2007; 164(1):120-30.  

 
 Durbach N, Hayden M R George Huntington: the man behind the eponym. J Med 

Genet 1993;30:406-409 doi:10.1136/jmg.30.5.406. 

 

 Devan BD, McDonald RJ, White NM. Effects of medial and lateral caudate-

putamen lesions on place- and cue-guided behaviors in the water maze: relation 

to thigmotaxis. Behav Brain Res. 1999; 100(1-2):5-14. 

 

 Di Maio L, Squitieri F, Napolitano G, Campanella G, Trofatter JA, Conneally PM. 

Onset symptoms in 510 patients with Huntington's disease. J Med Genet. 1993; 

30(4):289-92. 

 

 Doria J, Silva F, de Souza J, Vieira L, Carvalho T, Reis H, Pereira G, Dobransky 

T, Ribeiro F. Metabotropic glutamate receptor 5 positive allosteric modulators are 

neuroprotective in a mouse model of Huntington's disease. Br J Pharmacol. 2013 

Jun;169(4):909-21. doi: 10.1111/bph.12164. 

 

 Douaud G, Gaura V, Ribeiro MJ, Lethimonnier F, Maroy R, Verny C, Krystkowiak 

P, Damier P, Bachoud-Levi AC, Hantraye P, Remy P. Distribution of grey matter 

atrophy in Huntington's disease patients: a combined ROI-based and voxel-

based morphometric study. Neuroimage. 2006; 32(4):1562-75. 

 

 Drug discovery news, Two ways to look at it June 2013; VOL. 9 NO. 6 

 

 Duff K, Paulsen J, Mills J, Beglinger LJ, Moser DJ, Smith MM, Langbehn D, Stout 

J, Queller S, Harrington DL; PREDICT-HD Investigators and Coordinators of the 

Huntington Study Group. Mild cognitive impairment in prediagnosed Huntington 

disease. Neurology. 2010 Aug 10;75(6):500-7. doi: 

10.1212/WNL.0b013e3181eccfa2. Epub 2010 Jul 7. 



126 | P a g e  R E F E R E N C E S  
 
 

 Dunnett SB, Rosser AE. Challenges for taking primary and stem cells into clinical 

neurotransplantation trials for neurodegenerative disease. Neurobiol Dis. 2013 

May 18. pii: S0969-9961(13)00146-0. doi: 10.1016/j.nbd.2013.05.004. 

 

 Durbach N, Hayden M R George Huntington: the man behind the eponym. J Med 

Genet 1993;30:406-409 doi:10.1136/jmg.30.5.406. 

 

 Eddy CM, Mitchell IJ, Beck SR, Cavanna AE, Rickards HE. Altered subjective 

fear responses in Huntington's disease. Parkinsonism Relat Disord. 2011; 

17(5):386-9. 

 

 Ehrlich ME. Huntington’s Disease and the Striatal Medium Spiny Neuron: Cell-

Autonomous and Non-Cell-Autonomous Mechanisms of 

DiseaseNeurotherapeutics. 2012 Apr;9(2):270-84. doi: 10.1007/s13311-012-

0112-2. 

 

 Ehrnhoefer DE, Butland SL, Pouladi MA, Hayden MR. Mouse models of 

Huntington disease: variations on a theme. Dis Model Mech. 2009 Mar-Apr;2(3-

4):123-9. doi: 10.1242/dmm.002451. 

 

 Ellenbroek B, Klockgether T, Turski L, Schwarz M. Distinct sites of functional 

interaction between dopamine, acetylcholine and gamma-aminobutyrate within 

the neostriatum: an electromyographic study in rats. Neuroscience. 1986; 

17(1):79-88. 

 

 Ellenbroek BA, de Bruin NM, van Den Kroonenburg PT, van Luijtelaar EL, Cools 

AR. The effects of early maternal deprivation on auditory information processing 

in adult Wistar rats. Biol Psychiatry. 2004; 55(7):701-7. 

 

 Espina-Marchant P, Pinto-Hamuy T, Bustamante D, Morales P, Herrera-

Marschitz M. Rat strain influences the use of egocentric learning strategies 



 R E F E R E N C E S  P a g e  | 127 
 

mediated by neostriatum. Exp Brain Res. 2009 Feb;193(2):205-12. Epub 2008 

Oct 30. 

 

 Esteban A, Mateo D, Giménez-Roldán S. Early detection of Huntington's 

disease. Blink reflex and levodopa load in presymptomatic and incipient subjects. 

J Neurol Neurosurg Psychiatry. 1981 Jan; 44(1):43-8. 

 

 Farr SA, Flood JF, Scherrer JF, Kaiser FE, Taylor GT, Morley JE. Effect of 

ovarian steroids on footshock avoidance learning and retention in female mice. 

Physiol Behav. 1995 Oct;58(4):715-23. 

 
 Faure A, Höhn S, Von Hörsten S, Delatour B, Raber K, Le Blanc P, et al. Altered 

emotional and motivational processing in the transgenic rat model for 

Huntington's disease. Neurobiol Learn Mem. 2011; 95(1):92-101. doi: 

10.1016/j.nlm.2010.11.010. Epub 2010 Nov 25. 

 

 Fekete R, Davidson A, Jankovic J. Clinical assessment of the effect of 

tetrabenazine on functional scales in huntington disease: a pilot open label study. 

Tremor Other Hyperkinet Mov (N Y). 2012;2. pii: tre-02-86-476-4. Epub 2012 Aug 

6. 

 

 Fendt M, Fanselow MS. The neuroanatomical and neurochemical basis of 

conditioned fear. [Review]. Neurosci Biobehav Rev. 1999 May;23(5):743-60. 

 

 Fernagut PO, Diguet E, Stefanova N, Biran M, Wenning GK, Canioni P, Bioulac 

B, Tison F. Subacute systemic 3-nitropropionic acid intoxication induces a 

distinct motor disorder in adult C57Bl/6 mice: behavioural and histopathological 

characterization. Neuroscience. 2002;114(4):1005-17. 

 

 Ferrante RJ, Andreassen OA, Dedeoglu A, Ferrante KL, Jenkins BG, Hersch SM, 

Beal MF. Therapeutic effects of coenzyme Q10 and remacemide in transgenic 

mouse models of Huntington's disease. J Neurosci. 2002 Mar 1;22(5):1592-9. 



128 | P a g e  R E F E R E N C E S  
 
 

 Ferris CF, Smerkers B, Kulkarni P, Caffrey M, Afacan O, Toddes S, Stolberg T, 

Febo M. Functional magnetic resonance imaging in awake animals. Rev 

Neurosci. 2011; 22(6):665-74.  

 

 Fielding SA, Brooks SP, Klein A, Bayram-Weston Z, Jones L, Dunnett SB. 

Profiles of motor and cognitive impairment in the transgenic rat model of 

Huntington's disease. Brain Res Bull. 2012 Jun 1;88(2-3):223-36. 

 

 Figiel M, Szlachcic WJ, Switonski PM, Gabka A, Krzyzosiak WJ. Mouse models 

of polyglutamine diseases: review and data table. Part I. Mol Neurobiol. 2012 

Oct;46(2):393-429. doi: 10.1007/s12035-012-8315-4. Epub 2012 Sep 7.  

 

 Fink KD, Rossignol J, Crane AT, Davis KK, Bavar AM, Dekorver NW, Lowrance 

SA, Reilly MP, Sandstrom MI, von Hörsten S, Lescaudron L, Dunbar GL.Early 

cognitive dysfunction in the HD 51 CAG transgenic rat model of Huntington's 

disease. Behav Neurosci. 2012 Jun;126(3):479-87. doi: 10.1037/a0028028. 

 

 Foroud T, Siemers E, Kleindorfer D, Bill DJ, Hodes ME, Norton JA, Conneally 

PM, Christian JC. Cognitive scores in carriers of Huntington's disease gene 

compared to noncarriers. Ann Neurol. 1995 May;37(5):657-64. 

 

 Funato H, Tsai AL, Willie JT, Kisanuki Y, Williams SC, Sakurai T, Yanagisawa M. 
Enhanced orexin receptor-2 signaling prevents diet-induced obesity and 

improves leptin sensitivity. Cell Metab. 2009 Jan 7;9(1):64-76. doi: 

10.1016/j.cmet.2008.10.010. 

 

 Georgiou N, Bradshaw JL, Phillips JG, Chiu E, Bradshaw JA. Reliance on 

advance information and movement sequencing in Huntington's disease. Mov 

Disord. 1995 Jul;10(4):472-81. 

 



 R E F E R E N C E S  P a g e  | 129 
 

 Gerfen CR. The neostriatal mosaic: multiple levels of compartmental 

organization. Trends Neurosci. 1992; 15(4):133-9. 

 

 Gilmartin MR, Helmstetter FJ. Trace and contextual fear conditioning require 

neural activity and NMDA receptor-dependent transmission in the medial 

prefrontal cortex. Learn Mem. 2010 May 26;17(6):289-96. doi: 

10.1101/lm.1597410. Print 2010 Jun. 

 

 Gilmartin MR, Kwapis JL, Helmstetter FJ. Trace and contextual fear conditioning 

are impaired following unilateral microinjection of muscimol in the ventral 

hippocampus or amygdala, but not the medial prefrontal cortex. Neurobiol Learn 

Mem. 2012 May;97(4):452-64. doi: 10.1016/j.nlm.2012.03.009. Epub 2012 Mar 

26. 

 

 Goldfrank D, Schoenberger E, Gilbert F. Disease genes and chromosomes: 

disease maps of the human genome. Chromosome 4. Genet Test. 2003 

Winter;7(4):351-72. 

 

 Gray M, Shirasaki DI, Cepeda C, André VM, Wilburn B, Lu XH, Tao J, Yamazaki 

I, Li SH, Sun YE, Li XJ, Levine MS, Yang XW. Full-length human mutant 

huntingtin with a stable polyglutamine repeat can elicit progressive and selective 

neuropathogenesis in BACHD mice. J Neurosci. 2008; 28(24):6182-95. 

 

 Grillon C, Ameli R, Charney DS, Krystal J, Braff D. Startle gating deficits occur 

across prepulse intensities in schizophrenic patients. Biol Psychiatry. 1992 Nov 

15; 32(10):939-43. 

 

 Grimbergen YA, Knol MJ, Bloem BR, Kremer BP, Roos RA, Munneke M. Falls 

and gait disturbances in Huntington's disease. Mov Disord. 2008 May 

15;23(7):970-6. doi: 10.1002/mds.22003. 

 



130 | P a g e  R E F E R E N C E S  
 

 Gusella JF, Wexler NS, Conneally PM, Naylor SL, Anderson MA, Tanzi RE, 

Watkins PC, Ottina K, Wallace MR, Sakaguchi AY, et al. A polymorphic DNA 

marker genetically linked to Huntington's disease. Nature. 1983 Nov 17-

23;306(5940):234-8. 

 

 Gusella JF, MacDonald ME. Huntington's disease: the case for genetic modifiers. 

Genome Med. 2009 Aug 21;1(8):80. doi: 10.1186/gm80. 

 

 Guyot MC, Hantraye P, Dolan R, Palfi S, Maziére M, Brouillet E. Quantifiable 

bradykinesia, gait abnormalities and Huntington's disease-like striatal lesions in 

rats chronically treated with 3-nitropropionic acid. Neuroscience. 1997; 79(1):45-

56. 

 

 Hahn-Barma V, Deweer B, Dürr A, Dodé C, Feingold J, Pillon B, Agid Y, Brice A, 

Dubois B. Are cognitive changes the first symptoms of Huntington's disease? A 

study of gene carriers. J Neurol Neurosurg Psychiatry. 1998; 64(2):172-7. 

 

 Hamers FP, Lankhorst AJ, van Laar TJ, Veldhuis WB, Gispen WH. Automated 

quantitative gait analysis during overground locomotion in the rat: its application 

to spinal cord contusion and transection injuries. J Neurotrauma. 2001; 

18(2):187-201. 

 

 Hamilton JM, Salmon DP, Corey-Bloom J, Gamst A, Paulsen JS, Jerkins S, et al. 

Behavioural abnormalities contribute to functional decline in Huntington's 

disease. J Neurol Neurosurg Psychiatry. 2003; 74(1):120-2. 

 

 Hamm RJ, Pike BR, O'Dell DM, Lyeth BG, Jenkins LW. The rotarod test: an 

evaluation of its effectiveness in assessing motor deficits following traumatic 

brain injury. J Neurotrauma. 1994; 11(2):187-96. 

 

 Harper PS. Huntington’s Disease. 2nd Ed. London: W. B. Saunders; 1996. 



 R E F E R E N C E S  P a g e  | 131 
 
 

 Hedreen JC, Folstein SE. Early loss of neostriatal striosome neurons in 

Huntington's disease. J Neuropathol Exp Neurol. 1995; 54(1):105-20. 

 

 Herbin M, Hackert R, Gasc JP, Renous S. Gait parameters of treadmill versus 

overground locomotion in mouse. Behav Brain Res. 2007 Aug 6;181(2):173-9. 

Epub 2007 Apr 8. 

 

 Hickey MA, Kosmalska A, Enayati J, Cohen R, Zeitlin S, Levine MS, Chesselet 

MF. Extensive early motor and non-motor behavioral deficits are followed by 

striatal neuronal loss in knock-in Huntington's disease mice. 

Neuroscience. 2008 Nov 11;157(1):280-95. doi: 

10.1016/j.neuroscience.2008.08.041. 

 

 Ho AK, Sahakian BJ, Brown RG, Barker RA, Hodges JR, Ané MN, Snowden J, 

Thompson J, Esmonde T, Gentry R, Moore JW, Bodner T; NEST-HD 

Consortium. Profile of cognitive progression in early Huntington's disease. 

Neurology. 2003 Dec 23;61(12):1702-6. 

 

 Höhn S, Dallérac G, Faure A, Urbach YK, Nguyen HP, Riess O, von Hörsten S, 

Le Blanc P, Desvignes N, El Massioui N, Brown BL, Doyère V. Behavioral and in 

vivo electrophysiological evidence for presymptomatic alteration of 

prefrontostriatal processing in the transgenic rat model for huntington disease. J 

Neurosci. 2011 Jun 15;31(24):8986-97. doi: 10.1523/JNEUROSCI.1238-11.2011.  

 

 Hodges JR, Salmon DP, Butters N. Differential impairment of semantic and 

episodic memory in Alzheimer's and Huntington's diseases: a controlled 

prospective study. J Neurol Neurosurg Psychiatry. 1990 Dec;53(12):1089-95. 

 



132 | P a g e  R E F E R E N C E S  
 

 Hult S, Soylu R, Björklund T, Belgardt BF, Mauer J, Brüning JC, Kirik D, Petersén 

Å. Mutant huntingtin causes metabolic imbalance by disruption of hypothalamic 

neurocircuits. Cell Metab. 2011 Apr 6;13(4):428-39. doi: 

10.1016/j.cmet.2011.02.013. 

 

 Hult Lundh S, Nilsson N, Soylu R, Kirik D, Petersén A. Hypothalamic expression 

of mutant huntingtin contributes to the development of depressive-like behavior in 

the BAC transgenic mouse model of Huntington's disease. Hum Mol Genet. 2013 

May 22. 

 

 Huntington’s Disease Collaborative Research Group. A novel gene containing a 

trinucleotide repeat that is unstable on Huntington’s disease chromosomes. Cell 

1993; 72, 971–983. 

 

 Huntington's disease model. Hum Mol Genet. 2010 May 15;19(10):1873-82. doi: 

10.1093/hmg/ddq063. Epub 2010 Feb 13. 

 

 Huntington G. “On Chorea”. The Medical and Surgical Reporter: A weekly 

Journal, (Philadelphia: S. Butler), vo. 26, no 15 (April 13, 1872), pp. 317-321. 

 

 Huntington study group. Unified Huntington’s disease Rating Scale: Reliability 

and Consistency. Movement Disorders. Vol. 11, No. 2, 1996, pp. 136-142. 

 

 Huntington Study Group. A randomized, placebo-controlled trial of coenzyme Q10 

and remacemide in Huntington's disease. Neurology 2001. 57:401–404. 

 

 Inoue T, Tsuchiya K, Koyama T. Effects of typical and atypical antipsychotic 

drugs on freezing behavior induced by conditioned fear. Pharmacol Biochem 

Behav. 1996 Oct;55(2):195-201. 

 



 R E F E R E N C E S  P a g e  | 133 
 

 Jackson GR, Salecker I, Dong X, Yao X, Arnheim N, Faber PW, MacDonald ME, 

Zipursky SL. Polyglutamine-expanded human huntingtin transgenes induce 

degeneration of Drosophila photoreceptor neurons. Neuron. 1998 Sep;21(3):633-

42. 

 

 Jacobsen JC, Bawden CS, Rudiger SR, McLaughlan CJ, Reid SJ, Waldvogel HJ, 

MacDonald ME, Gusella JF, Walker SK, Kelly JM, Webb GC, Faull RL, Rees MI, 

Snell RG. An ovine transgenic Huntington’s disease model. Hum Mol Genet. 

2010 May 15;19(10):1873-82. doi: 10.1093/hmg/ddq063. Epub 2010 Feb 13. 

 

 Jason GW, Pajurkova EM, Suchowersky O, Hewitt J, Hilbert C, Reed J, Hayden 

MR. Presymptomatic neuropsychological impairment in Huntington's disease. 

Arch Neurol. 1988 Jul;45(7):769-73. 

 

 Jeon I, Lee N, Li JY, Park IH, Park KS, Moon J, Shim SH, Choi C, Chang DJ, 

Kwon J, Oh SH, Shin DA, Kim HS, Do JT, Lee DR, Kim M, Kang KS, Daley GQ, 

Brundin P, Song J. Neuronal properties, in vivo effects, and pathology of a 

Huntington's disease patient-derived induced pluripotent stem cells. Stem Cells. 

2012 Sep;30(9):2054-62. doi: 10.1002/stem.1135. 

 

 Jones L, Hughes A. Pathogenic mechanisms in Huntington's disease. Int Rev 

Neurobiol. 2011; 98:373-418. 

 

 Josiassen RC, Curry LM, Mancall EL. Development of neuropsychological 

deficits in Huntington's disease. Arch Neurol. 1983; 40(13):791-6. 

 

 Kántor O, Temel Y, Holzmann C, Raber K, Nguyen HP, Cao C, Türkoglu HO, 

Rutten BP, Visser-Vandewalle V, Steinbusch HW, Blokland A, Korr H, Riess O, 

von Hörsten S, Schmitz C. Selective striatal neuron loss and alterations in 

behavior correlate with impaired striatal function in Huntington's disease 

transgenic rats. Neurobiol Dis. 2006 Jun;22(3):538-47. 



134 | P a g e  R E F E R E N C E S  
 

 

 Kim MJ, Loucks RA, Palmer AL, Brown AC, Solomon KM, Marchante AN, 

Whalen PJ. The structural and functional connectivity of the amygdala: from 

normal emotion to pathological anxiety. Behav Brain Res. 2011; 223(2):403-10. 

 

 Kirch RD, Meyer PT, Geisler S, Braun F, Gehrig S, Langen KJ, von Hörsten S, 

Nikkhah G, Cassel JC, Döbrössy MD. Early deficits in declarative and procedural 

memory dependent behavioral function in a transgenic rat model of Huntington's 

disease. Behav Brain Res. 2012 Nov 5;239C:15-26. doi: 

10.1016/j.bbr.2012.10.048. 

 

 Knight DC, Cheng DT, Smith CN, Stein EA, Helmstetter FJ. Neural substrates 

mediating human delay and trace fear conditioning. J Neurosci. 2004 Jan 

7;24(1):218-28. 

 

 Kodsi MH, Swerdlow NR. Prepulse inhibition in the rat is regulated by ventral and 

caudodorsal striato-pallidal circuitry. Behav Neurosci. 1995 Oct;109(5):912-28. 

 

 Kodsi MH, Swerdlow NR. Reduced prepulse inhibition after electrolytic lesions of 

nucleus accumbens subregions in the rat. Brain Res. 1997 Oct 31; 773(1-2):45-

52. 

 

 Kohl S, Heekeren K, Klosterkötter J, Kuhn J. Prepulse inhibition in psychiatric 

disorders--apart from schizophrenia. J Psychiatr Res. 2013 Apr;47(4):445-52. 

doi: 10.1016/j.jpsychires.2012.11.018. Epub 2013 Jan 1. 

 

 Koller WC, Trimble J. The gait abnormality of Huntington's disease. Neurology. 

1985; 35(10):1450-4. 

 



 R E F E R E N C E S  P a g e  | 135 
 

 Koopmans GC, Deumens R, Brook G, Gerver J, Honig WM, Hamers FP, Joosten 

EA.Strain and locomotor speed affect over-ground locomotion in intact rats. 

Physiol Behav. 2007 Dec 5; 92(5):993-1001. Epub 2007 Aug 19. 

 

 Kordasiewicz HB, Stanek LM, Wancewicz EV, Mazur C, McAlonis MM, Pytel KA, 

Artates JW, Weiss A, Cheng SH, Shihabuddin LS, Hung G, Bennett CF, 

Cleveland DW.Sustained therapeutic reversal of Huntington's disease by 

transient repression of huntingtin synthesis. Neuron. 2012 Jun 21; 74(6):1031-44. 

 

 Kovalenko M, Dragileva E, St Claire J, Gillis T, Guide JR, New J, Dong H, 

Kucherlapati R, Kucherlapati MH, Ehrlich ME, Lee JM, Wheeler VC. Msh2 Acts in 

Medium-Spiny Striatal Neurons as an Enhancer of CAG Instability and Mutant 

Huntingtin Phenotypes in Huntington's Disease Knock-In Mice. PLoS One. 

2012;7(9):e44273. Epub 2012 Sep 7. 

 

 Krobitsch S, Kazantsev AG. Huntington's disease: From molecular basis to 

therapeutic advances. Int J Biochem Cell Biol. 2011 Jan;43(1):20-4. doi: 

10.1016/j.biocel.2010.10.014. Epub 2010 Nov 4. 

 

 Labuschagne I, Jones R, Callaghan J, Whitehead D, Dumas EM, Say MJ, Hart 

EP, Justo D, Coleman A, Dar Santos RC, Frost C, Craufurd D, Tabrizi SJ, Stout 

JC; TRACK-HD Investigators. Emotional face recognition deficits and medication 

effects in pre-manifest through stage-II Huntington's disease. Psychiatry Res. 

2013 May 15;207(1-2):118-26. doi: 10.1016/j.psychres.2012.09.022. Epub 2012 

Oct 7. 

 

 Lange KW, Sahakian BJ, Quinn NP, Marsden CD, Robbins TW. Comparison of 

executive and visuospatial memory function in Huntington's disease and 

dementia of Alzheimer type matched for degree of dementia. J Neurol Neurosurg 

Psychiatry. 1995 May;58(5):598-606. 

 



136 | P a g e  R E F E R E N C E S  
 

 Lawrence AD, Barbara JS, John RH, Anne ER, Klaus WL, Trevor WR. Executive 

and mnemonic functions in early Huntington's disease. Brain 1996; 119, 1633-

1645. 

 

 Lawrence AD, John RH, Anne ER, Ann K, Charles C, David CR, Trevor WR, 

Barbara J S. Evidence for specific cognitive deficits in preclinical Huntington’s 

disease. Brain 1998; 121, 1329–1341. 

 

 Lawrence AD, Sahakian BJ, Robbins TW. Cognitive functions and corticostriatal 

circuits: insights from Huntington's disease. Trends Cogn Sci. 1998 Oct 

1;2(10):379-88. 

 

 Lawrence AD, Sahakian BJ, Rogers RD, Hodge JR, Robbins TW. Discrimination, 

reversal, and shift learning in Huntington's disease: mechanisms of impaired 

response selection. Neuropsychologia. 1999; 37(12):1359-74. 

 

 Lawrence AD, Watkins LH, Sahakian BJ, Hodges JR, Robbins TW. Visual object 

and visuospatial cognition in Huntington's disease: implications for information 

processing in corticostriatal circuits. Brain. 2000 Jul; 123 (Pt 7):1349-64. 

 

 LeDoux JE. Emotion circuits in the brain. [Review]. Annu Rev 

Neurosci. 2000;23:155-84. 

 

 Lehner M, Wisłowska-Stanek A, Maciejak P, Szyndler J, Sobolewska A, Krzaścik 

P, Płaźnik A.The relationship between pain sensitivity and conditioned fear 

response in rats. Acta Neurobiol Exp (Wars). 2010; 70(1):56-66. 

 

 Lescaudron L, Naveilhan P, Neveu I. The use of stem cells in regenerative 

medicine for Parkinson's and Huntington's Diseases. Curr Med Chem. 

2012;19(35):6018-35. 

 



 R E F E R E N C E S  P a g e  | 137 
 

 Li SH, Yu ZX, Li CL, Nguyen HP, Zhou YX, Deng C, Li XJ. Lack of huntingtin-

associated protein-1 causes neuronal death resembling hypothalamic 

degeneration in Huntington's disease.J Neurosci. 2003 Jul 30;23(17):6956-64. 

 

 Li XJ, Li SH, Sharp AH, Nucifora FC Jr, Schilling G, Lanahan A, Worley P, 

Snyder SH, Ross CA. A huntingtin-associated protein enriched in brain with 

implications for pathology. Nature. 1995 Nov 23;378(6555):398-402. 

 

 Li XJ, Li S. Influence of species differences on the neuropathology of transgenic 

Huntington's disease animal models. J Genet Genomics. 2012 Jun 20;39(6):239-

45. doi: 10.1016/j.jgg.2012.05.002. Epub 2012 May 14. 

 

 Lin CH, Tallaksen-Greene S, Chien WM, Cearley JA, Jackson WS, Crouse AB, 

Ren S, Li XJ, Albin RL, Detloff PJ. Neurological abnormalities in a knock-in 

mouse model of Huntington's disease. Hum Mol Genet. 2001 Jan 15;10(2):137-

44. 

 

 Lione LA, Carter RJ, Hunt MJ, Bates GP, Morton AJ, Dunnett SB. Selective 

discrimination learning impairments in mice expressing the human Huntington's 

disease mutation. J Neurosci. 1999; 19(23):10428-37. 

 

 Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington 

C, Lawton M, Trottier Y, Lehrach H, Davies SW, Bates GP. Exon 1 of the HD 

gene with an expanded CAG repeat is sufficient to cause a progressive 

neurological phenotype in transgenic mice. Cell. 1996; 87(3):493-506. 

 

 Mann J, Chiu E. Platelet monoamine oxidase activity in Huntington's chorea. J 

Neurol Neurosurg Psychiatry. 1978 Sep;41(9):809-12. 

 

 Margolis RL, Rudnicki DD, Holmes SE. Huntington's disease like-2: review and 

update. Acta Neurol Taiwan. 2005 Mar;14(1):1-8. 



138 | P a g e  R E F E R E N C E S  
 
 

 Masaki T, Yoshimichi G, Chiba S, Yasuda T, Noguchi H, Kakuma T, Sakata T, 

Yoshimatsu H. Corticotropin-releasing hormone-mediated pathway of leptin to 

regulate feeding, adiposity, and uncoupling protein expression in mice. 

Endocrinology. 2003 Aug;144(8):3547-54. 

 

 Masocha W. , Parvathy SS. Assessment of weight bearing changes and 

pharmacological antinociception in mice with LPS-induced monoarthritis using 

the Catwalk gait analysis system. Life Sci. 2009; 85(11-12):462-9.  

 

 Matsuyama N, Hadano S, Onoe K, Osuga H, Showguchi-Miyata J, Gondo Y, 

Ikeda JE. Identification and characterization of the miniature pig Huntington's 

disease gene homolog: evidence for conservation and polymorphism in the CAG 

triplet repeat. Genomics. 2000 Oct 1;69(1):72-85. 

 

 McGeorge AJ, Faull RL. The organization of the projection from the cerebral 

cortex to the striatum in the rat. Neuroscience. 1989; 29(3):503-37. 

 

 Meade CA, Deng YP, Fusco FR, Del Mar N, Hersch S, Goldowitz D, Reiner A. 

Cellular localization and development of neuronal intranuclear inclusions in 

striatal and cortical neurons in R6/2 transgenic mice. J Comp Neurol. 2002 Jul 

29;449(3):241-69. 

 

 Menalled L, El-Khodor BF, Patry M, Suárez-Fariñas M, Orenstein SJ, Zahasky 

B, Leahy C, Wheeler V, Yang XW, MacDonald M, Morton AJ, Bates G, Leeds 

J,Park L, Howland D, Signer E, Tobin A, Brunner D. Systematic behavioral 

evaluation of Huntington's disease transgenic and knock-in mouse models. 

Neurobiol Dis. 2009; 35(3):319-36. 

 



 R E F E R E N C E S  P a g e  | 139 
 

 Mestre T, Ferreira J, Coelho MM, Rosa M, Sampaio C. Therapeutic interventions 

for symptomatic treatment in Huntington's disease. Cochrane Database Syst 

Rev. 2009 Jul 8;(3):CD006456. doi: 10.1002/14651858.CD006456.pub2. 

 

 Mittal SK, Eddy C. The role of dopamine and glutamate modulation in Huntington 

disease. Behav Neurol. 2013;26(4):255-63. doi: 10.3233/BEN-2012-120268. 

 

 Montoya A, Pelletier M, Menear M, Duplessis E, Richer F, Lepage M. Episodic 

memory impairment in Huntington's disease: a meta-analysis. 

Neuropsychologia. 2006; 44(10):1984-94. Epub 2006 Jun 23. 

 

 Morales LM, Estévez J, Suárez H, Villalobos R, Chacín de Bonilla L, Bonilla E. 

Nutritional evaluation of Huntington disease patients. Am J Clin Nutr. 1989 

Jul;50(1):145-50. 

 

 Mullard A. Sting of Alzheimer's failures offset by upcoming prevention trials. 

[Review]. Nat Rev Drug Discov. 2012 Sep;11(9):657-60. doi: 10.1038/nrd3842. 

 

 Myers RH, Sax DS, Schoenfeld M, Bird ED, Wolf PA, Vonsattel JP, White RF, 

Martin JB. Late onset of Huntington's disease. J Neurol Neurosurg Psychiatry. 

1985 Jun; 48(6):530-4. 

 

 Myers RH, Vonsattel JP, Stevens TJ, Cupples LA, Richardson EP, Martin JB, 

Bird ED. Clinical and neuropathologic assessment of severity in Huntington's 

disease. Neurology. 1988; 38(3):341-7. 

 

 Myers RH. Huntington's disease genetics. NeuroRx. 2004 Apr;1(2):255-62. 

 

 National Institutes of Health News. Scientists Compare Rat Genome With 

Human, Mouse. News Release Archive, March 31, 2004. 

 



140 | P a g e  R E F E R E N C E S  
 

 Nguyen HP, Kobbe P, Rahne H, Wörpel T, Jäger B, Stephan M, Pabst 

R, Holzmann C, Riess O, Korr H, Kántor O, Petrasch-Parwez E, Wetzel 

R, Osmand A, von Hörsten S. Behavioral abnormalities precede 

neuropathological markers in rats transgenic for Huntington's disease. Hum Mol 

Genet. 2006 Nov 1;15(21):3177-94. Epub 2006 Sep 19. 

 

 Novak MJ, Tabrizi SJ. Huntington’s disease Clinical Review. BMj 2010; 

340:c3109. Doi: 10.1136/bmj.c3109. 

 

 Osler W Historical Note on Hereditary Chorea, Neurographs 1908, 1:113-116. 

 

 Ouary S, Bizat N, Altairac S, Ménétrat H, Mittoux V, Condé F, Hantraye P, 

Brouillet E. Major strain differences in response to chronic systemic 

administration of the mitochondrial toxin 3-nitropropionic acid in rats: implications 

for neuroprotection studies. Neuroscience. 2000;97(3):521-30. 

 

 Packard MG, McGaugh JL. Inactivation of hippocampus or caudate nucleus with 

lidocaine differentially affects expression of place and response learning. 

Neurobiol Learn Mem. 1996; 65(1):65-72. 

 

 Packard MG. Glutamate infused posttraining into the hippocampus or caudate-

putamen differentially strengthens place and response learning. Proc Natl Acad 

Sci U S A.   1999; 96(22):12881-6. 

 

 Pallier PN, Drew CJ, Morton AJ. The detection and measurement of locomotor 

deficits in a transgenic mouse model of Huntington's disease are task- and 

protocol-dependent: influence of non-motor factors on locomotor function. Brain 

Res Bull. 2009 Mar 30; 78(6):347-55. Epub 2008 Nov 14. 

 



 R E F E R E N C E S  P a g e  | 141 
 

 Paradiso S, Turner BM, Paulsen JS, Jorge R, Ponto LL, Robinson RG. Neural 

bases of dysphoria in early Huntington's disease. Psychiatry Res. 2008; 

162(1):73-87. 

 

 Paulsen JS, Zhao H, Stout JC, Brinkman RR, Guttman M, Ross CA, Como 

P, Manning C, Hayden MR,Shoulson I; Huntington Study Group. Clinical markers 

of early disease in persons near onset of Huntington's disease. Neurology. 2001 

Aug 28;57(4):658-62. 

 

 Paulsen JS, Ready RE, Hamilton JM, Mega MS, Cummings JL. Neuropsychiatric 

aspects of Huntington's disease. J Neurol Neurosurg Psychiatry. 2001 

Sep;71(3):310-4. 

 

 Paulsen JS, Langbehn DR, Stout JC, Aylward E, Ross CA, Nance M, Guttman 

M, Johnson S, MacDonald M,Beglinger LJ, Duff K, Kayson E, Biglan K, Shoulson 

I, Oakes D, Hayden M; Predict-HD Investigators and Coordinators of the 

Huntington Study Group. 

Detection of Huntington's disease decades before diagnosis: the Predict-

HD study. J Neurol Neurosurg Psychiatry. 2008 Aug;79(8):874-80. Epub 2007 

Dec 20. 

 

 Pearson R, Lewis MB. Fear recognition across the menstrual cycle. Horm 

Behav. 2005 Mar;47(3):267-71. Epub 2005 Jan 16. 

 

 Peinemann A, Schuller S, Pohl C, Jahn T, Weindl A, Kassubek J. Executive 

dysfunction in early stages of Huntington's disease is associated with striatal and 

insular atrophy: a neuropsychological and voxel-based morphometric study. J 

Neurol Sci. 2005 Dec 15;239(1):11-9. Epub 2005 Sep 26. 

 



142 | P a g e  R E F E R E N C E S  
 

 Pereira JE, Cabrita AM, Filipe VM, Bulas-Cruz J, Couto PA, Melo-Pinto P, Costa 

LM, Geuna S, Maurício AC, Varejão AS. A comparison analysis of hindlimb 

kinematics during overground and treadmill locomotion in rats. Behav Brain 

Res. 2006 Sep 25;172(2):212-8. Epub 2006 Jun 13. 

 

 Perrier A, Peschanski M. How can human pluripotent stem cells help decipher 

and cure Huntington's disease? Cell Stem Cell. 2012 Aug 3;11(2):153-61. doi: 

10.1016/j.stem.2012.07.015. 

 

 Pezze MA, Feldon J. Mesolimbic dopaminergic pathways in fear conditioning. 

Prog Neurobiol. 2004; 74(5):301-20. 

 

 Phillips RG, LeDoux JE. Differential contribution of amygdala and hippocampus 

to cued and contextual fear conditioning. Behav Neurosci. 1992 Apr;106(2):274-

85. 

 

 Pidgeon C, Rickards H. The pathophysiology and pharmacological treatment of 

Huntington disease. Behav Neurol. 2013;26(4):245-53. doi: 10.3233/BEN-2012-

120267. 

 

 Pouladi MA, Graham RK, Karasinska JM, Xie Y, Santos RD, Petersén A, Hayden 

MR. Prevention of depressive behaviour in the YAC128 mouse model of 

Huntington disease by mutation at residue 586 of huntingtin. 

Brain. 2009 Apr;132(Pt 4):919-32. doi: 10.1093/brain/awp006. Epub 2009 Feb 

18. 

 

 Pouladi MA, Xie Y, Skotte NH, Ehrnhoefer DE, Graham RK, Kim JE, Bissada N, 

Yang XW, Paganetti P, Friedlander RM, Leavitt BR, Hayden MR. Full-length 

huntingtin levels modulate body weight by influencing insulin-like growth factor 1 

expression. Hum Mol Genet. 2010 Apr 15;19(8):1528-38. doi: 

10.1093/hmg/ddq026. Epub 2010 Jan 22. 



 R E F E R E N C E S  P a g e  | 143 
 
 

 Pouladi MA, Stanek LM, Xie Y, Franciosi S, Southwell AL, Deng Y et al. Marked 

differences in neurochemistry and aggregates despite similar behavioural and 

neuropathological features of Huntington disease in the full-length BACHD and 

YAC128 mice. Hum Mol Genet. 2012 May 15; 21(10):2219-32. Epub 2012 Feb 9. 

 

 Pratley RE, Salbe AD, Ravussin E, Caviness JN. 

Higher sedentary energy expenditure in patients with Huntington's disease. Ann 

Neurol. 2000 Jan;47(1):64-70. 

 

 Pringsheim T, Wiltshire K, Day L, Dykeman J, Steeves T, Jette N. The incidence 

and prevalence of Huntington's disease: a systematic review and meta-analysis. 

Mov Disord. 2012 Aug;27(9):1083-91. doi: 10.1002/mds.25075. Epub 2012 Jun 

12. 

 

 Pych JC, Chang Q, Colon-Rivera C, Haag R, Gold PE. Acetylcholine release in 

the hippocampus and striatum during place and response training. Learn 

Mem.  2005;12(6):564-72. 

 

 Ramaswamy S, McBride JL, Kordower JH. Animal models of Huntington's 

disease. ILAR J. 2007;48(4):356-73. 

 

 Ramaswamy S, Kordower JH. Gene therapy for Huntington's disease. [Review]. 

Neurobiol Dis. 2012 Nov;48(2):243-54. doi: 10.1016/j.nbd.2011.12.030. Epub 

2011 Dec 24. 

 

 Reiner A, Albin RL, Anderson KD, D'Amato CJ, Penney JB, Young 

AB.Differential loss of striatal projection neurons in Huntington disease. Proc Natl 

Acad Sci U S A. 1988 Aug; 85(15):5733-7. 

 



144 | P a g e  R E F E R E N C E S  
 

 Rescorla RA. "Configural" conditioning in discrete-trial bar pressing. J Comp 

Physiol Psychol. 1972 May;79(2):307-17. 

 

 Restle F. Discrimination of cues in mazes: a resolution of the place-vs.-response 

question. [Review]. Psychol Rev. 1957; 64(4):217-28.  

 

 Rogers RD, Andrews TC, Grasby PM, Brooks DJ, Robbins TW. Contrasting 

cortical and subcortical activations produced by attentional-set shifting and 

reversal learning in humans. J Cogn Neurosci. 2000 Jan;12(1):142-62. 

 

 Rosenberg NK, Sørensen SA, Christensen AL. Neuropsychological 

characteristics of Huntington's disease carriers: a double blind study. J Med 

Genet. 1995; 32(8):600-4. 

 

 Rosenblatt A, Kumar BV, Margolis RL, Welsh CS, Ross CA. Factors contributing 

to institutionalization in patients with Huntington's disease. Mov Disord. 2011 Aug 

1;26(9):1711-6. doi: 10.1002/mds.23716. Epub 2011 Apr 29. 

 

 Sanberg PR, Fibiger HC, Mark RF 

Body weight and dietary factors in Huntington's disease patients compared with 

matched controls.  Med J Aust. 1981 Apr 18;1(8):407-9. 

 

 Sanberg PR, Calderon SF, Giordano M, Tew JM, Norman AB. The quinolinic 

acid model of Huntington's disease: locomotor abnormalities. Exp Neurol. 1989 

Jul;105(1):45-53. 

 

 Schiefer J, Landwehrmeyer GB, Lüesse HG, Sprünken A, Puls C, Milkereit A, 

Milkereit E, Kosinski CM. Riluzole prolongs survival time and alters nuclear 

inclusion formation in a transgenic mouse model of Huntington's disease. Mov 

Disord. 2002 Jul;17(4):748-57. 

 



 R E F E R E N C E S  P a g e  | 145 
 

 Schwarcz R, Guidetti P, Sathyasaikumar KV, Muchowski PJ. Of mice, rats and 

men: Revisiting the quinolinic acid hypothesis of Huntington's disease. Prog 

Neurobiol. 2010 Feb 9;90(2):230-45. doi: 10.1016/j.pneurobio.2009.04.005. Epub 

2009 Apr 24. 

 

 Scott LJ. Tetrabenazine: for chorea associated with Huntington's disease. CNS 

Drugs. 2011 Dec 1;25(12):1073-85. doi: 10.2165/11208330-000000000-00000. 

 

 Scrimgeour EM. Huntington disease (chorea) in the middle East. Sultan Qaboos 

Univ Med J. 2009 Apr;9(1):16-23. Epub 2009 Mar 16. 

 

 Seaman RL. Effects of acute systemic 3-nitropropionic acid administration on rat 

activity and acoustic startle. Neurosci Lett. 2000 Feb 25; 280(3):183-6. 

 

 Shelbourne PF, Killeen N, Hevner RF, Johnston HM, Tecott L, Lewandoski 

M, Ennis M, Ramirez L, Li Z, Iannicola C, Littman DR, Myers RM. 

A Huntington's disease CAG expansion at the murine Hdh locus is unstable and 

associated with behavioural abnormalities in mice. Hum Mol Genet. 1999 

May;8(5):763-74. 

 

 Shepherd JK, Grewal SS, Fletcher A, Bill DJ, Dourish CT. Behavioural and 

pharmacological characterisation of the elevated "zero-maze" as an animal 

model of anxiety. Psychopharmacology (Berl). 1994 Sep;116(1):56-64. 

 

 Slow EJ, van Raamsdonk J, Rogers D, Coleman SH, Graham RK, Deng Y, Oh 

R, Bissada N, Hossain SM, Yang YZ, Li XJ, Simpson EM, Gutekunst CA, Leavitt 

BR, Hayden MR. Selective striatal neuronal loss in a YAC128 mouse model of 

Huntington disease. Hum Mol Genet. 2003 Jul 1;12(13):1555-67. 

 

 Smith MA, Brandt J, Shadmehr R. Motor disorder in Huntington's disease begins 

as a dysfunction in error feedback control. Nature. 2000 Feb 3;403(6769):544-9. 



146 | P a g e  R E F E R E N C E S  
 

 

 Southwell AL, Ko J, Patterson PH. Intrabody gene therapy ameliorates motor, 

cognitive, and neuropathological symptoms in multiple mouse models of 

Huntington's disease. J Neurosci. 2009; 29(43):13589-602. 

 

 Stack EC, Kubilus JK, Smith K, Cormier K, Del Signore SJ, Guelin E, Ryu H, 

Hersch SM, Ferrante RJ. Chronology of behavioral symptoms and 

neuropathological sequela in R6/2 Huntington's disease transgenic mice. J Comp 

Neurol. 2005 Oct 3;490(4):354-70. 

 

 Stewart J.S. A Claim to Fame: Thomas Sydenham Postgrad Med J. 1953 

September; 29(335): 465–467. 

 

 Stout JC, Paulsen JS, Queller S, Solomon AC, Whitlock KB, Campbell JC, 

Carlozzi N, Duff K, Beglinger LJ, Langbehn DR, Johnson SA, Biglan KM, Aylward 

EH. Neurocognitive signs in prodromal Huntington disease. Neuropsychology. 

2011 Jan;25(1):1-14. doi: 10.1037/a0020937. 

 

 Stoy N, Mackay GM, Forrest CM, Christofides J, Egerton M, Stone 

TW, Darlington LG. Tryptophan metabolism and oxidative stress in patients with 

Huntington's disease. J Neurochem. 2005 May;93(3):611-23. 

 

 Sun Z, Xie J, Reiner A. The differential vulnerability of striatal projection neurons 

in 3-nitropropionic acid-treated rats does not match that typical of adult-onset 

Huntington's disease. Exp Neurol. 2002 Jul;176(1):55-65. 

 

 Swerdlow NR, Caine SB, Geyer MA. Regionally selective effects of intracerebral 

dopamine infusion on sensorimotor gating of the startle reflex in rats. 

Psychopharmacology (Berl).1992; 108(1-2):189-95. 

 



 R E F E R E N C E S  P a g e  | 147 
 

 Swerdlow NR, Paulsen J, Braff DL, Butters N, Geyer MA, Swenson MR; Impaired 

prepulse inhibition of acoustic and tactile startle response in patients with 

Huntington's disease. J Neurol Neurosurg Psychiatry. 1995; 58(2):192-200. 

 

 Swerdlow NR, Geyer MA. Using an animal model of deficient sensorimotor 

gating to study the pathophysiology and new treatments of schizophrenia. 

Schizophr Bull. 1998;24(2):285-301. 

 

 Swerdlow NR, Geyer MA, Braff DL. Neural circuit regulation of prepulse inhibition 

of startle in the rat: current knowledge and future challenges. 

Psychopharmacology (Berl). 2001 Jul;156(2-3):194-215. 

 

 Tang TS, Chen X, Liu J, Bezprozvanny I. Dopaminergic signaling and striatal 

neurodegeneration in Huntington's disease. J Neurosci. 2007 Jul 25;27(30):7899-

910. 

 

 Tecott LH, Nestler EJ. Neurobehavioral assessment in the information age. Nat 

Neurosci. 2004; 7(5):462-6. 

 

 Teive HA Spinocerebellar ataxias. Arq Neuropsiquiatr. 2009 Dec;67(4):1133-42. 

 

 Thompson JC, Snowden JS, Craufurd D, Neary D. 

Behavior in Huntington's disease: dissociating cognition-based and mood-

based changes. J Neuropsychiatry Clin Neurosci. 2002 Winter;14(1):37-43. 

 

 Thompson JC, Harris J, Sollom AC, Stopford CL, Howard E, Snowden JS, 

Craufurd D. Longitudinal evaluation of neuropsychiatric symptoms in 

Huntington's disease. J Neuropsychiatry Clin Neurosci. 2012 Winter;24(1):53-60. 

doi: 10.1176/appi.neuropsych.11030057. 

 



148 | P a g e  R E F E R E N C E S  
 

 Tian J, Herdman SJ, Zee DS, Folstein SE. Postural stability in patients with 

Huntington's disease. Neurology. 1992; 42(6):1232-8. 

 

 Tolman EC, Ritchie BF, Kalish D. Studies in spatial learning; place learning 

versus response learning. J Exp Psychol. 1946; 36:221-9. 

 

 Trushina E, Dyer RB, Badger JD 2nd, Ure D, Eide L, Tran DD, et al. Mutant 

huntingtin impairs axonal trafficking in mammalian neurons in vivo and in vitro. 

Mol Cell Biol. 2004 Sep; 24(18):8195-209. 

 

 Túnez I, Tasset I, Pérez-De La Cruz V, Santamaría A. 3-Nitropropionic acid as a 

tool to study the mechanisms involved in Huntington's disease: past, present and 

future. Molecules. 2010; 15(2):878-916. 

 

 Van Duijn E, Kingma EM, van der Mast RC. Psychopathology in verified 

Huntington's disease gene carriers. J Neuropsychiatry Clin Neurosci. 2007; 

19(4):441-8. 

 

 Van Raamsdonk JM, Pearson J, Slow EJ, Hossain SM, Leavitt BR, Hayden MR. 

Cognitive dysfunction precedes neuropathology and motor abnormalities in the 

YAC128 mouse model of Huntington's disease. J Neurosci. 2005 Apr 20; 

25(16):4169-80. 

 

 Van Raamsdonk JM, Gibson WT, Pearson J, Murphy Z, Lu G, Leavitt 

BR, Hayden MR. Body weight is modulated by levels of full-length huntingtin. 

Hum Mol Genet. 2006 May 1;15(9):1513-23. Epub 2006 Mar 28. 

 

 Vandeputte C, Taymans JM, Casteels C, Coun F, Ni Y, Van Laere K, Baekelandt 

V.Automated quantitative gait analysis in animal models of movement disorders. 

BMC Neurosci. 2010 Aug 9; 11:92. 

 



 R E F E R E N C E S  P a g e  | 149 
 

 Vlamings R, Zeef DH, Janssen ML, Oosterloo M, Schaper F, Jahanshahi A, 

Temel Y. Lessons learned from the transgenic Huntington's disease rats. Neural 

Plast. 2012; 2012:682712. Epub 2012 Jul 18. 

 

 Von Hörsten S, Schmitt I, Nguyen HP, Holzmann C, Schmidt T, Walther T, et al. 

Transgenic rat model of Huntington's disease. Hum Mol Genet. 2003; 12(6):617-

24. 

 

 Vonsattel JP, Myers RH, Stevens TJ, Ferrante RJ, Bird ED, Richardson EP Jr. 

Neuropathological classification of Huntington's disease. J Neuropathol Exp 

Neurol. 1985; 44(6):559-77. 

 
 Walker AG, Ummel JR, Rebec GV. Reduced expression of conditioned fear in 

the R6/2 mouse model of Huntington's disease is related to abnormal activity in 

prelimbic cortex. Neurobiol Dis. 2011;43(2):379-87. doi: 

10.1016/j.nbd.2011.04.009. Epub 2011 Apr 16. 

 

 Warby SC, Visscher H, Collins JA, Doty CN, Carter C, Butland SL, Hayden 

AR, Kanazawa I, Ross CJ, Hayden MR. HTT haplotypes contribute to differences 

in Huntington disease prevalence between Europe and East Asia. Eur J Hum 

Genet. 2011 May;19(5):561-6. doi: 10.1038/ejhg.2010.229. Epub 2011 Jan 19. 

 

 Wheeler VC, White JK, Gutekunst CA, Vrbanac V, Weaver M, Li XJ, Li SH, Yi 

H, Vonsattel JP, Gusella JF, Hersch S, Auerbach W, Joyner AL, MacDonald ME. 

Long glutamine tracts cause nuclear localization of a novel form of huntingtin in 

medium spiny striatal neurons in HdhQ92 and HdhQ111 knock-in mice. Hum Mol 

Genet. 2000 Mar 1;9(4):503-13. 

 

 William Yang X, Gray M. Mouse Models for Validating Preclinical Candidates for 

Huntington’s Disease. In: Lo DC, Hughes RE, editors. Neurobiology of 

Huntington's Disease: Applications to Drug Discovery. Boca Raton (FL): CRC 

Press; 2011. Chapter7.Frontiers in Neuroscience. 



150 | P a g e  R E F E R E N C E S  
 
 

 Williams LC, Hegde MR, Herrera G, Stapleton PM, Love DR. Comparative semi-

automated analysis of (CAG) repeats in the Huntington disease gene: use of 

internal standards. Mol Cell Probes. 1999 Aug;13(4):283-9. 

 

 Wood K. History of a case of Chorea Sancti Viti, occurring in an adult, and 

cured in an unusual mannerMed Chir Trans. 1816; 7: 237–256. 

 

 Woodman B, Butler R, Landles C, Lupton MK, Tse J, Hockly E, et al. The 

Hdh(Q150/Q150) knock-in mouse model of HD and the R6/2 exon 1 model 

develop comparable and widespread molecular phenotypes. Brain Res Bull.  

2007; 72(2-3):83-97.  

 

 Wooley CM, Xing S, Burgess RW, Cox GA, Seburn KL. Age, experience and 

genetic background influence treadmill walking in mice. Physiol Behav. 2009 Feb 

16;96(2):350-61. doi: 10.1016/j.physbeh.2008.10.020. Epub 2008 Nov 6. 

 

 Yamamoto A, Lucas JJ, Hen R. 

Reversal of neuropathology and motor dysfunction in a conditional model of 

Huntington's disease. Cell. 2000 Mar 31;101(1):57-66. 

 

 Yang SH, Cheng PH, Banta H, Piotrowska-Nitsche K, Yang JJ, Cheng EC, 

Snyder B, Larkin K, Liu J, Orkin J, Fang ZH, Smith Y, Bachevalier J, Zola SM, Li 

SH, Li XJ, Chan AW. Towards a transgenic model of Huntington's disease in a 

non-human primate. Nature. 2008 Jun 12;453(7197):921-4. Epub 2008 May 18. 

 

 Yang XW, Model P, Heintz N. Homologous recombination based modification in 

Escherichia coli and germline transmission in transgenic mice of a bacterial 

artificial chromosome. Nat Biotechnol. 1997 Sep;15(9):859-65. 

 



 R E F E R E N C E S  P a g e  | 151 
 

 Yin HH, Knowlton BJ. Contributions of striatal subregions to place and response 

learning. Learn Mem. 2004; 11(4):459-63. 

 

 Yu-Taeger L, Petrasch-Parwez E, Osmand AP, Redensek A, Metzger 

S, Clemens LE, Park L, Howland D, Calaminus C, Gu X, Pichler B, Yang 

XW, Riess O,Nguyen HP. A Novel BACHD Transgenic Rat Exhibits 

Characteristic Neuropathological Features of Huntington Disease. J 

Neurosci. 2012 Oct 31;32(44):15426-15438. 

 

 Zeef DH, van Goethem NP, Vlamings R, Schaper F, Jahanshahi A, Hescham S, 

et al. Memory deficits in the transgenic rat model of Huntington's disease. Behav 

Brain Res. 2012; 227(1):194-8.  

 

 Zeef DH, Vlamings R, Lim LW, Tan S, Janssen ML, Jahanshahi A, Hoogland G, 

Prickaerts J, Steinbusch HW, Temel Y. Motor and non-motor behaviour in 

experimental Huntington's disease. Behav Brain Res. 2012 Jan 15;226(2):435-9. 

Epub 2011 Oct 5. 

 

 Zheng Z, Diamond MI. Huntington disease and the huntingtin protein. Prog Mol 

Biol Transl Sci. 2012;107:189-214. 

 

 Zuccato C, Ciammola A, Rigamonti D, Leavitt BR, Goffredo D, Conti L, 

MacDonald ME, Friedlander RM, Silani V, Hayden MR, Timmusk T, Sipione S, 

Cattaneo E. Loss of huntingtin-mediated BDNF gene transcription in Huntington's 

disease. Science. 2001 Jul 20;293(5529):493-8. Epub 2001 Jun 14. 

 

 Zuccato C, Cattaneo E. Brain-derived neurotrophic factor in neurodegenerative 

diseases. Nat Rev Neurol. 2009; 5(6):311-22. 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VI. Acknowledgements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 A C K N O W L E D G E M E N T S  P a g e  | 153 
 

Acknowledgements 
 

To Jehovah, the almighty God of my forefathers, “who was, who is, and who is coming.”  

I can do all this through him who strengthens me. Thank you so much. 

 

In writing this Thesis, there have been many people who have guided and 

supported me in various ways and so deserve to be acknowledged: 

 

 I am very grateful to my supervisor Professor, Dr. Bart Ellenbroek who believes 

in me and give me the opportunity to work on this exciting Topic. His very 

insightful and encouraging comments and suggestions were indispensable from 

the beginning of the project right through the end.  

 

 I also owe a great debt of gratitude to my supervisor Dr. Rudy Schreiber whose 

sincerity, support, patience, and guidance helped me during ‘key moments’ of the 

thesis.  

 

 I would also like to thank Professor, Dr. Michael Koch, who acts as my academic 

advisor, despite his many other commitments.  

 

The above mentioned supervisors’ contribution and assistance in the preparation 

and completion of this thesis is invaluable. I cannot begin to express how much I 

have learned from them and how much I continue to learn.  

 

 Beside my supervisors, 

 

 I’m thankful to Dr. Hoa Nguyen (M.D., PhD) and university of Tübingen (UKT), for 

the material support, constructive suggestions and general advises within the 

Neuromodel consortium. 

 

 



154 | P a g e   A C K N O W L E D G E M E N T S  
 
 

 My sincere thanks also go to Dr. Boyce Susan for offering me support as well as 

professional opportunities to work on diverse exciting projects within the 

Neuropharmacology group at Evotec. 
 

 I do not forget you, Dr. Silke Harich, Frederic Machet and Evotec colleagues for 

our long and interesting discussions but also for your support and 

encouragement which help me whenever I needed.  

 

In all, I could not achieve this work without my family: your love, encouragement, 

constant patience and support have taught me so much about sacrifice, 

discipline and compromise: 

 

 To my mum, Bayi Aholoukpe and my brother and sisters (Elike, Emefa, 

Messipha), I am very grateful for the moral support and your sincere prayers.  

 

 I especially dedicated this thesis to my dad, Dr. Asempa Abada. You have shown 

me the importance of hard working – I miss you - May you rest in peace.  

 

 

Last but not least, I may have forgotten to mention or add someone to this 

acknowledgement. For you, I just say THANKS! 

 

 

 

 

      
     Yah-se ABADA 
 

 



 
 

 

 
 

 

 

 

 

 

 

 

 

  

 

 

 

 

VII. Publications and Posters 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 



156 | P a g e   P U B L I C A T I O N S  A N D  P O S T E R S  
 

 

Publications and Posters 
 

 The following articles have been published or accepted for publication in 

international scientific journals and their manuscripts are included in this thesis: 

 

 Abada Y-s K, Schreiber R, Ellenbroek B. Motor, Emotional and Cognitive deficits 

in adult BACHD mice: A model for Huntington’s disease. Behav Brain Res. 2013 

Feb 1;238:243-51. doi: 10.1016/j.bbr.2012.10.039. Epub 2012 Oct 30. 

 

 Abada Y-s K, Nguyen HP, Schreiber R, Ellenbroek B. Assessment of motor 

function, sensory motor gating and recognition memory in a novel BACHD 

transgenic rat model for Huntington disease. PLoS One. 2013 doi: 

10.1371/journal.pone.0068584 

 

 Abada Y-s K, Nguyen HP, Ellenbroek B, Schreiber R. Reversal learning and 

associative memory impairments in a BACHD rat model for Huntington disease. 

PLOS ONE (2013) doi: 10.1371/journal.pone.0071633. 

 

 

 The following posters were presented at international scientific meetings: 

 

 26-29 August 2011, European Behavioural Pharmacology society (EBPS)  
14th Biennial Meeting, Amsterdam – the Netherlands 
Emotional and Cognitive deficits in adult BAC-HD mice: a model for 
Huntington’s disease 
Abada Y., Ellenbroek B. 

In: Behavioral Pharmacology, volume 22 e-suppl A, page e 45, August 2011 

 

 14-16 September 2012, European Huntington’s disease network (EHDN)  

7th plenary meeting, Stockholm – Sweden 



 P U B L I C A T I O N S  A N D  P O S T E R S   S e i t e  | 157 
 

 

Motor, Cognitive and Emotional investigation in a novel rat model for 
Huntington’s disease  

 Abada Y., Nguyen H. P., Schreiber R., Ellenbroek B. 

In: Journal of Neurology Neurosurgery & Psychiatry, September 2012 volume 83 

suppl 1, page A17-A18; doi: 10.1136/jnnp-2012-303524.55)  

 

 
 

 
 


