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Abstract 

 Rodent genetic models are a critical tool for understanding the pathogenesis of 

neurological disorders, and for evaluating the efficacy and safety of novel therapeutics. 

Unfortunately, behavioural studies of rodents can be vulnerable to false positives or negatives, as 

many behaviours have substantial inter-animal variability and are sensitive to environmental 

stressors (which in turn vary between facilities and experimenters). Developing tools to decrease 

the impact of these stressors and increase the throughput of pre-clinical research is an important 

area of focus to help deal with this problem. To this end, my thesis project is focused on the 

development and testing of two automated, self-directed behavioural testing systems that are 

accessible to mice from their home-cage and can be accessed at will, 24 hours per day. Animals 

are individually identified through radio-frequency identification (RFID) tagging, allowing for 

mice to be group-housed and tested alongside their littermates. This design eliminates the need 

for the animal to be exposed to novel environments, and minimizes experimenter interaction, 

significantly reducing two of the largest stressors associated with animal behaviour. These two 

systems can be used, respectively, to assess motor phenotypes via a forelimb lever-positioning 

task (PiPaw), and to treat animals with drug through their drinking water (PiDose). I applied 

these home-cage tools to two mouse models of Huntington’s disease (HD), a genetic 

neurodegenerative disorder that causes debilitating motor dysfunction, in addition to cognitive 

and psychiatric symptoms. Using the PiPaw system, I found that young HD mice had 

impairments on a task that required them to hold a lever within a rewarded position range, but 

not when they had to make a short-duration pull to a defined target. Deficits in older HD mice 

were dependent on the specific genetic model, with the transgenic YAC128 model showing little 

to no impairment on the task but knock-in Q175-FDN mice showing substantial motor deficits. 
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We also observed altered patterns of task engagement and changes in the circadian activity 

patterns of both HD mouse models. These two home-cage systems are open-source, low-cost and 

built with easily obtainable parts, and should prove useful for experimenters performing basic 

and translational rodent research. 
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Lay Summary 

 In this thesis, I developed two automated systems for assessing the behaviour of mice 

within their home-cage, allowing these animals to be tested in a high-throughput and low-stress 

manner. The first of these (PiPaw) assesses motor skills, while the second (PiDose) administers 

precise dosages of drugs to mice through their drinking water. I used these systems to investigate 

the behaviour of mice that carry the genetic mutation that causes Huntington’s disease (HD), a 

disorder that results in loss of motor control and affects approximately 1 in 10,000 Canadians. I 

found that these HD mice had distinct motor abnormalities at early and late stages in addition to 

altered patterns of task performance. This research contributes to the further development and 

automation of behavioural testing methods, increasing our ability to translate findings from basic 

research to the clinic. 
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 All experiments in this thesis were carried out in accordance with the Canadian Council 
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Luis Bolaños and are used with permission. The lever position graphs in Figure 3.4a-b were 

created using software written by Jamie Boyd. The whole-cell patch clamp experiments in Figure 

3.11 and 3.12 were performed and analyzed by Marja Sepers. I performed and analyzed data for 

all other experiments, including the field electrophysiology experiments in Figure 3.13. 

 A version of Chapter 4 has been published: Woodard, C. L., Nasrallah, W. B., Samiei, B. 
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Chapter 1: Introduction 

1.1 Huntington’s disease (HD) 

Huntington’s disease (HD) is a hereditary neurodegenerative disorder characterized by 

motor dysfunction, cognitive impairment and neuropsychiatric symptoms (Bates et al., 2015). 

This ‘triad’ of symptoms most often emerges in middle-age and progressively worsens over the 

course of ~20 years, eventually resulting in severe disability and death (F. O. Walker, 2007). 

Several brain regions, most notably the striatum and the cortex, show striking neuronal loss over 

the course of the disease, with affected individuals losing up to 30% of their brain mass by the 

time they reach late-stage disease (Waldvogel et al., 2012).  Although HD has a low prevalence 

in comparison to some related disorders (e.g. Parkinson’s disease), it is the most common genetic 

neurodegenerative disorder in the world (Bates et al., 2015; Rawlins et al., 2016). In Canada, the 

prevalence is estimated at 13.7 per 100,000 in the general population, with approximately 4,700 

individuals affected across the country (Fisher & Hayden, 2014). In addition to the mental and 

emotional toll of the disease, the monetary cost to families of caring for an individual with HD is 

substantial, with a recent study in the UK estimating this at £21,605 per year (Jones et al., 2016). 

Although some drugs are available to manage the motor and psychiatric symptoms of HD, no 

treatments have been developed that can slow or reverse the progression of the disease and it 

remains a terminal illness (Bates et al., 2015). 

 

1.1.1 Genetics and etiology 

HD is inherited in an autosomal dominant manner, with each offspring of an affected 

individual having a 50% chance of developing the disease themselves. This pattern of inheritance 

was noted in the first detailed description of the disease by George Huntington (Huntington, 
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1872), but it was not until 1983 that the disease-causing genetic mutation was mapped to human 

chromosome 4 (Gusella et al., 1983), and a further ten years before the gene associated with HD 

was identified (MacDonald et al., 1993). The huntingtin (HTT) gene is located at chromosome 

4p16.3 and contains a polymorphic tract of repeated CAG codons (coding for the amino acid 

glutamine) in exon 1. In the healthy population, this trinucleotide tract is between 9 and 35 

repeats in length, but it is expanded on one allele in individuals affected by HD. Expansions in 

the range of 36 to 39 repeats result in reduced penetrance of HD, with symptoms either not 

present or emerging very late in life (F. O. Walker, 2007). However, expansions of 40 or more 

repeats result in the fully penetrant disease, and longer expansions are associated with earlier age 

of onset and faster disease progression (Brandt et al., 1996; Brinkman et al., 1997; Langbehn et 

al., 2010). A juvenile form of HD, where symptom onset occurs before the age of 21, is 

associated with expansions of greater than 60 CAG repeats, and has unique clinical features 

(Nance & Myers, 2001). Although CAG-repeat length accounts for approximately 60% of the 

variability in the age at which symptoms first appear, additional genetic variants outside of the 

HTT gene have been identified which affect age of onset and disease progression (GeM-HD 

Consortium, 2015; Moss et al., 2017), and environmental factors may also play a role (Wexler, 

2004). 

 In carriers of the expanded HTT gene, the CAG trinucleotide tract shows meiotic 

instability and is susceptible to further expansion when passed down to offspring (Wheeler et al., 

2007). This instability is positively correlated with CAG-repeat length, with longer tracts being 

more prone to large expansions (Ranen et al., 1995). Interestingly, paternal transmission of the 

HTT allele is associated with a much higher probability of large CAG-repeat expansions, 

suggesting that instability occurs primarily in spermatogenesis rather than oogenesis (Ranen et 
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al., 1995; Wheeler et al., 2007). These inter-generational expansions result in the phenomenon of 

‘anticipation’, whereby the onset of HD symptoms occurs earlier and earlier with each passing 

generation (Ranen et al., 1995). As continued expansion will eventually lead to juvenile HD 

patients who are unlikely to have children, it is perhaps surprising that the prevalence of HD has 

stayed relatively stable over time. One reason for this is the emergence of de novo HTT 

mutations, which were found to account for ~8% of diagnosed cases in one study (Almqvist et 

al., 2001). These de novo cases most likely arise from a small expansion passed down from a 

parent with a HTT allele in the ‘borderline’ CAG-repeat range (from 28 to 35 repeats). Indeed, 

the average length of the HTT CAG tract in healthy individuals of different ethnic backgrounds 

has been shown to be correlated with the prevalence of HD in that population, consistent with 

longer tracts experiencing a higher expansion rate and resulting in an increased number of de 

novo cases (Squitieri et al., 1994). In addition, the CAG-repeat region of the HTT gene can show 

somatic instability, with large CAG-repeat expansions observed in brain regions that show the 

greatest susceptibility to degeneration in HD, such as the striatum and cortex (Kennedy et al., 

2003; Shelbourne et al., 2007; Telenius et al., 1994).  

 The HTT gene encodes huntingtin (HTT), a large 348-kDa protein that is well conserved 

across mammals and has no sequence homology with other proteins (Saudou & Humbert, 2016). 

Although HTT is found ubiquitously in mammalian tissue types, it is expressed most highly in 

the brain and is important for the normal development of the nervous system (DiFiglia et al., 

1995; Dragatsis et al., 2000; Godin et al., 2010), although it may not be critical for neuronal 

function in the adult brain (Wang et al., 2016). Within the neuron it is distributed broadly, and 

can be found in the cytoplasm, the nucleus and at synapses where it associates with vesicular 

membranes (DiFiglia et al., 1995; Marques Sousa & Humbert, 2013; Trottier et al., 1995). HTT 
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has an extensive proteomic interactome in the brain (Shirasaki et al., 2012), and is thought to 

play a role in cellular dynamics, metabolism, and gene transcription (Ross & Tabrizi, 2011; 

Saudou & Humbert, 2016). In HD, affected individuals express a mutant form of the HTT 

protein (mHTT) containing an abnormally long polyglutamine sequence corresponding to the 

CAG-repeat expansion. Numerous lines of evidence point to this mHTT protein as conferring a 

toxic gain-of-function in HD patients, rather than the disease being due to haploinsufficiency of 

the WT protein (Ross & Tabrizi, 2011). Indeed, mHTT can perform some important roles of the 

normal protein, as Htt knockout mice are embryonic lethal while homozygous carriers of the HD 

mutation develop normally (Nasir et al., 1995; F. O. Walker, 2007). On the other hand, animals 

expressing only one copy of the Htt gene have some neuropathological and behavioural deficits 

in common with those observed in HD, suggesting that loss-of-function of the normal huntingtin 

protein may also play a role in disease pathogenesis (Nasir et al., 1995). 

 

1.1.2 Clinical presentation and symptomatology 

HD is characterized by a broad spectrum of symptoms including motor dysfunction, 

cognitive impairment, neuropsychiatric symptoms and behavioural difficulties. Despite having a 

single gene etiology, the extent to which an individual manifests these symptoms can show a 

high degree of variability (Waldvogel et al., 2012). Indeed, even identical twins can show 

substantial differences in the clinical expression of HD (Anca et al., 2004) and unlike age of 

onset, distinct symptom phenotypes are not correlated with CAG-repeat length (Waldvogel et al., 

2012). HD is diagnosed based on familial history and the presence of characteristic motor 

symptoms as defined by the Unified HD Rating Scale (UHDRS) (Huntington Study Group, 

1996; McColgan & Tabrizi, 2018). The advent of genetic testing for the HD mutation, however, 



5 

 

has allowed for the study of the disease at the ‘pre-symptomatic’ stage before the criteria for 

clinical diagnosis are met. These studies have revealed that carriers of the HD mutation can show 

a variety of more subtle motor, cognitive and psychiatric symptoms up to 15 years prior to the 

expected age of diagnosis (based on CAG-repeat length) (Paulsen et al., 2008; Stout et al., 2011).  

These symptoms typically show a curvilinear progression over the pre-symptomatic period, with 

slow symptomatic progression distant from disease onset and a more rapid progression in the 

years prior to diagnosis (Paulsen et al., 2008; Snowden et al., 2002). As a consequence, HD 

mutation carriers can suffer from significant functional declines and decreased quality of life 

many years before being formally diagnosed with the disease (Beglinger et al., 2010). 

 

1.1.2.1 Motor symptoms 

 The most characteristic motor symptom of HD at diagnosis is chorea – an ongoing 

pattern of abrupt and non-stereotyped involuntary movements. This initial hyperkinetic phase 

often progresses into a more hypokinetic disorder, where chorea decreases and motor symptoms 

are dominated by slowing of voluntary movement (bradykinesia), rigidity and difficulties with 

balance and gait (Bates et al., 2015; McColgan & Tabrizi, 2018). Although chorea is the 

symptom most associated with HD, it is not seen in all patients and hypokinetic symptoms show 

a stronger correlation with disease duration and CAG-repeat length (Rosenblatt et al., 2006). 

Indeed, in patients with juvenile HD, chorea is comparatively rare, with dystonia, rigidity and 

gait disturbances instead being the most common motor symptoms (Fusilli et al., 2018; Nance & 

Myers, 2001). Another characteristic clinical feature of HD is motor impersistence – the inability 

to maintain a voluntary muscle contraction at a constant force. This symptom, sometimes called 

‘milkmaid’s grip’, can be measured through tests of grip force variability and shows steady 
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longitudinal change with disease progression making it a good marker of the severity of motor 

symptoms (Reilmann et al., 2001; Tabrizi et al., 2013).  

 In addition to these characteristic motor symptoms, individuals affected by HD have a 

variety of more subtle deficits in their ability to learn and control voluntary movements. Pre-

symptomatic and symptomatic HD mutation carriers have impaired learning of motor sequence 

tasks (Feigin et al., 2006; Willingham & Koroshetz, 1993), and deficits are also seen in the 

precision and speed of finger movements up to 15 years prior to estimated disease diagnosis 

(Paulsen et al., 2008; Stout et al., 2011). In one large longitudinal study, speeded finger tapping 

was the only clinical measure to show reliable change over time in pre-symptomatic HD 

mutation-carriers far from diagnosis, suggesting that this may be a sensitive measure for disease 

progression (Tabrizi et al., 2013). Studies in HD patients have also found that voluntary arm 

movements, either in a naturalistic context (e.g. reaching for food) or in a laboratory task (e.g. 

manipulating a joystick towards a visual target), display jerkiness, impaired error correction and 

abnormal temporal sequencing of movements (Bonfiglioli et al., 1998; Klein et al., 2011; 

Shabbott et al., 2013; Smith et al., 2000). For example, one study looking at reaching movements 

found that the timing of accelerative and decelerative phases of the movement was altered in HD 

patients, and was not scaled proportionally when performing movements of different speeds 

(Bonfiglioli et al., 1998). In a study in which participants were required to make fast reaching 

movements towards a visual target, HD patients were unable to reduce the error of their 

movements over time to the same degree as control subjects (Shabbott et al., 2013). Another 

study by Smith et al. (2000) found that errors in the early part of a reaching movement were 

poorly compensated for in both HD patients and pre-symptomatic mutation-carriers, and the 

ability to correct for an externally generated force was limited. This could indicate that HD 
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causes deficits in adapting movements in response to real-time sensory feedback, a theory 

supported by other studies (Fellows et al., 1997; Smith & Shadmehr, 2005). As difficulties with 

learning and executing movements appear before the onset of overt motor dysfunction, they may 

serve as good markers of early HD progression and useful endpoints for clinical trials. 

 

1.1.2.2 Cognitive, psychiatric and other symptoms 

 Cognitive dysfunction is seen in almost all cases of HD, and typically affects executive 

functions such as attention, planning, cognitive flexibility and working memory (A. K. Ho et al., 

2003; Tabrizi et al., 2013). These impairments often appear prior to clinical diagnosis (Lawrence 

et al., 1998; Snowden et al., 2002; Stout et al., 2011) and progress over the course of the illness, 

leading to intellectual decline, memory loss and speech difficulties (Kirkwood et al., 2001). The 

extent of cognitive deficits in HD has been found to correlate with CAG-repeat length (Podvin et 

al., 2019), and was also recently shown to be inversely correlated with a polygenic risk score 

(PRS) for intelligence (Ellis et al., 2020). Neuropsychiatric symptoms also emerge early on and 

are pervasive in HD, with apathy, dysphoria, irritability and anxiety being among the most 

common (McColgan & Tabrizi, 2018; Paulsen et al., 2001). Moderate to severe depression is 

seen in ~13% of HD mutation carriers, and a similar proportion show obsessive behaviour, while 

psychotic symptoms are seen in ~1% of patients (Van Duijn et al., 2014). Although the severity 

of psychiatric symptoms was previously thought to remain stable in HD mutation carriers 

(Tabrizi et al., 2013), a recent large-scale study found that the majority of psychiatric measures 

show longitudinal increases in severity over the course of the pre-symptomatic period (Epping et 

al., 2016). Sleep disruptions are another commonly reported symptom of HD, and have been 
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suggested to exacerbate neurological deficits and influence disease progression (Maywood et al., 

2010; Morton, 2013). 

 

1.1.3 Human neuropathology 

The symptoms of HD are thought to result largely from a distinct and specific pattern of 

neuronal dysfunction and degeneration, most prominently affecting the striatum. Comprised of 

the caudate nucleus and the putamen, the striatum is a key structure of the basal ganglia, a set of 

subcortical nuclei that are involved in motor function, action selection and reinforcement 

learning (Graybiel & Grafton, 2015; Klaus et al., 2019). The striatum is primarily made up of 

medium spiny neurons (MSNs) - a class of inhibitory GABAergic projection neurons named for 

the large number of spines on their dendrites. These cells make up 90-95% of striatal neurons, 

with the remainder comprised of several subtypes of GABAergic and cholinergic interneurons 

(Gittis & Kreitzer, 2012). Striatal MSNs receive glutamatergic projections from a wide range of 

cortical areas (Hintiryan et al., 2016) and the thalamus, as well as dopaminergic inputs from the 

substantia nigra pars compacta (SNc). The striatum can be broadly separated into two 

interdigitating compartments, the striosomes and matrix, which stain for distinct neurochemical 

markers and have substantially different gene expression profiles (Crittenden & Graybiel, 2011; 

Graybiel & Ragsdale Jr., 1978). While the matrix receives input preferentially from sensorimotor 

and associative cortical regions, striosomes receive connections predominantly from limbic 

cortical regions (e.g. orbitofrontal cortex) (Crittenden & Graybiel, 2011). 

Striatal MSNs can be subdivided into two main subtypes based on their physiology, 

axonal projections and their expression of dopamine (DA) receptors. The direct pathway is so 

named because it projects directly to the internal segment of the globus pallidus (GPi) and the 
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substantia nigra pars reticulata (SNr), the main output structures of the basal ganglia. These 

direct pathway MSNs (dMSNs) express the peptides Substance P and dynorphin as well as D1-

type DA receptors (D1Rs) and their activity is positively modulated by DA release. MSNs in the 

indirect pathway (iMSNs) form a multi-synaptic, indirect connection to basal ganglia output 

structures via the external segment of the globus pallidus (GPe) and the subthalamic nucleus 

(STN). iMSNs express enkephalin and D2-type DA receptors (D2Rs) and their activity is 

inhibited by DA (Eidelberg & Surmeier, 2011). The canonical view of the function of these two 

pathways is that they serve opposing roles in the execution of movements, with direct pathway 

MSNs promoting movement and the indirect pathway MSNs inhibiting it (Calabresi et al., 2014). 

Indeed, large-scale activation of D1-MSNs in mice is seen to increase movement, while 

activation of D2-MSNs reduces it (Kravitz et al., 2010). However, recent studies have found that 

movement initiation and execution are associated with the simultaneous activity of direct and 

indirect pathway neurons, prompting reconsideration of this view (G. Cui et al., 2014; 

Markowitz et al., 2018; Tecuapetla et al., 2016). One possible explanation for this is a 

‘support/suppress’ model, where direct and indirect pathways act in concert to simultaneously 

promote performance of the desired movement, while also suppressing competing actions (Klaus 

et al., 2019), but other models have also been proposed. 
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Figure 1.1   Input and output pathways of the mouse basal ganglia 

(a) The striatum receives glutamatergic inputs (blue lines) from the cortex and thalamus, as well as 

dopaminergic input from the SNc (purple lines). Direct pathway MSNs (green lines) project directly to 

the SNr, whereas indirect pathway MSNs (red lines) form a multi-synaptic connection to the SNr via the 

GPe and STN. The SNr provides GABAergic input back to the thalamus (black lines). (b) Direct and 

indirect pathway SPNs form collateral connections and receive GABAergic input from striatal 

interneurons (IN). Reprinted with permission from: Peak, J., Hart, G., & Balleine, B. W. (2019). From 

learning to action: the integration of dorsal striatal input and output pathways in instrumental 

conditioning. European Journal of Neuroscience, 49(5), 658-671. © 2018 Federation of European 

Neuroscience Societies and John Wiley & Sons Ltd. 

 

In HD patients, the Vonsattel grading system is used to classify the extent of striatal 

degeneration into five grades (0-4), and up to 95% of striatal MSNs can be lost in severe cases 

(grade 4) (Vonsattel et al., 1985). Striatal atrophy begins, on average, 9-11 years prior to disease 

onset (Aylward et al., 2004) and is the strongest predictor of symptom progression in pre-

symptomatic patients (Paulsen et al., 2008). In the early stages of HD, iMSNs show substantially 
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more degeneration than dMSNs, resulting in an imbalance in direct vs. indirect pathway 

activation (Albin et al., 1992; Reiner et al., 1988). This imbalance is theorized to contribute to 

the chorea seen in HD, as the indirect pathway may become limited in its ability to suppress 

unwanted movements. In support of this, HD-associated chorea can be treated with the drug 

tetrabenazine which decreases striatal DA levels, thereby increasing the activity of iMSNs and 

inhibiting dMSNs (Eidelberg & Surmeier, 2011). In later stages of the disease, direct and indirect 

pathway MSNs are affected equally (Reiner et al., 1988), potentially explaining the shift in 

symptoms away from chorea and towards akinesia and rigidity. Interestingly, most subtypes of 

striatal interneurons are spared from degeneration in HD, with the exception of GABAergic 

interneurons expressing parvalbumin, which show substantial cell loss (Reiner & Deng, 2018). 

This gradual loss of parvalbumin-containing interneurons could be related to the onset of 

dystonia, as loss of these neurons has been seen to cause dystonia in animal models (Reiner et 

al., 2013). 

Although not as extensive as the degeneration seen in the striatum, several other brain 

regions show substantial neuropathological changes in HD. This includes other basal ganglia 

nuclei, such as the STN, substantia nigra and globus pallidus, as well as the cerebral cortex and 

thalamus (de la Monte et al., 1988; Eidelberg & Surmeier, 2011). Next to the striatum, the cortex 

is earliest and most severely affected and decreases in cortical thickness of >30% can be found in 

some regions (Rosas et al., 2002, 2008). Cortical thinning can be seen in HD mutation carriers 

prior to diagnosis, and is correlated with performance on cognitive tests (Rosas et al., 2005; 

Tabrizi et al., 2013). In symptomatic HD patients, this degeneration  occurs in several layers of 

the cortex including layers V and VI (Hedreen et al., 1991), and tends to affect sensorimotor 

regions most strongly (Rosas et al., 2002). A recent MRI study examined cortical degeneration in 



12 

 

HD patients longitudinally over the course of 10 years around the time of clinical onset and 

found substantial regional variation in the temporal pattern of progressive atrophy (Johnson et 

al., 2019). While fronto-occipital areas underwent a relatively steady rate of atrophy, sensory-

motor cortex had a noticeable acceleration of degeneration in the years following HD diagnosis. 

As the cerebral cortex is extensively interconnected with the striatum, this degeneration could be 

directly influenced by the loss of striatal neurons, as caudate-putamen atrophy is correlated with 

cortical grey matter loss (Halliday et al., 1998). White matter connecting cortical and striatal 

areas also shows early and progressive microstructural changes, and this degeneration is 

associated with impaired cognitive and motor performance (Poudel et al., 2014, 2015). However, 

it remains unclear whether striatal degeneration directly causes cortical grey and white matter 

loss, if cortical changes contribute to striatal loss, or if these processes are simply correlated due 

to a common disease process.  

 In individuals with HD, there is substantial spatial and temporal heterogeneity in the 

pattern of neuropathology, and findings from a number of studies suggest that this variation may 

explain some of the heterogeneity observed in clinical symptoms. In the striatum, the extent of 

degeneration in striosome vs. matrix compartments can vary significantly between patients. 

Cases with profound degeneration in the striosomes are seen to have a much higher prevalence 

of mood symptoms, including anxiety and depression, as compared to those with a lower degree 

of striosomal cell loss (Tippett et al., 2007). This finding is consistent with the postulated role of 

limbic projections to the striosomes as being important for the modulation of mood and affect 

(Waldvogel et al., 2012). In the cortex, post-mortem HD brains have been found to have high 

variability in the level of neuronal loss in the primary motor cortex (0-51% loss) and the anterior 

cingulate cortex (ACC) (0-65% loss) (Thu et al., 2010). Cases with cell loss preferentially in the 
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ACC had increased mood symptoms, while cell loss in the primary motor cortex was associated 

with higher levels of motor dysfunction. Another study found that subjects with predominantly 

hypokinetic symptoms (e.g. bradykinesia, dystonia) had a higher degree of cortical thinning 

(measured by MRI) in pre-motor and supplementary motor areas (SMA) as compared to those 

with chorea, despite striatal volume being similar (Rosas et al., 2008). In a recent longitudinal 

MRI study, atrophy of the SMA and frontal gyrus was predictive of worsening motor deficits in 

HD patients (Johnson et al., 2019). This observed pathological heterogeneity is important to 

consider in the context of treatment, and also provides insights into the role of these regions in 

healthy brains. 

 On a cellular level, the hallmark pathological characteristic of HD is the presence of large 

protein aggregates in the nuclei of neurons, as well as in the cytoplasm and neuropil. These 

intranuclear and extranuclear inclusions are enriched with mHTT and N-terminal cleavage 

products of mHTT containing the expanded polyglutamine chain (DiFiglia et al., 1997). 

Inclusions can be seen decades before the expected age of onset, even in the absence of any cell 

loss (Gomez-Tortosa et al., 2001) and the number of these inclusions increases with increasing 

CAG repeat length (Bates et al., 2015). Interestingly, the striatum displays comparatively few of 

these aggregates as compared to the cortex, and so it is not clear that they are toxic to cells or 

directly lead to degeneration (Gutekunst et al., 1999). Indeed, research in a mouse model of HD 

has found that inclusions do not cause degeneration (Slow et al., 2005) and it has been suggested 

that they might actually protect the cell by aggregating soluble intermediate oligomers of mHTT, 

which have higher neurotoxicity (Ross & Tabrizi, 2011). HD is also associated with changes in 

the expression and distribution of several neurotransmitter receptors, including cannabinoid, 

dopamine, adenosine and GABA receptors (Glass et al., 2000). These changes are present prior 
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to the start of degeneration, but it’s unclear whether they are pathological or represent 

compensatory responses to alterations in the basal activity and connectivity of neurons. 

Regardless, changes in the expression of certain receptor types that are important for the 

induction of synaptic plasticity, such as the type-1 cannabinoid receptor (CB1), are likely to 

affect learning and behaviour and contribute to symptom onset (Pacher et al., 2006).  

 

1.1.4 Animal models of HD 

Animal models are a critical tool for researchers attempting to understand and develop 

treatments for neurological disorders. In order to determine how closely an animal model 

approximates the human disease, it’s useful to assess its validity in three broad categories. 

Construct validity describes how closely the pathogenic cause of the disease is replicated in the 

animal model (e.g. is a disease-causing genetic mutation expressed in the context of the human 

gene and under control of the gene’s promoter). Face validity pertains to how closely the animal 

model replicates the phenotype of the human disease, both on a behavioural and 

pathophysiological level. Finally, the predictive validity of a model describes how well a 

successful therapeutic intervention in the model predicts therapeutic improvement in humans. In 

HD, an impressive variety of animal models have been generated in organisms varying from 

insects, to rodents, to non-human primates and other large animals (Pouladi et al., 2013; Rangel-

Barajas & Rebec, 2018). As the majority of basic research in HD uses one or more of these, it’s 

important to consider the characteristics of these animal models with these concepts of validity in 

mind.  

Prior to the discovery of the HTT gene, HD was modelled by administering neurotoxins 

such as 3-nitroproprionic acid (systemic injection) (Borlongan et al., 1995) and quinolinic acid 
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(intra-striatal injection) (Beal et al., 1986) to rodents and non-human primates. These 

neurotoxins produce lesions that are histologically similar to what is seen in HD and cause motor 

dysfunction; however, these models lack construct validity, as the lesion is produced acutely and 

the pathogenic mechanisms that lead to degeneration in HD are not replicated. The first genetic 

models of HD were generated in mice within several years of the disease-causing mutation being 

discovered. Mice are useful animals for modelling human disease due to the ease of performing 

genetic manipulations and the practicality and low cost of maintaining large colonies. However, 

a clear limitation of mice with regards to modelling a progressive illness such as HD is their 

short lifespan – only around 2 years on average as compared to 70-80 years in humans. As a 

result, it has been necessary to express very long CAG-repeat expansions in mice (often >100 

repeats) in order to see effects of the disease within the animal’s lifetime. This CAG tract length 

is larger than what is typically seen even in juvenile cases and is an important caveat when 

considering the validity of these models. In addition, mouse models of HD do not show 

degeneration and atrophy to the extent that is observed in patients, and so the majority of models 

are more representative of an earlier disease stage rather than fully symptomatic HD. Mouse 

models of HD fall into three broad categories based on whether they express the full-length 

mutated HTT or a fragment of the gene, and whether the mutation is expressed transgenically or 

via knock-in into the endogenous murine Htt gene. A summary of some of the most popular 

models can be found in Table 1, with a more detailed description below.
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Table 1.1   Characteristics of commonly used genetic mouse models of HD 

 

 Trinucleotide 

repeat 

Striatal 

volume 

reduction 

Striatal 

intranuclear 

inclusions 

Impaired motor 

coordination 

(rotarod test) 

Earliest 

cognitive/psychiatric 

phenotype 

Average 

lifespan 

R6/1 

 

(N-terminal 

transgenic) 

 

~115 

(pure CAG) 

 

6.5 months 
(Harrison et al., 

2013) 

 

2 months 
(Hansson et al., 

2001) 

 

2 months 
(Hansson et al., 

2001) 

 

 

2 months 

(Water T-maze) 
(Harrison et al., 2013) 

 

7 months 
(Mangiarini et 

al., 1996) 

R6/2 

 

(N-terminal 

transgenic) 

 

~150 

(pure CAG) 

 

6 weeks 
(Samadi et al., 

2013) 

 

4.5 weeks 
(Davies et al., 1997) 

 

5 weeks 
(Carter et al., 1999) 

 

4 weeks 

(Morris water maze) 
(Lione et al., 1999) 

 

3 months 
(Mangiarini et 

al., 1996) 

YAC128 

 

(Full-length 

transgenic) 

 

125 

(mixed CAG-

CAA) 

 

9 months 
(Slow et al., 

2003) 

 

12 months 
(Pouladi et al., 2012) 

 

4 months 
(Pouladi et al., 2012) 

 

 

3 months 

(Forced swim test) 
(Pouladi et al., 2009) 

 

Normal 

BACHD 

 

(Full-length 

transgenic) 

 

97 

(mixed CAG-

CAA) 

 

12 months 
(Gray et al., 

2008) 

 

 

Absent 

 

2 months 
(Gray et al., 2008) 

 

2 months 

(Forced swim test) 
(Hult Lundh et al., 2013) 

 

 

Normal 

 

Q175-FDN 

 

(Knock-in) 

 

~200 

(pure CAG) 

 

6 months 
(Southwell et 

al., 2016) 

 

6 months 
(Southwell et al., 

2016) 

 

8 months 
(Southwell et al., 

2016) 

 

 

6 months 
(Forced swim test) 

(Southwell et al., 2016) 

 

 

13 months 
(Southwell et 

al., 2016) 
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1.1.4.1 N-terminal transgenic mouse models 

 The first mouse models of HD to be developed, and still among the most popular, are the 

R6/1 and R6/2 mice which express a truncated N-terminal fragment of the human HTT gene 

containing exon 1 (where the CAG tract is located) and 1 kilobase (kb) of the HTT promotor 

(Mangiarini et al., 1996). These lines originally contained 115-150 CAG repeats; however, due 

to somatic instability this expansion length can show substantial variability, influencing the onset 

and severity of symptoms (Morton et al., 2009). Both of these models express the transgene as a 

single copy integrant, but the R6/2 mouse has a substantially higher expression level of the 

transgene as compared to R6/1. Perhaps reflecting this, the R6/2 mice also have a more 

accelerated phenotype with symptom onset occurring at 1-2 months-old as compared to 4-5 

months-old in R6/1. The phenotype in these mice is characterized by a pronounced neurological 

symptoms, including tremor, jerky movements similar to chorea, limb dyskinesia (manifested as 

clasping when held by the tail) and epileptic seizures, and lifespan is shortened to ~3 months in 

R6/2 and 8-9 months in R6/1 (Mangiarini et al., 1996). Prior to the emergence of this phenotype, 

mice display hypoactivity and progressive impairments in balance and coordination, gait, grip 

strength and sensorimotor gating (Carter et al., 1999; Hansson et al., 2001; Hodges et al., 2008; 

Menalled et al., 2009; Pallier et al., 2009). Cognitive deficits on a variety of procedural and 

spatial learning and memory tasks have been reported (Cayzac et al., 2011; Ciamei & Morton, 

2009; Lione et al., 1999; Mazarakis et al., 2005), as well as depression and anxiety-related 

behaviours (Ciamei et al., 2015; Menalled et al., 2009; Pang et al., 2009) and circadian 

abnormalities (in R6/2 mice) (Maywood et al., 2010; Morton et al., 2005).  

Fragment models, particularly R6/2 mice, have been used extensively in translational HD 

research as their shortened lifespan and aggressive phenotype provide clear endpoints for testing 
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novel therapeutics. Importantly, these models demonstrated that expressing just exon 1 of mHTT 

was sufficient to cause the neuropathological and behavioural hallmarks of HD (Mangiarini et 

al., 1996). Although these models have good face validity, it’s important to note that they may 

not accurately reflect the full pathological processes underlying the development of HD due to 

the truncated nature of the expressed protein. Interestingly, a longer fragment model expressing 

both exons 1 and 2 of HTT with 120 repeats (the ‘shortstop’ mouse) was found to have no 

behavioural phenotype, despite high mRNA expression and an abundance of nuclear inclusions 

(Slow et al., 2005). This suggests that the exon 1 fragment is particularly pathogenic, a finding 

contributing to the accelerated progression of the R6 mice. Indeed, an endogenous splice variant 

of HTT very similar to the fragment expressed in these models is seen in brains of human HD 

patients, and this aberrant splicing has been suggested to be an important step in the pathogenesis 

of HD (Neueder et al., 2017; Sathasivam et al., 2013). An additional N-terminal fragment model, 

the N171-82Q, also expresses a longer amino-acid segment of HTT with 82 repeats but presents 

with similar behavioural and neuropathological phenotypes to the R6 mice (Schilling et al., 

1999). However, this mouse has limited construct validity as expression of the transgene is under 

the control of a generic neuronal promotor. 

 

1.1.4.2 Full-length transgenic mouse models 

With the goal of increasing construct validity, several mice have been generated which 

carry the full length human HTT along with large upstream and downstream promotor and 

regulatory regions on a yeast or bacterial artificial chromosome (YAC and BAC respectively) 

(Gray et al., 2008; Hodgson et al., 1999; Slow et al., 2003). In contrast to the fragment models, 

these mice display a gradual phenotypic progression and have normal lifespan. The YAC128 
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mouse is the most widely used of these mice, and expresses the human mHTT protein with 125 

glutamine repeats at a level comparable (~75%) to the endogenous mouse Htt (Slow et al., 2003). 

The trinucleotide tract in the YAC128 mouse is composed primarily of CAG codons, but with 9 

CAA codons interspersed (Pouladi et al., 2012). These CAA codons also code for glutamine and 

are functionally equivalent at the protein sequence level, but confer stability to the CAG-tract 

and prevent somatic and germ-line instability (Menalled et al., 2014). The behavioural phenotype 

in these mice emerges around 2- to 4-months-old, with mice displaying subtle motor learning 

deficits and depressive-like behaviour (Pouladi et al., 2009; Van Raamsdonk et al., 2005). By 8 

months-old, YAC128 mice are hypoactive and have procedural and reversal learning deficits 

(Van Raamsdonk et al., 2005). The first clear neuropathology in YAC128 mice is seen at 9-

months-old, well after the onset of symptoms, when striatal volume and overall brain weight are 

decreased (Slow et al., 2003). By 12-months-old, decreased cortical volume is observed and cell 

death and aggregation of mHTT are visible in the striatum of animals (Pouladi et al., 2012; Slow 

et al., 2003). These phenotypes are dependent on background strain, and YAC128 mice on a 

C57BL/6 background show a slower and less severe phenotype (Brooks et al., 2012; Van 

Raamsdonk et al., 2007). 

The BACHD mouse expresses HTT with a somewhat smaller upstream and downstream 

regulatory region as compared to YAC128, and with a mixed CAG-CAA trinucleotide repeat 

expansion encoding for 97 glutamine repeats (Gray et al., 2008). Despite expressing a higher 

level of mHTT protein as compared to the YAC128 mouse (1.5-2x the level of endogenous Htt), 

the BACHD mouse displays relatively little of the hallmark neuropathology associated with HD, 

including aggregation of mHtt or HD-associated gene transcription changes (Pouladi et al., 

2012). Similarly, striatal and cortical atrophy in this model is more variable and may be 
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dependent on genetic background (Gray et al., 2008; Mantovani et al., 2016; Pouladi et al., 

2012). Interestingly, BACHD mice show progressive and robust deficits on a variety of motor, 

cognitive and mood-related tests (Abada et al., 2013; Gray et al., 2008; Menalled et al., 2009; 

Pouladi et al., 2012). This disconnect between neuropathology and behavioural phenotype 

provides support for the idea that behavioural phenotypes in transgenic models are largely driven 

by synaptic and circuit-level dysfunction rather than by cell loss or degeneration. 

An important caveat with these two models is that due to their transgenic nature, they 

express both copies of the native murine Htt in addition to the human mHTT, and as such have 

relative overexpression of the huntingtin protein. This huntingtin overexpression may protect 

neurons from loss-of-function effects associated with HD, and has also been shown to cause the 

increased bodyweight observed in YAC128 and BACHD models via modulation of the insulin-

like growth factor 1 pathway (IGF-1) (Pouladi et al., 2010). This increased bodyweight presents 

a confound for the assessment of some motor tasks, and reducing weight via food restriction has 

been found to improve performance on a test of motor coordination in BACHD (Kudwa et al., 

2013) and YAC128 mice (Moreno et al., 2016). In addition, these mice are typically bred on the 

FVB/N background which carries a gene mutation causing retinal degeneration and blindness 

from ~2 months-old (Farley et al., 2011). As a result, they cannot be reliably tested on 

behavioural tasks that rely on visual cues, somewhat limiting their usefulness. 

 

1.1.4.3 Knock-in mouse models 

 Knock-in models of HD have been generated by introducing a specified number of CAG-

repeats directly into the mouse Htt gene. Heterozygous mice express one copy of the wildtype 

Htt gene and one copy of mutant Htt under control of the endogenous murine Htt promoter, 
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better replicating the genetics of HD in humans. Several different allelic series of knock-in mice 

have been created, varying in their CAG-repeat length from 48 to over 300; the most commonly 

used animals are the HdhQ111 (Wheeler et al., 1999), HdhQ150 (Lin et al., 2001), CAG140 

(Menalled et al., 2003) and zQ175 models (Menalled et al., 2012). Despite having arguably the 

best construct validity of any of the mouse models, these animals are slowest to develop the 

symptoms and neuropathology of HD and have normal lifespan (with the exception of 

homozygous zQ175 mice). The severity of the behavioural phenotype in these models is 

generally correlated with CAG length, with HdhQ111 displaying mainly cognitive and mood-

related deficits (Orvoen et al., 2012; Yhnell et al., 2016a) and minimal motor abnormalities even 

at 24-months-old (Menalled et al., 2009), while zQ175 mice display deficits in motor function 

from around 7-months-old (Menalled et al., 2012). Regional-specific changes in brain volume 

and mHtt aggregates are seen in all models, although the severity of this pathology again seems 

to correlate with CAG-length (Kovalenko et al., 2018; Rangel-Barajas & Rebec, 2018). In order 

to hasten the phenotypic progression in these mice, experimenters sometimes use homozygotes, 

which express two expanded Htt alleles; however, these animals lack wtHtt and are less similar 

to the genetics typically observed in HD patients. 

 In an effort to create a heterozygous knock-in mouse model with increased phenotypic 

severity, the zQ175 mouse has recently been backcrossed onto the FVB/N background which is 

known to have increased susceptibility to neurodegeneration (Southwell et al., 2016). This 

heterozygous Q175-FDN mouse has an expanded Htt gene on one allele with approximately 200 

CAG-repeats, and mHtt protein is expressed at about 55% of the level of the endogenous wtHtt. 

The behavioural phenotype of these mice is relatively normal until around 6-months-old, when 

mild motor coordination and recognition memory deficits begin to emerge, as well as depressive-
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like behaviour. By 8- to 9-months-old, motor and cognitive impairments are more obvious, 

including decreased grip strength and a deficit in behavioural flexibility. Q175-FDN mice show 

ataxia and weight loss starting at around 12-months-old and have reduced survival beyond 13-

months-old. Neuropathological changes are seen around the time of symptom onset, with 

decreased striatal volume, decreased forebrain weight and mHtt inclusions observed at 6-months-

old. As is observed in pre-symptomatic HD mutation carriers, Q175-FDN mice also have 

decreased expression of genes including DARPP-32 and CB1 from 3-months-old, prior to the 

onset of any symptoms. Altogether, these mice appear to have the best face validity of the 

heterozygous knock-in models generated to date, although the expression of such a long CAG-

repeat is an important caveat. 

 

1.1.5 Mechanisms of HD pathogenesis 

1.1.5.1 Cell autonomous effects of mHTT  

 Huntington’s disease is associated with a multifaceted cascade of pathogenic events 

spread out over decades. Although a huge body of research has focused on determining the order 

and progression of these events, much remains unknown about the pathogenesis of HD. At the 

root of the disease is the mHTT gene and its protein products, which includes both the full-length 

protein and smaller protein fragments generated at a transcriptional and a post-translational level. 

These small fragments of mHTT, which contain the expanded polyglutamine region, are highly 

toxic and are thought to contribute substantially to the pathogenesis of HD (Bates et al., 2015). 

The first mechanism by which these protein fragments are generated is via alternative splicing of 

HTT mRNA (Hughes et al., 2014; Labadorf & Myers, 2015). Aberrant splicing of the mHTT 

transcript can lead to the generation of a short exon-1 mRNA, the level of which is proportional 
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to CAG-repeat length (Sathasivam et al., 2013). The resultant exon-1 protein has been shown to 

be the most pathogenic of the identified protein fragments, causing cell death in Drosophila and 

mouse models (Barbaro et al., 2015; Mangiarini et al., 1996). At a post-translational level, 

cleavage of the mHTT protein by caspases and calpains also leads to the creation of short N-

terminal protein fragments, and inhibiting this cleavage has been shown to reduce mHTT toxicity 

(Gafni et al., 2004; Wellington et al., 2000). In particular, caspase-6-mediated cleavage of mHTT 

at amino acid 586 seems to be a particularly important pathogenic event, as a YAC mouse 

expressing a form of mHTT resistant to cleavage at this site did not show the striatal 

degeneration or increased susceptibility to excitotoxic damage typically seen in HD mice 

(Graham et al., 2006). Post-translational modifications can also modulate the toxicity of mHTT 

protein products. For example, inducing phosphorylation at a specific site in the N-terminal 

region has been shown to eliminate motor dysfunction in a mouse model of HD, even after the 

onset of symptoms (Di Pardo et al., 2012). 

 As a direct consequence of the expression of these mHTT protein products, the 

proteostasis network, which is responsible for folding, transporting and degrading proteins, 

quickly becomes overwhelmed (Labbadia & Morimoto, 2013). Chaperone proteins, which are 

the main effectors of the proteostasis network, are recruited to deal with misfolded and 

aggregated mHTT, reducing the ability of the system to fold and process other proteins (Hipp et 

al., 2012; Soares et al., 2019; Yu et al., 2014). In addition, chaperone proteins such as HSP70 are 

downregulated in HD models (Yamanaka et al., 2008), and chaperones themselves can become 

sequestered into mHTT aggregates (S. H. Park et al., 2013; Yu et al., 2014), further reducing the 

capacity of the system. When proteins cannot be recovered from their aggregated or misfolded 

state, they are directed for degradation to proteasomes via the ubiquitin-proteasome system 
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(UPS) or to lysosomes via autophagy pathways (Labbadia & Morimoto, 2015). Huntingtin 

aggregates found in the brains of HD patients contain ubiquitin, the marker of proteins tagged for 

degradation by the UPS (DiFiglia et al., 1997). This suggests that the UPS is unable to 

effectively deal with the volume of proteins tagged for degradation, causing them to aggregate. 

Mutant HTT has also been shown to impair the initiation of autophagy and recognition of cargo 

in autophagosomes, and may disrupt the hypothesized role of wildtype HTT as an autophagy-

promoting scaffold (Cortes & La Spada, 2014; Soares et al., 2019). Together, these chronic 

disruptions of the proteostasis network significantly impair the normal functioning of neurons, 

allowing mHTT to aggregate and mediate other toxic interactions. 

 The expression of mHTT and the inability of the proteostasis network to effectively deal 

with these proteins leads to dysfunction in a wide variety of downstream cellular processes. 

Some of these effects are caused by direct and inappropriate interactions of the mHTT protein 

itself, while others are an indirect result of protein aggregation or partial loss of function of 

wildtype HTT. For example, wildtype HTT regulates the transcription of brain-derived 

neurotrophic factor (BDNF) and other neuronal genes by sequestering the repressor element-1 

transcription factor (REST) in the cytoplasm and preventing its inhibitory action (Zuccato et al., 

2001, 2003). In contrast, mHTT is impaired in its ability to perform this regulatory role, resulting 

in accumulation of REST in the nucleus and decreased BDNF transcription (Zuccato et al., 

2003). Striatal MSNs depend on BDNF secreted by cortical neurons for trophic support, and this 

disruption of BDNF transcription may contribute to the selective vulnerability of MSNs in HD 

(Plotkin & Surmeier, 2015). Another domain in which mHTT mediates cellular dysfunction is 

intracellular trafficking. Wild-type huntingtin plays a role in intracellular trafficking via 

formation of a protein complex with huntingtin-associated protein-1 (HAP1) and a subunit of the 
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dynactin motor complex, thereby increasing the efficiency of microtubule-based transport 

(Gauthier et al., 2004; X.-J. Li et al., 1995). However, when mHTT is recruited to this complex, 

it inhibits the binding of dynactin to microtubules, impairing intracellular transport (Gauthier et 

al., 2004). In addition, components of vesicular trafficking machinery can be found in mHTT-

aggregates in brain tissue from HD patients, suggesting a multifaceted inhibition of intracellular 

trafficking pathways by mHTT (Trushina et al., 2004). 

 In addition to its cytoplasmic effects, mHTT is transported into the nucleus and can cause 

cellular dysfunction either by indirectly sequestering transcription factors into intranuclear 

inclusions, or by directly disrupting gene transcription. In one study, mHTT was shown to 

directly inhibit expression of the transcriptional co-activator PGC-1α by associating with its 

promotor, thereby disrupting PGC-1α’s important role in regulating mitochondrial biogenesis (L. 

Cui et al., 2006). In addition to this transcriptional dysregulation, the function, transport and 

degradation of mitochondria are disrupted by mHTT through various other mechanisms, leading 

to metabolic dysfunction and cellular energy deficits (Chang et al., 2006; Gu et al., 1996; 

Guedes-Dias et al., 2016; Khalil et al., 2015). Mutant HTT has also been implicated in the 

dysregulation of intracellular calcium, which acts as an important second messenger in many 

cellular signaling pathways. For example, the function of receptors involved in controlling 

intracellular calcium release from the endoplasmic reticulum (ER) is disturbed in HD, leading to 

cellular dysfunction and engagement of cell death pathways (Raymond, 2017). 

 

1.1.5.2 Cortico-striatal synaptic alterations 

 Despite a multitude of cellular processes going awry in HD, neurons are able to largely 

overcome these disruptions for many years before finally degenerating. However, research in 
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animal models has revealed significant dysfunction at a synaptic and circuit level prior to the 

onset of degeneration, particularly at the cortico-striatal synapse (Plotkin & Surmeier, 2015; 

Raymond et al., 2011). This includes both basal changes in neurotransmitter release and 

signaling, as well as altered activity-induced plasticity (Smith-Dijak et al., 2019). Cortico-striatal 

plasticity is associated with a variety of learning processes, including acquisition of motor skills, 

habit learning, decision making and behavioural flexibility (Graybiel & Grafton, 2015; A. M. 

Lee et al., 2015; Packard & Knowlton, 2002). In addition, cortico-striatal circuits play an 

important role in movement initiation, action selection and kinematic aspects of movement 

execution (Dudman & Krakauer, 2016; Klaus et al., 2019). As a result, changes in intercellular 

communication and the altered ability of circuits to enhance or inhibit their activity are likely to 

contribute to early motor and cognitive symptoms in HD mutation carriers and in mouse models 

of HD. Indeed, as HD mice have comparatively minimal neuronal degeneration overall, 

behavioural phenotypes in these mice may be primarily due to synaptic and circuit level 

dysfunction. 

 Striatal MSNs receive synaptic input primarily of three different kinds: glutamatergic 

projections from the cortex and thalamus, dopaminergic projections from the SNc, and 

GABAergic input from striatal interneurons and other MSNs. Early in HD, an increase in 

spontaneous glutamatergic activity has been seen in MSNs of several HD model mice (André, 

Cepeda, et al., 2011; André, Fisher, et al., 2011; Cepeda et al., 2003; Joshi et al., 2009). This has 

been attributed both to a greater number of postsynaptic AMPA receptors (Joshi et al., 2009) as 

well as a dMSN-specific increase in presynaptic glutamate release probability (André, Cepeda, et 

al., 2011; André, Fisher, et al., 2011). Interestingly, evoked glutamatergic responses are normal 

in dMSNs, but enhanced in iMSNs (André, Cepeda, et al., 2011), suggesting a postsynaptic 
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mechanism in indirect pathway neurons. Increased glutamatergic transmission is accompanied 

by an early and progressive increase in inhibitory GABAergic input to MSNs, which is reported 

to occur first in dMSNs (André, Fisher, et al., 2011; Cepeda et al., 2004). A variety of studies in 

both animal models and humans have also found increased levels of dopamine and dopamine 

release, but decreased levels of D1 and D2 receptors early in HD (Koch & Raymond, 2019). 

These changes likely contribute to the  failure of dopamine agonists to modulate the activity of 

MSNs in both the direct and indirect pathway in HD mice (André, Cepeda, et al., 2011). As 

dopamine receptor activation is a critical modulator of dMSN and iMSN firing, this change in 

dopaminergic tone may directly result in observed changes in firing and spontaneous activity of 

these neurons. 

 Following the onset of symptoms, there is evidence for a progressive disconnection 

between the cortex and striatum in HD mice. Spontaneous and evoked glutamatergic input to 

MSNs is progressively decreased in mouse models of HD (Cepeda et al., 2003; Joshi et al., 2009; 

Kolodziejczyk & Raymond, 2016), with dMSNs more affected than iMSNs (André, Cepeda, et 

al., 2011). This decrease is associated with a loss of cortical and thalamic input to the striatum, as 

well as reductions in striatal MSN dendritic complexity and synapse density (Buren et al., 2016; 

Deng et al., 2013, 2014; Joshi et al., 2009). Lowered excitatory input is accompanied by an 

increase in inhibitory input to MSNs (Cepeda et al., 2004), although in contrast to what is seen 

early in HD, this increased inhibition is specific to iMSNs (André, Fisher, et al., 2011; Cepeda et 

al., 2013). One study found that increased GABAergic input was mediated specifically by 

feedforward projections from a ‘fast-spiking’ subtype of inhibitory interneuron, while collateral 

connections between MSNs were reduced (Cepeda et al., 2013). In contrast to what is seen early 

in HD, dopamine release is decreased in later-stage HD patients and aged HD models (Koch & 
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Raymond, 2019). Although the level of DA receptors remains low in HD mice (Ariano et al., 

2002), the ability of dopaminergic drugs to modulate activity is restored in direct, but not indirect 

pathway MSNs (André, Cepeda, et al., 2011). This suggests that the reduced ability of dMSNs to 

be modulated by DA in young HD mice is primarily caused by increased dopaminergic tone, and 

less so by decreased receptor levels. The gradual weakening of cortico-striatal connections is 

also directly related to behavioural phenotypes, as a recent study found that repeated stimulation 

of projections from the secondary motor cortex to the DLS was able to rescue motor deficits in 

HD mice (Fernandez-Garcia et al., 2020).  

 In addition to baseline changes in the strength of glutamatergic inputs to striatal MSNs, 

several studies have found alterations in the ability of these synapses to change their strength in 

response to stimulation. In order to assess activity-dependent plasticity in MSNs, trains of 

stimulation at varying frequencies can be applied to mouse acute brain slices. Depending on the 

stimulation parameters, these protocols can result in pre- and post-synaptic forms of long-term 

potentiation (LTP) or long-term depression (LTD) (Cerovic et al., 2013). Long-term potentiation 

of MSNs induced via high-frequency (100 Hz) stimulation (HFS) of cortical inputs is dependent 

on NMDAR  and D1R activation and BDNF signaling through the TrkB receptor, and is 

impaired in both R6/2 and BACHD mouse models (Kung et al., 2007; Plotkin et al., 2014). In 

BACHD mice, this deficit was rescued by inhibiting signaling pathways downstream of the p75 

neurotrophin receptor and was linked to an attenuation of BDNF signaling through TrkB 

specifically in iMSNs (Plotkin et al., 2014). A postsynaptic, NMDAR-dependent LTD can be 

induced in MSNs by extended low-frequency (1-4 Hz) stimulation (LFS) of glutamatergic 

inputs. This type of LTD is unimpaired in R6/2 mice using electrical stimulation of cortical 

afferents (Kung et al., 2007), but was found to be enhanced in YAC128 mice using optogenetic 
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stimulation of motor cortex inputs, and was linked to an increase in GluN2B-containing 

NMDARs (Glangetas et al., 2020).  

 HFS protocols can also be used to induce a presynaptic form of LTD that is dependent on 

postsynaptic endocannabinoid synthesis and activation of presynaptic CB1 receptors (Lovinger, 

2010). This form of HFS-LTD was found to be impaired from an early, pre-symptomatic stage in 

YAC128 and Q175-FDN mice (Sepers et al., 2018). In YAC128 mice, this impairment was seen 

specifically in indirect pathway MSNs, and could be normalized by increasing levels of the 

endocannabinoid 2-AG (Sepers et al., 2018)  Although this deficit was related to 

endocannabinoid production rather than receptor-signalling, CB1 receptor expression is also 

affected in HD, with decreases found in both patients (Glass et al., 2000) and in mouse models 

(Chiodi et al., 2012; Dowie et al., 2009; Pouladi et al., 2012). Interestingly, downregulation of 

CB1 is specific to MSNs and does not affect receptor levels at cortical terminals at least in early 

stage disease (Chiarlone et al., 2014; Chiodi et al., 2012), and so this downregulation likely does 

not directly impact cortico-striatal endocannabinoid-mediated LTD. It was also found that 

rescuing MSN expression of CB1Rs in R6/2 mice ameliorated some cellular phenotypes of HD 

but was not able to reverse motor deficits (Naydenov et al., 2014), suggesting that altered CB1R 

expression in striatal MSNs does not trigger the onset of behavioural phenotypes.  

 In summary, diverse changes are observed in the presynaptic input and postsynaptic 

receptor distribution in HD mouse models and these synaptic phenotypes change substantially as 

symptoms progress. Although certain forms of stimulation-induced cortico-striatal plasticity are 

consistently impaired, others show no change or are pathway specific. As there have been 

comparatively few studies examining changes in activity-dependent plasticity in HD mice, more 

investigation is warranted. Although changes in plasticity have most frequently been studied at 
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the cortico-striatal synapse, deficits in activity-dependent plasticity have been found in other 

regions, including the cortex (Cummings et al., 2007) and hippocampus (Gibson et al., 2005).  

 

1.2 Assessing behaviour in mouse models of Huntington’s disease 

 Behavioural testing is an important step in determining the manifestation and progression 

of functional deficits in animal models of HD and can provide clues towards the underlying 

neuropathology. In addition, behavioural tests provide a functional readout of the effects of 

therapeutic interventions, and so are an important outcome measure for drug treatment studies. 

As HD is associated with a diverse set of symptoms that can present differently between patients, 

a wide variety of behavioural tests have been employed in rodent models. These vary from 

observational studies of naturalistic behaviour to standardized cognitive tasks with complex 

learning rules. The choice of a behavioural test is very important, as even a model with high face 

validity may present with a phenotype that is difficult to interpret if the wrong test is selected or 

the test is not optimized (Schellinck et al., 2010). Furthermore, an effective treatment may not 

result in the reversal of a behavioural impairment if the test lacks sensitivity or is biased by 

systematic error. One approach to testing animal models is to try to directly translate tasks that 

are used in humans (and which HD patients show deficits on) for use in mice (Haaker et al., 

2019). However, the repertoire of natural behaviours is quite different in rodents and humans, 

and they rely heavily on different senses (primarily olfaction and whisker touch as opposed to 

vision) (Rosser, 2011). In addition, certain behavioural tests have been shown to have very 

strong predictive validity (e.g. the forced swim test for depression) and yet have minimal 

construct validity and are not directly comparable to assessments used in humans (Petit-

Demouliere et al., 2005). To address these concerns, the benefits and disadvantages of different 
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behavioural methods must be carefully considered before commencing a course of research 

(Schellinck et al., 2010). 

 All commonly used rodent models of HD show changes in their behaviour from WT 

animals on a variety of tests, although the specific pattern of these changes and the age at which 

they emerge varies from model to model (Abada & Ellenbroek, 2016). As a result, it often makes 

sense to test mice at multiple timepoints to determine both when a phenotype emerges and how it 

progresses over time. Many of the behavioural deficits observed in mice progressively worsen 

with age, although some do not (Ciamei et al., 2015; Menalled et al., 2009; Pouladi et al., 2009; 

Trueman et al., 2008), similar to what is observed for certain symptoms in HD patients (A. K. Ho 

et al., 2003). As HD features prominent motor dysfunction, the most frequently used behavioural 

tests are those measuring motor coordination (e.g. rotarod) or locomotor activity (e.g. open 

field). However, tests of cognition (e.g. T-maze) and affective phenotypes (e.g. forced swim test) 

are also frequently performed. Effects of sex and time of day of testing (e.g. light vs. dark phase) 

have been found for some behavioural tests (Menalled et al., 2009, 2012; Orvoen et al., 2012) 

and are important to consider when designing experiments. Furthermore, control animals 

(preferably littermates) of the same background strain should be used, as different genetic strains 

can show substantial variability in their performance on behavioural tests (Brooks et al., 2004; 

McFadyen et al., 2003). In this section, I will review some of the behavioural assessments most 

frequently employed in HD mice, and discuss some caveats associated with their use. 

 

1.2.1 Physiological and observational measures 

 At a basic level, measures of lifespan, bodyweight and general health (e.g. piloerection, 

body tone) can provide important information about disease progression in HD mice. Lifespan is 
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significantly shortened in the fragment models of HD, with R6/1 mice showing increased 

mortality from ~30 weeks-old (Harrison et al., 2013; Mangiarini et al., 1996) and R6/2 mice 

from ~10 weeks-old (Mangiarini et al., 1996; Menalled et al., 2009). However, the majority of 

full-length transgenic and knock-in animals show normal lifespan, with the exception of 

homozygous zQ175 mice (Menalled et al., 2012) and Q175-FDN mice (both heterozygous and 

homozygous) (Southwell et al., 2016). Bodyweight is frequently altered in mouse models of HD, 

and the fragment and knock-in models generally show decreased weight as compared to WT 

mice (Carter et al., 1999; Fowler & Muma, 2015; Harrison et al., 2013; Heikkinen et al., 2012; 

Rattray et al., 2017; Southwell et al., 2016), replicating the weight loss seen in HD patients. 

Weight loss seems to be modulated by mHtt dosage, as homozygous knock-in mice are seen to 

lose weight earlier than heterozygotes (Heikkinen et al., 2012; Menalled et al., 2012). In contrast, 

both the YAC128 and BACHD transgenic models show increased body weight as compared to 

WT littermates. This paradoxical finding was shown to be related to a modulation of the IGF-1 

pathway caused by HTT overexpression (Pouladi et al., 2010; Van Raamsdonk, Gibson, et al., 

2006). Interestingly, this HTT-mediated weight gain was dependent on strain and was not 

observed in a YAC128 model on the 129 genetic background (Van Raamsdonk et al., 2007). 

 Naturalistic observation aims to quantify the behaviour (e.g. spontaneous activity, 

grooming) of mice in their home-cage or a test arena without intervention from the experimenter. 

Although these types of assessments have not been extensively studied in mouse models of HD, 

abnormal whisker movements (Garland et al., 2018) and nest building (Estrada-Sanchez et al., 

2015) have been reported. In addition, several studies have performed automated measurement 

and classification of naturalistic behaviours in the home-cage (further discussed in Chapter 1.3) 

(Alexandrov et al., 2016; Rudenko et al., 2009). Basic measures of motor function can be 
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assessed in HD mice through the use of behavioural screening batteries such as the SHIRPA 

which incorporate observational health measures as well as other tests of neurological symptoms 

(Brooks, 2011). Although the full test battery is sometimes used in HD mice (Lawhorn et al., 

2008; Woodman et al., 2007), specific neurological symptoms such as tremor and feet clasping 

when held by the tail are more commonly assessed. Feet clasping behaviour is thought to be a 

manifestation of limb dyskinesia and is commonly observed in the more severe N-terminal 

fragment models of HD, including the R6/1 (Mangiarini et al., 1996; Naver et al., 2003), R6/2 

(Mangiarini et al., 1996) and N171-82Q mice (Schilling et al., 1999; Southwell et al., 2009), but 

not typically in full-length transgenic or knock-in mice. Tremor has also been observed in some 

models (Mangiarini et al., 1996; Schilling et al., 1999) and was quantified in aged CAG140 mice 

with the use of a force-sensing actometer (Fowler & Muma, 2015). Despite being the most 

characteristic motor symptom of HD in patients, chorea (or a behaviour resembling it) is only 

seen in the fragment models of HD (Mangiarini et al., 1996), although whether these jerky 

movements are directly analogous to chorea is debateable. 

 

1.2.2 Locomotor activity levels 

 Changes in locomotor activity levels have been observed in many mouse models of HD, 

with mice often displaying a hypoactive phenotype at older ages. This hypoactivity has been 

reported in fragment models (Dunnett et al., 1998; Naver et al., 2003), full-length transgenic 

models (Menalled et al., 2009; Slow et al., 2003) and knock-in models of HD (Fowler & Muma, 

2015; Menalled et al., 2012; Rattray et al., 2017; Southwell et al., 2016). In addition, an early 

hyperactive stage has been reported for the YAC128 (Slow et al., 2003), HdhQ111 (Menalled et 

al., 2009) and CAG140 models (Menalled et al., 2003), with analogies drawn to hyperkinetic 
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movement symptoms in humans. However, conflicting results have been reported for several 

models, including YAC128 (Lawhorn et al., 2008; Menalled et al., 2009). Although factors such 

as time of day of testing may play a role (Menalled et al., 2009, 2012; Robinson et al., 2018), the 

main contributor to this inconsistency seems to be the choice of behavioural test and the specific 

parameters of test administration.  

 By far the most common method of assessing locomotor activity is the open field test, 

where the mouse is placed in an open arena for a set period of time and movement parameters 

are quantified through the use of either video recording or an infrared photocell array (Brooks & 

Dunnett, 2009). In addition to total distance travelled, measures such as velocity of movements, 

rearing and other behaviours can be extracted from open field data. An important issue, however, 

is that decreased exploration due to anxiety associated with novel open environments can be 

confounded with hypoactivity. This is a significant caveat in testing genetic models of HD, as 

several lines have been found to show increased (Abada et al., 2013; Orvoen et al., 2012) or 

decreased (File et al., 1998; Naver et al., 2003) anxiety-like behaviour on other tests. Indeed, 

time spent in the center of the open field is often used as a measure of anxiety in mice (see 

Chapter 1.2.5). Factors such as bright lighting and short testing duration can increase the 

influence of anxiety-like behaviours, as anxiety tends to reduce as the animal habituates to the 

test arena. Open field activity has been assessed for as little as 3-minutes in some studies 

(Mazarakis et al., 2005), and as long as 60-minutes in others (Woodman et al., 2007), likely 

contributing to inter-study variability.  

 A preferred option is to use systems that can track the activity of animals in their home 

environment over long periods (i.e. 24 hours or more), as these provide a measure of activity 

level that is less likely to be affected by acute factors such as anxiety. Within-study comparisons 
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of home-cage and open field movement have found conflicting results in the R6/1 (Hodges et al., 

2008) and YAC128 models (Slow et al., 2003), with alterations of activity levels found to be 

more subtle or even non-existent with home-cage based analysis. An additional advantage of 

using longer-term home-cage based tracking is the ability to analyze circadian patterns of rest 

and activity. HD patients often suffer from sleep disorders and disruptions of circadian rhythms 

(Arnulf et al., 2008; Morton et al., 2005) and these symptoms have been replicated in R6/2 

(Maywood et al., 2010; Morton et al., 2005) and BACHD (Oakeshott et al., 2011) mice using 

home-cage activity tracking. Automated measurements of wheel running in the home-cage can 

also be used to measure circadian activity patterns, and have revealed abnormalities in R6/2 

(Kudo et al., 2011; Morton et al., 2005), BACHD (Kudo et al., 2011) and zQ175 mice (Loh et 

al., 2013). More generally, wheel running can be used to measure locomotor activity levels and 

this method has replicated the finding of hypoactivity in zQ175 (Loh et al., 2013) and R6/1 

(Harrison et al., 2013) mice using the open field test. However, it’s important to note that long-

term exposure to a running wheel has been found to delay onset of certain motor and cognitive 

phenotypes and attenuate neuropathology in HD mice (Harrison et al., 2013; van Dellen et al., 

2008), so caution is warranted when using this technique. 

 

1.2.3 Motor function 

1.2.3.1 Rotarod test 

 The rotarod is an apparatus used to measure motor coordination and balance in rodents 

and is likely the most widely used assessment of motor function in HD mice. This test measures 

the ability of mice to walk or run on top of a narrow horizontal rotating rod in order to prevent 

themselves from falling off (Brooks & Dunnett, 2009). Task learning and performance can be 
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assessed using either using a series of fixed-speed tests (the rod rotates at a constant speed 

through the trial), or an accelerating test (rotation speed smoothly accelerates over the course of 

the trial). Although using the same apparatus, these two tests measure somewhat different 

aspects of motor coordination and may differ in their sensitivity, as the accelerating task requires 

animals to continuously adapt their gait in response to the changing speed (Pallier et al., 2009; 

Van Raamsdonk et al., 2005). Rotarod deficits are consistently observed in fragment and full-

length transgenic models, and are usually first seen around 4- to 6-months-old (Hodges et al., 

2008; Menalled et al., 2009), although much earlier (5-6 weeks-old) in R6/2 mice (Carter et al., 

1999). Knock-in models with long CAG expansions (e.g. zQ175, Q175-FDN) also have impaired 

rotarod performance at around 8- to 9- months-old (Menalled et al., 2012; Southwell et al., 

2016), but deficits are inconsistently seen in other knock-in models and generally only past one-

year of age (Menalled et al., 2009; Rattray et al., 2017; Rising et al., 2011). Paradoxically, 

HdhQ150 and HdhQ111 were both seen to have improved rotarod performance as compared to 

WT mice at certain timepoints, although these improvements were not consistent (Menalled et 

al., 2009; Rattray et al., 2017). Although some models display a progressive impairment of 

rotarod performance, other show a more stable deficit that does not worsen over time (Menalled 

et al., 2009).  

 The rotarod test is easy to perform and sensitive to a variety of neurological insults, 

however there are some important confounds to consider. Increased bodyweight, as is seen in 

both YAC128 and BACHD models of HD, is known to impair performance on the rotarod 

(McFadyen et al., 2003). Interestingly, restoring normal body weight with dietary restriction 

resulted in either partial or full rescue of rotarod performance deficits in full-length transgenic 

animals (Kudwa et al., 2013; Moreno et al., 2016). However, dietary restriction also results in 
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diverse transcriptional and epigenetic changes that are likely mediating this rescue (Moreno et 

al., 2016), rather than normalization of bodyweight alone. A second confound concerns the 

motivation of mice to comply with task requirements and remain on the rod as it spins. If a 

mouse does not find the punishment of falling to be particularly aversive, they may willingly fall 

off. Indeed, some mice seem to learn that there is a beneficial consequence of falling off 

prematurely (i.e. being returned to their cage), and so do not make an effort to stay on (Brooks et 

al., 2004). Considering apathy and motivational impairments are commonly seen in both HD 

patients (Tabrizi et al., 2013) and animal models (Oakeshott et al., 2012), this may be of 

particular concern. Other phenotypes frequently observed in HD mice, such as locomotor 

hypoactivity and anxiety-like behaviour, could also theoretically impair rotarod performance 

leading to misinterpretation of deficits. Fatigue is also a concern, especially in accelerating 

rotarod protocols which can be 5-minutes or longer. As a result, use of the rotarod should be 

carefully considered and is best when accompanied by other behavioural tests as part of a test 

battery. 

 

1.2.3.2 Balance beam test 

 Although not as popular as the rotarod, the balance beam test is sometimes used as an 

assessment of motor coordination and balance in HD mice. In this test, animals are placed at one 

end of an elevated beam and have to traverse to the opposite side in order to reach a ‘safe’ 

platform or enclosed area (Brooks & Dunnett, 2009). A variety of output measures can be 

quantified, including time to cross the beam and the number of forepaw and hindpaw slips, with 

the latter suggested to be the most sensitive measure of motor dysfunction (Brooks, 2011). 

Balance beam deficits have been reported in all models that consistently show rotarod deficits 



38 

 

(Carter et al., 1999; Harrison et al., 2013; Lawhorn et al., 2008; Loh et al., 2013; Southwell et al., 

2016), however the age of onset of these deficits is often later than for rotarod. However, despite 

this reduced sensitivity, balance beam deficits are more progressive than rotarod in some models 

and may be better suited for longitudinal analysis of motor function (Brooks, Jones, et al., 

2012a). As with the rotarod, both non-compliance with the task requirements and increased body 

weight can be confounds for this test (Brooks, 2011). 

 

1.2.3.3 Analysis of gait 

 Gait abnormalities are characteristic of many neurological disorders including HD 

(Hausdorff et al., 1998). As locomotion is a natural behaviour shared between mice and humans, 

gait analysis has good validity as a behavioural measure, and can be measured in mice using 

several different methods. However, gait abnormalities are not as consistently observed in mouse 

models of HD and tend to be seen at an older age than rotarod or balance beam deficits, reducing 

the usefulness of gait as a measure of motor dysfunction (Menalled et al., 2009). The most 

frequently used assessment of gait is the ‘footprint’ test, where the fore- and hindpaws are 

covered with paint and the mouse is encouraged to walk in a straight line over paper (Brooks & 

Dunnett, 2009). Automated alternatives based on video capture of mouse footfalls have been 

developed, such as the Digigait treadmill task (Mouse Specifics Inc.) and the Catwalk system 

(Noldus IT) which allow for assessment of animal speed and a larger variety of gait parameters 

(Abada & Ellenbroek, 2016). Because the detection of gait abnormalities may be dependent on 

the way in which it is measured, the literature regarding gait in mouse models of HD is 

somewhat inconsistent. For example, BACHD mice were found to have gait abnormalities at 9-

10 months-old using the Catwalk system (Abada et al., 2013), but not up to 1-year-old using the 
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footprint test (Menalled et al., 2009). In contrast, the footprint test is quite sensitive to gait 

deficits in R6/2 mice (Carter et al., 1999; Pallier et al., 2009) whereas no abnormalities were seen 

even in late-stage mice using the Digigait test (Pallier et al., 2009). Furthermore, many aspects of 

locomotion have been found to vary consistently with speed and bodyweight (Batka et al., 2014; 

Machado et al., 2015), clear confounds for research with HD mice. 

 

1.2.3.4 Skilled forelimb use 

 Although assessments of full body motor coordination have shown sensitivity for 

detecting motor dysfunction in mouse models of HD, an appealing alternative involves assessing 

finer aspects of motor skill. Given the confounds discussed above, tasks involving manual 

dexterity or manipulation of an object could be a less biased way to test motor function in HD 

mice. Several assessments of skilled forelimb use are available in rodents, but the most popular 

is undoubtedly the skilled reaching task, where the animal reaches through a narrow opening in 

order to grasp and retrieve small pellets of food (Klein et al., 2012). Skilled reaching has good 

validity as a behavioural task, as manipulation of food is an ethologically relevant behaviour and 

the general features of reaching movements are relatively similar between humans and rodents 

(Alaverdashvili & Whishaw, 2013; Sacrey et al., 2009). Furthermore, deficits in tasks involving 

reaching or skilled hand movements have been observed in both pre-symptomatic HD mutation 

carriers and HD patients (Bonfiglioli et al., 1998; Klein et al., 2011; Smith et al., 2000). Skilled 

reaching has been relatively unexplored in genetic models of HD, although deficits have been 

found in rat neurotoxin models (Fricker-Gates et al., 2003; Whishaw et al., 2007) that mimic the 

deficits seen in HD patients. In addition, a recent study in homozygous YAC128 mice found a 

deficit in the frequency of successful attempts on a skilled reaching task, however this was only 
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observed after a break in training (Glangetas et al., 2020). Considering the presence of early 

deficits on similar tasks in HD patients, the face and construct validity, and the comparative lack 

of confounds, further investigation of skilled forelimb behaviours is warranted in HD mice.  

 

1.2.3.5 Other assessments 

 Several other tests have less frequently been used to measure aspects of motor function in 

HD mice. In a form of the climbing test, mice are placed in a cylinder with wire mesh covering 

the walls, and the latency to begin climbing as well as total time spent climbing are assessed over 

5-minutes (Southwell et al., 2009). This test provides a general measure of motor function, and 

impairments have been observed in a variety of HD mice (Menalled et al., 2009, 2012; Southwell 

et al., 2009, 2016). However, similar to the open field, this test depends on the animal’s 

exploratory drive which may vary between genotypes. Simple tests of swimming speed and 

coordination provide a sensitive measure of overall motor function and coordination, and deficits 

in swimming are among the earliest motor phenotypes reported in R6/2 mice (Carter et al., 

1999). However, exposure to water is a significant stressor for mice (Contet et al., 2006), 

decreasing the appeal of this test in comparison to less stressful alternatives. Furthermore, both 

the climbing and swimming tests provide a relatively coarse and non-specific measure of motor 

function, giving few clues as to the nature of the underlying deficit. In contrast, the grip strength 

test measures a single well-defined aspect of motor function (Brooks & Dunnett, 2009), and 

forelimb/hindlimb grip strength is seen to be decreased in fragment and knock-in models 

(Menalled et al., 2009, 2012; Rattray et al., 2017; Southwell et al., 2016; Woodman et al., 2007), 

though not in full-length transgenic models. However, decreased grip strength is generally, 

although not always (Woodman et al., 2007), seen after the onset of other motor deficits. 
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1.2.4 Cognitive tasks 

 Given that impairments of executive function are an early symptom observed in HD 

mutation carriers, a number of studies have investigated the presence of cognitive phenotypes in 

mouse models of HD. In some models, such as the HdhQ150 mouse, cognitive phenotypes have 

an earlier age of onset than impairments on motor tasks (Brooks et al., 2012). In others, however, 

they appear at approximately the same age (e.g. R6/2, YAC128, Q175-FDN) (Carter et al., 1999; 

Lione et al., 1999; Southwell et al., 2016; Van Raamsdonk et al., 2005). In studies where 

cognitive phenotypes are assessed after the onset of motor symptoms, it’s important to consider 

that motor function could be impacting the ability of the animal to perform the task. In addition, 

many cognitive tasks require intact visual function, and so cannot be accurately assessed in mice 

on the FVB/N genetic background (e.g. YAC128, BACHD, Q175-FDN) who suffer from retinal 

degeneration (Farley et al., 2011). Still, tests of cognitive and executive function can be useful, 

especially for slowly progressing models such as the HdhQ111 mouse that have no clear deficits 

on motor tasks. 

 

1.2.4.1 Object and spatial learning 

 A basic test of object recognition memory can be performed in mice by measuring the 

amount of time they spend investigating a novel object versus one that they have already been 

exposed to when placed in an open field. Decreased time investigating the novel object, 

indicating an impairment in recognition memory, has been observed in a number of mouse 

models of HD (Giralt et al., 2011; Hodges et al., 2008; Southwell et al., 2009, 2016). However, 

impairments have generally been reported only at an age at which rotarod or other motor deficits 

are already present. Spatial learning tasks, on the other hand, have been found to be much more 
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sensitive to cognitive dysfunction early in HD mice. Spatial learning and memory are commonly 

assessed using the Morris water maze (MWM) task, in which mice learn to swim to a hidden 

platform with the guidance of visual cues displayed around the swim tank. In R6/2 mice, a deficit 

on this task is one of the earliest behavioural symptoms that can be detected, with impairments 

seen as early as 4-weeks-old (Lione et al., 1999; K. P. S. J. Murphy et al., 2000). In addition, a 

deficit on this task was seen in HdhQ150 mice at 4-months-old, substantially earlier than other 

cognitive or motor phenotypes (Brooks et al., 2012). These findings are interesting, given that 

spatial navigation is thought to largely depend on the hippocampus, an area which is not as 

severely affected in HD. Interestingly, carriers of the HD mutation were also found to have 

impaired performance on a virtual reality version of the MWM adapted for humans, even prior to 

clinical diagnosis (Begeti et al., 2016). This observation of similar deficits on a task translated 

for use in humans supports further use of the MWM for testing HD mice. The main disadvantage 

of this task in mice, as mentioned above, is the inability to test HD model mice bred on the 

FVB/N background, somewhat limiting its utility. 

 

1.2.4.2 Behavioural flexibility 

 Behavioural flexibility and strategy shifting have been well-studied in humans and 

rodents and are thought to specifically involve projections from prefrontal cortical regions to the 

dorsal striatum (Ragozzino & Baker, 2016). Considering the prominent cortico-striatal pathology 

of HD, it’s perhaps not surprising that impairments in tasks involving behavioural flexibility are 

seen early in HD, and can occur before clinical diagnosis (Lawrence et al., 1998; Paulsen et al., 

2013). Behavioural flexibility, or more specifically reversal learning, is often assessed in mice 

using a swimming T-maze paradigm. In this task, mice first learn to swim to an escape platform 
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placed in one arm of a T-shaped maze over the course of several days. In the reversal phase, the 

platform is switched to the opposite arm, and the ability of animals to inhibit the previously 

learned strategy and acquire the new platform location is measured. Acquisition and reversal 

learning of the T-maze task has been performed in HD mice, with deficits on the reversal phase 

seen in some models (Brooks et al., 2012; Harrison et al., 2013; Southwell et al., 2016; Van 

Raamsdonk et al., 2005), but not others (Rattray et al., 2017). Reversal learning deficits in HD 

mice have also been found using the MWM (Lione et al., 1999) and operant tasks (Brooks et al., 

2006).  

 

1.2.5 Anxiety and depressive-like behaviours 

 Neuropsychiatric symptoms, including anxiety and depression, are common in HD 

patients (Paulsen et al., 2001). Although there are inherent difficulties in measuring psychiatric 

features of disease in mice, certain tasks have been developed that can measure aspects of 

behaviour that are thought to be related to anxiety and affective symptoms. Studying these 

behaviours has enabled a better understanding of the phenotype of HD mice, and can provide 

insight into the neuropathology underlying neuropsychiatric symptoms in HD. 

 Anxiety-like behaviours can be assessed with a variety of tests in mice, most of which 

take advantage of the ‘approach-avoidance’ conflict between wanting to engage in exploratory 

activity versus the perceived danger of brightly lit, open or elevated areas. Generally, mice who 

show increased exploration even in the face of these naturally aversive environments are taken to 

be less anxious, while those who show decreased exploration are more anxious. The simplest test 

of anxiety levels in mice is the amount of time an animal spends in the central zone of the test 

arena during an open field test. Decreased center time has been seen in several lines of HD mice 
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(Orvoen et al., 2012; Southwell et al., 2009, 2016); however, significant doubts have been cast 

about the reliability and reproducibility of the open field test as a measure of anxiety, especially 

with short testing durations (Fonio et al., 2012). An alternative is the elevated-plus or elevated-

zero mazes, which measure the amount of time an animal spends in open versus closed sections 

of a narrow platform elevated off the ground. Decreased open-arm time has been seen in 

BACHD and YAC128 mice (Abada et al., 2013; Glangetas et al., 2020), however increased 

open-arm time (indicating lower anxiety) has also been seen in R6/1 and R6/2 models (File et al., 

1998; Naver et al., 2003). Confusingly, R6/2 mice were seen to spend more time in the dark area 

during the light/dark test of anxiety, indicating increased anxiety as compared to WT mice 

(Menalled et al., 2009). These conflicting findings highlight the protocol-dependence of anxiety-

related phenotypes and underscore the need for caution in interpreting the results of any one test. 

It should also be noted that animals who show strongly reduced baseline locomotor activity and 

exploration may not be appropriate for anxiety tests based on exploratory behaviour, as 

hypoactivity could confound these measures. 

 Depressive-like behaviour in HD mice is usually measured using the forced-swim test 

(FST). In this test, an animal is placed inside a glass cylinder partially filled with water from 

which they can’t escape and left for a set period of time (usually 5 minutes) (Petit-Demouliere et 

al., 2005). An increase in time spent floating (immobility time) as opposed to actively swimming 

or trying to escape is taken as an indication of depressive-like behaviour. A variety of HD mice 

have been found to have increased immobility on the FST, including fragment (Ciamei et al., 

2015; Pang et al., 2009), full-length transgenic (Pouladi et al., 2009, 2012) and knock-in models 

(Ciamei et al., 2015; Orvoen et al., 2012; Southwell et al., 2016), although in some models this 

phenotype was sex-specific (Orvoen et al., 2012). Interestingly, the FST phenotype in mouse 
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models of HD does not worsen with age. Although floating behaviour was stable in YAC128 

mice (Pouladi et al., 2009), it was seen to decrease in aged R6/2 and Hdh250 knock-in mice to a 

level below that of WT animals (Ciamei et al., 2015). Given this, depressive behaviour may not 

be the best functional indicator of disease progression in HD mice. 

 

1.3 Automated home-cage behavioural testing of rodents 

 The non-reproducibility of certain research findings has garnered significant attention in 

recent years. With regards to behavioural testing, one contributor to this replicability crisis is the 

low construct validity of many commonly used behavioural tests, which leads to the desired 

output measure (e.g. locomotor activity) being confounded by other factors (e.g. anxiety, 

neophobia) (Fonio et al., 2012). Another issue is the lack of standardization of behavioural tools 

and protocols, which can result in a behavioural test having significantly different parameters 

across different studies (Walsh & Cummins, 1976). However, even with rigorous 

standardization, several studies have found systematic differences in behavioural measures 

between laboratories (Crabbe et al., 1999; Mandillo et al., 2008). This suggests that a contributor 

to inter-laboratory variability may in fact be the experimenter themselves and the way in which 

they interact with the animal. For example, animal handling and olfactory exposure to male 

experimenters have both been shown to cause significant stress in mice, and these effects can last 

for an extended period (Balcombe et al., 2004; Sorge et al., 2014). Although a certain amount of 

interaction with the animal is inevitable in the course of rodent research, when this handling 

comes immediately prior to the start of a behavioural test, it could influence the outcomes of this 

test in ways that are difficult to predict. 
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 An alternative approach that minimizes the impact of ‘the experimenter’ as a confound is 

to assess the behaviour of rodents within their own home-cage. Home-cage behavioural testing 

encompasses two complementary strategies. The first is to record and quantify the activity and 

spontaneous behaviours of animals in their home-cage, typically by using video recording and 

computer vision techniques (Bains et al., 2016; de Chaumont et al., 2019; Goulding et al., 2008; 

Hong et al., 2015; Jhuang et al., 2010; Weissbrod et al., 2013). Rather than administering a 

standardized test, this observational approach takes advantage of the rich behavioural repertoire 

of mice to identify traits that vary across genotypes or treatments. The second approach is to 

integrate an automated behavioural test, typically an operant learning paradigm, directly into the 

animal’s home-cage (Francis & Kanold, 2017; Kaupert et al., 2017; J. H. Lee et al., 2020; Poddar 

et al., 2013; Remmelink et al., 2017; Rivalan et al., 2017; Silasi et al., 2018). These two forms of 

home-cage testing address a number of the confounds of traditional behavioural testing 

paradigms. Animals are allowed to behave in a self-directed and spontaneous manner and are 

free to interact with the task whenever they are motivated to do so. In addition, behaviours can 

be measured without the experimenter ever having to directly handle the animal, or even enter 

the room (other than to perform standard animal husbandry). Another advantage is that of 

increased throughput, as the number of animals that can be tested is limited mostly by the 

equipment available for testing rather than by the time of the experimenter. Mice can also be 

tested for extended periods of time with relatively minimal intervention, allowing for the 

collection of large longitudinal behavioural datasets. These benefits have led to a growth in the 

popularity of home-cage behaviour in the past ten years, and a variety of commercial and open-

source tools have been developed to facilitate these experiments. 
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1.3.1 Methods of home-cage testing 

 One of the earliest commercial options for home-cage testing, and still among the most 

popular, is the Intellicage (TSE Systems). This large home-cage system can house up to 16 mice 

at a time and animals are differentiated in the cage through the use of subcutaneously implanted 

radio-frequency identification (RFID) microchips. At each corner of the cage, mice can interact 

with an operant conditioning wall containing two nose poke ports, an array of lights and a door 

that opens to provide access to a water bottle (Kiryk et al., 2020). Using these operant corners, a 

variety of tasks can be assessed, including place learning, reversal learning, and more complex 

rule-based paradigms. Although this system doesn’t directly measure the movement of animals, 

the timing and frequency of corner visits has been shown to provide an effective proxy measure 

of locomotor activity (Robinson & Riedel, 2014). In addition to the Intellicage, there are several 

other commercial options to perform home-cage activity monitoring of mice, including the 

PhenoTyper (Noldus IT) and PhenoMaster (TSE Systems) systems. Although developed 

primarily for activity tracking, these systems also have a number of add-ons that allow for 

assessment of operant and stimulus-response learning. In support of the use of these systems, 

several studies have demonstrated high inter-laboratory reliability of both the Intellicage 

(Krackow et al., 2010) and the PhenoTyper (Robinson et al., 2018), with different laboratories 

finding similar behavioural differences among commonly used inbred mouse strains. 

Unfortunately, many commercial systems (aside from the Intellicage) are limited to testing 

single-housed animals, an important caveat for their use. 

 Due to the high-cost of commercial systems, a number of research groups have developed 

open-source tools to monitor the home-cage activity and behaviours of mice. Some of these are 

designed specifically as an open-source alternative to commercial activity monitors, and provide 
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basic measures of locomotor activity in single-housed mice using either video (Singh et al., 

2019), microwave-based motion detection (Genewsky et al., 2017) or passive infrared 

(Matikainen-Ankney et al., 2019). Others have used computer-vision techniques to automatically 

segment and classify a range of spontaneous behaviours in either single (Jhuang et al., 2010) or 

group-housed mice (Hong et al., 2015). For analyzing social behaviours in group-housed 

animals, video-tracking is often combined with detection of implanted RFID capsules (Bains et 

al., 2016; Weissbrod et al., 2013) to periodically confirm animal identity. More recently, depth-

sensing cameras have been employed to provide an even more detailed and accurate 

characterization of home-cage spontaneous behaviour in group-housed animals (de Chaumont et 

al., 2019). Other home-cage tools have focused not on locomotor activity or social behaviour, but 

on physiological measures such as body weight (Noorshams et al., 2017) and food/water 

consumption (Ahloy-Dallaire et al., 2019; Godynyuk et al., 2019; Nguyen et al., 2016). Aside 

from tracking naturalistic behaviours, a number of studies have integrated behavioural tests 

directly into the rodent home-cage. Most often this is an operant task, in which the mouse has to 

perform successful trials in order to receive water (Francis & Kanold, 2017) or food (Remmelink 

et al., 2017). Although this is often done with single housing (Bollu et al., 2019; J. H. Lee et al., 

2020; Poddar et al., 2013; Remmelink et al., 2017) or by combining data from all animals 

(Francis & Kanold, 2017), other groups have used an automated sorting system to segregate 

individual animals from their cage-mates (Kaupert et al., 2017; Rivalan et al., 2017), or have 

used implanted RFID capsules to identify animals (Silasi et al., 2018). Notably, several studies 

have integrated skilled forelimb tasks into the home-cages of mice and rats. These have included 

an automated single-pellet reaching training system (Fenrich et al., 2015), as well as joystick 

(Bollu et al., 2019; Poddar et al., 2013) and lever tasks (Silasi et al., 2018). 
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1.3.2 Home-cage testing in mouse models of HD 

 Home-cage behavioural testing has been used to assess HD mice in a number of studies 

and has often proved to be sensitive at detecting early phenotypes in these animals. As discussed 

previously, commercial activity tracking systems using either photobeam arrays or video-

tracking have been used to measure locomotor activity in HD mice (Hodges et al., 2008; Slow et 

al., 2003). These systems have also proved very useful for longer term (weeks to months) studies 

analyzing circadian activity patterns, sometimes in conjunction with activity-tracking running 

wheels (Kudo et al., 2011; Loh et al., 2013; Maywood et al., 2010; Morton et al., 2005; Pallier et 

al., 2007). To collect a more detailed characterization of home-cage behaviours in HD mice, a 

few different approaches have been used. The first of these is the LABORAS system, which uses 

a force-sensing plate underneath the cage to automatically detect and classify behaviours 

including locomotor activity, grooming, eating, drinking and climbing (Van De Weerd et al., 

2001). This was used in several studies that focused on food and water consumption in R6/2 

mice, finding that these animals spent substantially more time eating and drinking than wildtype 

mice, despite being hypoactive overall (van der Burg et al., 2008; Wood et al., 2008). A more 

common approach in recent years has been to use computer vision techniques to automatically 

segment and identify behaviours from video data. One of the first papers to use this approach 

quantified the home-cage behaviour of R6/2 mice longitudinally, finding significant alterations 

in a number of features (e.g. grooming, rest, awakening from rest) from a young age (Steele et 

al., 2007). The authors also performed a multi-feature analysis that was able to reliably 

distinguish R6/2 mice as young as 7-weeks-old from WT animals. A subsequent paper using a 

similar, but open-source, methodology replicated some of these results, finding significant 
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alterations in the home-cage behavioural patterns of R6/2 mice from around 6-7 weeks-old 

(Zarringhalam et al., 2012).  

 A number of studies have also assessed HD mice on operant tasks in the home-cage, 

typically using an Intellicage or similar system. In one study, R6/2 mice were group-housed in 

the Intellicage for 8 weeks and a series of behavioural assessments were administered, including 

spatial learning and spatial alternation (rewarded corner switches between two locations) 

(Rudenko et al., 2009). They found that HD mice had significantly decreased exploratory 

behaviour even when first introduced to the cage at 4.5 weeks, and subsequently had deficits in 

performing the alternation task. In a more recent series of studies, spontaneous and learned 

behaviours of BACHD and R6/2 mice were investigated using a modified Intellicage unit (the 

‘PhenoCube’) (Balci et al., 2013; Oakeshott et al., 2011). In addition to the Intellicage operant 

corners, the PhenoCube system included a top-down camera to track locomotion, immobility and 

rearing in animals. Both R6/2 and BACHD mice were found to have increased immobility and 

reduced exploration; however, consistent operant learning and spatial alternation deficits were 

found only in the R6/2 model (Balci et al., 2013). These results were extended to an allelic series 

of knock-in HD mice in a study which used the PhenoCube along with two additional computer-

vision-based tools to collect several thousand behavioural traits for each animal (Alexandrov et 

al., 2016). Using machine-learning analysis, the authors extracted higher level behavioural 

features that varied predictably with age and CAG-length, allowing them to predict CAG-length 

from behavioural data with a good degree of accuracy. This study is a significant advance in the 

phenomic analysis of HD mice, but is unfortunately limited by the lack of transparency 

concerning the specific measures collected and the way in which their home-cage system 
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functioned. Skilled motor learning has not been investigated in HD mice in the home-cage, as no 

commercial (and few open-source) systems have been available to do so.  

 

1.4 Dissertation overview and research aims 

 As discussed previously, HD mutation carriers have diverse impairments in learning and 

controlling voluntary arm and hand movements, some of which appear long before the onset of 

over motor dysfunction (Bonfiglioli et al., 1998; Feigin et al., 2006; Klein et al., 2011; Paulsen et 

al., 2008; Shabbott et al., 2013; Smith et al., 2000; Stout et al., 2011; Tabrizi et al., 2013; 

Willingham & Koroshetz, 1993). Despite tests of skilled forelimb use in rodents having good 

face and construct validity for the functional assessment of striatal pathology (Karl & Whishaw, 

2011; Klein et al., 2012), they have seen limited use in mouse models of HD. Furthermore, 

home-cage-based testing offers a novel method of assessing behaviour in mice that increases 

throughput and reduces stressors that could lead to inter-study variability (Hånell & Marklund, 

2014; Richter, 2020; Robinson et al., 2018; Spruijt & DeVisser, 2006). Given this, we 

hypothesized that a home-cage based forelimb motor learning task would be of substantial 

use for the assessment of behavioural phenotypes in mouse models of Huntington’s disease. 

Furthermore, such a system could provide a sensitive platform for assessing the functional 

effects of novel therapeutics in these animals. Pursuant to this hypothesis, I have undertaken a 

course of research encompassing three main sections:  

AIM I (Chapter 2): Assessing the feasibility of using a prototype home-cage lever-positioning 

task in HD mice, and investigating whether YAC128 HD mice have motor deficits on this task at 

pre- and early symptomatic timepoints. 
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AIM II (Chapter 3): Developing this home-cage task into a more standardized behavioural 

testing system (‘PiPaw’) and investigating motor phenotypes and training-associated striatal 

plasticity in HD mice. 

AIM III (Chapter 4):  Developing a new home-cage based system for automated drug 

administration to rodents (‘PiDose’) and assessing the ability of this system to treat mice with a 

drug over an extended period. 
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Chapter 2: YAC128 HD mice have deficits at early symptomatic timepoints in 

a home-cage lever-positioning task 

2.1 Introduction 

As discussed in the previous chapter, animal models of HD are a critical tool for 

elucidating the underlying mechanisms of the disease, as well as for the pre-clinical screening of 

potential therapies. To date, over twenty mouse models of HD have been developed (Menalled et 

al., 2014; Pouladi et al., 2013) and behavioural testing is an important step in determining how 

closely aligned each model’s phenotype is with the disease symptoms in human (i.e. its face 

validity). Motor behaviour is most commonly assessed in these mice using tests of balance and 

motor coordination such as the rotarod and balance beam, as well as gait assessments, and 

measures of overall activity level. Although HD patients have difficulties with balance and gait, 

the earliest motor deficits observed in carriers of the HD mutation actually do not involve full 

body coordinated movement, but rather precision movements. For example, pre-symptomatic 

carriers of HD have impaired performance of timed finger movements (Paulsen et al., 2008; 

Tabrizi et al., 2013), and learned motor sequences (Feigin et al., 2006; Ghilardi et al., 2008). 

Reaching movements have also been observed to have increased jerkiness and impaired 

movement termination in pre-symptomatic HD (Smith et al., 2000). Consequently, tests of full 

body coordination such as the rotarod may not detect certain motor phenotypes relevant to HD in 

mice. Despite this, skilled motor tasks have rarely been used in the assessment of mouse models 

of HD. 

YAC128 HD mice have been well established to show many of the features of the human 

disease, including striatal and cortical degeneration and progressive behavioural changes. Among 
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the models that express the full-length HTT gene, they are among the first (along with the 

BACHD model) to show motor abnormalities, with rotarod deficits emerging around 4- to 6-

months-old (Pouladi et al., 2012; Slow et al., 2003). However, conflicting results have been 

reported concerning the time frame, severity and progression of these motor abnormalities 

(Menalled et al., 2009; Van Raamsdonk et al., 2005). Differences in methodology and apparatus 

may be contributing to this (Mandillo et al., 2008), as well as the use of underpowered 

experimental groups. In addition, YAC128 mice have increased bodyweight as compared to their 

WT littermates, a known confound for tests of full body motor function such as the rotarod 

(McFadyen et al., 2003; Moreno et al., 2016). To address these issues, importance must be 

placed on finding novel ways to assess behaviour that reduce confounding factors and increase 

throughput. In recent years, several systems have become commercially available which increase 

the automation of behavioural testing and analysis by assessing animals within their home-cage 

(e.g. Intellicage). These systems have the combined benefits of increasing the throughput of 

behavioural phenotyping, eliminating the subjectivity associated with manual scoring, increasing 

the length of the testing period and reducing the amount of animal-experimenter interaction 

(Hånell & Marklund, 2014). However, as of yet, systems for the home-cage assessment of an 

operant motor learning task are not widely available and have not been applied to the study of 

HD.  

In this chapter, I employed an automated home-cage behavioural testing system first 

developed in Dr. Tim Murphy’s laboratory (Silasi et al., 2018). This task integrates a skilled 

lever-positioning task into the animal’s home-cage and is accessible by group-housed mice full-

time over several weeks of testing. Following an initial training period, the demands of the task 

change dynamically in order to probe learning and motor control. Mice are differentiated through 
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the use of implanted RFID capsules, and individually progress through phases of the task in a 

self-directed manner. Using this system, I aimed to study the emergence and progression of 

motor deficits at early symptomatic timepoints in the YAC128 model. I also sought to use this 

task to assess overall activity levels and circadian activity patterns to determine if these were 

altered in YAC128 mice. 

 

2.2 Methods 

2.2.1 Animals 

A colony of heterozygous YAC128 mice on the FVB/N background (YAC128 line 53; 

Slow et al., 2003) was maintained by breeding with wildtype FVB/N animals. Animals were 

housed in cages of two to five male littermates on a 12/12 h light/dark cycle in a temperature- 

and humidity-controlled room. All animals were male, and separate cohorts of naïve animals 

began the testing protocol at 2-months-old (60 ± 5 days), 4-months-old (120 ± 5 days), or 6-

months-old (180 ± 5 days). Initially, 41 mice (20 WT/21 YAC128) began the testing protocol at 

2-months-old, 38 mice (19 WT/ 19 YAC128) at 4-months-old and 44 mice (25 WT/19 YAC128) 

at 6-months-old, for a total of 123 animals. All procedures were carried out in accordance with 

the Canadian Council on Animal Care and approved by the University of British Columbia 

Committee on Animal Care. Mice were provided with free access to chow and standard 

environmental enrichment within the cage (bedding, hut, PVC tube) throughout testing. Animal 

tissue was collected via ear clipping at weaning, and DNA extraction and PCR analysis was 

subsequently used to determine genotype, as previously described (Slow et al., 2003). 
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2.2.2 RFID capsule implantation 

To enable identification of group-housed mice, animals were implanted with glass RFID 

capsules (Sparkfun SEN-09416) prior to the start of testing as previously described (Bolaños et 

al., 2017). Animals were anesthetized with isoflurane (4% initially, then maintained at 1.5%) and 

given buprenorphine via subcutaneous injection (0.05 mg/kg) for analgesia. Betadine was 

applied to disinfect the incision site, and a small incision was made in the upper thoracic torso. A 

sterile injector (Fofia ZS006) was then used to insert the RFID capsule subcutaneously below the 

nape of the neck. The incision was sutured, and the animal was removed from anesthesia, 

allowed to recover, and then returned to its home-cage. Animals were monitored for the 

following 3 days to ensure healthy recovery and proper placement of the RFID capsule. Animals 

were given at minimum five days to recover following surgery before being used for any 

experiments. 

 

2.2.3 Hardware and software 

All experiments were performed in a modified mouse home-cage with a custom designed 

Plexiglas chamber (the ‘testing module’) attached to one side (Fig. 2.1a-b). This testing module 

was enclosed on all sides (except for an entrance leading into the cage) and sized such that only 

one mouse could enter at a time (2.5×2.5×9.5cm). A cylindrical steel rod (2mm thick) extended 1 

cm into the module through a small opening along the bottom of the right wall at the end 

opposite the entrance. This rod was moveable on a horizontal axis, restricted to a range of 24° by 

two metal posts (Fig. 2.1c), and held in its ‘start’ position by a 1.5 g counterweight. The lever 

was coupled to a rotary encoder (Phidgets ISC3004) in order to measure and record all 

movements. Adjacent to the lever, a spout dispensed water drops using a gravity-fed valve-based 
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system (Gems Sensors MB202-VB30-L203) (T. H. Murphy et al., 2016). An RFID antenna and 

reader (Sparkfun SEN-11828) was inset into the ceiling of the module in order to individually 

identify RFID-tagged animals (Bolaños et al., 2017). All components were controlled by custom 

software written in Python running on a Raspberry Pi B+ running the Raspbian operating system. 

The program ran continuously for the duration that animals were housed in the testing cage. 

Three of these cages were constructed and used to perform the described experiments.  
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Figure 2.1   System for home-cage assessment of skilled motor learning 

(a-b) A small opening on one side of the home-cage allows 24-hour access to a testing module containing 

a metal lever and water spout. RFID-tagged animals are identified by an RFID reader upon entrance into 

the module, allowing for individual tracking and assessment of group-housed animals. The lever is 

restricted in its horizontal movement by two metal posts and held in starting position by a small 

counterweight. In the training phase, the mouse must pull the lever backwards 12° from its starting 

position in order to receive a water drop. (c) A top-down view of the lever position range. In the main 
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testing phase, the mouse must first pull the lever back to the center (red line), and then hold it within a 

central goal position range (shaded area) in order to receive a water drop. The length of time the lever 

must be held for changes dynamically based on the individual animal’s success rate. 

 

2.2.4 Testing methodology 

In the initial phase of testing (‘training phase’), small groups of littermate mice were 

introduced to the cage. The number of animals in each cage was between two and five and was 

determined by the number of littermates of the same sex at birth (and restricted by the maximum 

permitted cage size of five mice). This was done so that as many available animals as possible 

could be used for testing (i.e. so that animals did not have to be removed from cages, or certain 

cages excluded because they didn’t contain the same number of mice). Animals were tested 

alongside the littermates that they had been housed with since weaning. Genotype was mixed in 

the majority of testing cages, although some cohorts of animals contained only WT or YAC128 

mice (25% of cages). Upon transfer to the testing cage, ad libitum water bottle access was 

removed, so that water could only be retrieved by entering the testing module. When a mouse 

entered the module, it was detected by the RFID reader and a small water drop (5 µL) was 

delivered from the reward spout, up to a maximum of 200 drops per day (1 mL). Additional 

water drops (10 µL) could be obtained by pulling the lever backwards past the center of its 

position range (12° from starting position). The testing module was accessible to animals 24 

hours/day and the timing of each entrance, exit and trial were automatically collected and saved. 

Additionally, the position of the lever during each trial was recorded at 200 Hz. This initial 

training period lasted from 3 to 8 days, depending on how quickly all animals in the cage learned 

to perform the operant response. Animals were not disturbed once placed in the cage except for 

weighing (twice per week) and bedding changes. Animals that did not perform at least 200 trials 



60 

 

during this initial acquisition period were removed from the cage and not used for further testing 

(see Fig. 2.2a). In total, four 2-month-old-mice (0 WT / 4 YAC128), four 4-month-old mice (2 

WT / 2 YAC128) and five 6-month-old mice (1 WT/ 4 YAC128) did not progress past this 

training phase. Additionally, one 6-month-old YAC128 mouse lost >15% body weight during 

this initial training phase and was removed from the cage and not used for analysis. 

Following acquisition of the basic task, animals were moved to a second phase (‘testing 

phase’) where the criteria to receive a water drop changed. As before, the animal was required to 

displace the lever to the center of the position range. However instead of immediately receiving a 

drop, the lever then had to be held in a central ‘goal range’ (between 4.5° and 19.5° from start 

position) for a set target duration before a drop was dispensed (Fig. 2.1c). If the lever was not 

held in the range for the required duration the trial was failed, and no water was dispensed. 

Initially this hold duration was set to 100 ms for all animals, but this could increase based on the 

animal’s performance of the task. Every 25 trials, a ratio of successful to failed trials was 

calculated for that animal; if the animal had a greater than 75% success rate over this block, the 

required hold duration increased by 100 ms to a maximum of 800 ms (an end goal that the large 

majority of animals were able to achieve in pilot experiments). If the animal was less than 10% 

successful, the required hold duration decreased by 100 ms. Otherwise, the hold duration 

remained the same for the subsequent block of trials. Animals remained in this testing phase for 

a minimum of seven days, after which testing was terminated and animals were returned to their 

regular home-cage. Only five animals did not reach the maximum hold duration within the seven 

days. 
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2.2.5 Data analysis and statistics 

All task performance data were automatically recorded into text files by the testing 

software and was subsequently extracted and analyzed by customized scripts using Igor 

(Wavemetrics). For analysis of kinematic measures in the testing phase, all successful trials at 

the maximum hold duration (800 ms) were averaged to determine mean maximum displacement, 

speed, and slope of trajectory for each animal. Only animals with a minimum of 200 eligible 

trials before the end of testing were used in order to obtain a representative average and reduce 

the effect of inter-trial variability. During the course of testing, some cohorts of animals were 

excluded from analysis at intermediary stages because of system crashes that resulted in 

interruption of task access, and several other animals were excluded because of faulty data 

collection or program errors that led to non-standard task advancement. In total, twelve mice (7 

WT / 5 YAC128) were removed at 2-months-old, eight mice (5 WT / 3 YAC128) at 4-months-

old and fourteen mice at 6-months-old (9 WT / 5 YAC128). Numbers of animals used for each 

analysis are indicated in the results text and figure legends. 

All statistical analyses were performed using GraphPad Prism 6.01 (GraphPad Software). 

Data are expressed as mean ± SEM unless otherwise specified. Alpha level for all tests was p = 

0.05. For most datasets, regular or repeated measures two-way ANOVA (as appropriate) with 

Bonferroni post-tests was used for statistical analysis of main/interaction effects. For the analysis 

of trials performed per day, a log transformation was used to normalize the data to allow for the 

use of two-way ANOVA, as several of the groups had a strong right skew in their distribution. 

For the analysis of time spent in the testing module, a significantly non-Gaussian distribution 

was seen in many of the groups, limiting the use of two-way ANOVA. Paired comparisons 

between genotypes at each age group using either Student’s t-tests or Mann-Whitney tests was 
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performed, in addition to Kruskal-Wallis tests with Dunn’s post-tests to analyze age effects in 

each genotype group.  Fisher’s exact test was used to compare the proportion of animals that 

reached criteria in the training phase and reached the maximum hold duration in the testing 

phase.  

 

2.3 Results 

2.3.1 WT and YAC128 mice rapidly acquire a home-cage lever positioning task 

The large majority of WT (n = 64) and YAC128 (n = 59) animals (~90%) tested in all 

age groups successfully acquired the basic operant lever task and reached the performance 

criteria of 200 trials in the training phase. There was no difference in the proportion of animals 

that acquired the task between age groups or between genotypes within each age group, but there 

was an overall greater proportion of YAC128 animals that failed to reach the performance 

criteria within the training phase as compared to WT (p = 0.0386) (Fig. 2.2a). During the first 

few days in the cage, some animals (especially at 6-months-old) dropped in weight in response to 

the removal of ad libitum water. However, all but one animal recovered to within 10% of 

baseline weight after one week, and 2-month-old WT mice gained weight over this period (p = 

0.0485). 2-month-old mice, as well as 4-month-old YAC128 mice, gained weight overall by the 

end of testing (2-month WT: p = 0.0001; 2-month YAC128: p = 0.0004; 4-month YAC128: p = 

0.0211), whereas 4-month-old WT mice and 6-month-old mice showed no change (Fig. 2.2b).  

A substantial amount of inter-animal variability was observed in the frequency of task 

performance among WT and YAC128 mice, with mice typically performing an average of 300 to 

500 trials per day (Fig. 2.2c). An overall age effect was seen on trial performance rate, with 

younger mice tending to have more trials per day, but no genotype differences were observed 
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(Age: F2, 84 = 4.803, p = 0.0106; Genotype: F1, 84 = 0.1089, p = 0.7422; Interaction: F2, 84 = 

0.5332, p = 0.5887). A significant age effect was also seen in the amount of time spent in the 

testing module per day for both WT (H = 15.22, p = 0.0005) and YAC128 (H = 13.50, p = 

0.0012) mice, with 2-month-old animals higher on this measure than older animals (Fig. 2.2d). 

While some mice developed a relatively consistent strategy by the fifth day of testing, others 

were more variable in their performance, although no consistent genotype differences were 

observed (Fig. 2.2e-f). 
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Figure 2.2   WT and YAC128 mice learn a home-cage lever positioning task 

(a) Number of animals to reach the performance criteria of 200 trials performed in the training phase. An 

overall lower proportion of YAC128 animals acquired the task as assessed by this cut-off. (b) Average 

weight over the course of testing as a percentage of baseline. Although 6-month-old animals remained at 

their baseline weight, 2-month-old WT and YAC128 animals and 4-month-old YAC128 animals gained 

weight over 14 days in the lever-cage (asterisks indicate significant increase as compared to baseline 

weight). (c) No significant differences between WT and YAC128 were seen in the number of trials 
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performed per day, however animals in both genotypes performed fewer daily trials with increasing age. 

(d) Time spent in the testing module per day was also not significantly different between genotypes, 

however both WT and YAC128 animals were much higher on this measure at 2-months-old than at other 

ages. (e-f) Sample lever position traces from two 4-month-old animals (WT and YAC128 respectively) in 

the training phase. Each line represents one trial. Numbers of animals (WT/YAC128) used for weight, 

trial frequency and time in testing module analysis are n = 17/13 at 2-months-old, n = 14/16 at 4-months-

old and n = 18/12 at 6-months-old. *: p < 0.5; **: p < 0.01; ***: p < 0.001; ns: not significant. 

 

2.3.2 YAC128 mice display abnormal circadian activity patterns 

 Performance of the task was distributed throughout the day for individual animals, but an 

increase in activity was almost always observed during the first 6 hours of the dark phase (Fig. 

2.3a). Interestingly, when the overall proportion of light versus dark phase trials was analyzed, 

YAC128 mice were found to have a significantly higher light phase activity than WT mice 

overall (Age: F2, 84 = 2.945, p = 0.0580; Genotype: F1, 84 = 4.772, p = 0.0317; Interaction: F2, 84 = 

0.2492, p = 0.7800) (Fig. 2.3b). To more closely examine this, we binned each animal’s trials by 

hour of day, and compared the average trial distribution for WT and YAC128 mice. While 2-

month-old YAC128 animals had a normal circadian trial distribution (Hour: F23, 644 = 86.51, p < 

0.0001; Genotype: F1, 28 = -0.3218, p > 0.9999; Interaction: F23, 644 = 0.7632, p = 0.7788; n = 17 

WT, 13 YAC128), there was a strong interaction between genotype and the timing of trials 

throughout the day in 4-month-old (Hour: F23, 598 = 56.36, p < 0.0001; Genotype: F1, 26 = 0.0, p > 

0.9999; Interaction: F23, 598 = 2.296, p = 0.0006; n = 14 WT, 16 YAC128) and 6-month-old mice 

(Hour: F23, 644 = 43.87, p < 0.0001; Genotype: F1, 28 = 0.8750, p = 0.3576; Interaction: F23, 644 = 

1.911, p = 0.0066; n = 18 WT, 12 YAC128) (Fig. 2.3c-e). YAC128 mice at these ages tended to 

increase their trial performance in the last three hours of the light phase, and then drop steeply 2 
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hours after the start of the dark phase, whereas WT mice maintained a higher trial performance 

rate through the first 6 hours of the dark phase. 

 

 

Figure 2.3   YAC128 mice have an altered circadian distribution of trials 

(a) Raster plots show the distribution of trials through the day for representative 4-month-old WT and 

YAC128 animals on the fifth day of testing (each line represents one trial). (b) The average percentage of 

all trials performed during the dark phase of testing was significantly higher in WT than in YAC128 mice, 

suggesting a disruption of normal circadian activity patterns in these animals. (c-e) Trials were split into 

one-hour bins for each animal and the percentage of trials occurring in each bin is shown for 2-, 4- and 6-

month-old age groups. A significant interaction between genotype and the hour of day was observed for 

4-month-old and 6-month-old, but not 2-month-old animals. Numbers of animals (WT/YAC128) used for 

analysis are n = 17/13 at 2-months-old, n = 14/16 at 4-months-old and n = 18/12 at 6-months-old. *: p < 

0.5; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001; ns: not significant. 
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2.3.3 2-month-old YAC128 mice are impaired at adapting their motor response to 

changes in task demands 

In the main testing phase, animals were required to hold the lever for progressively 

longer within a designated position range in order to continue to receive water rewards. The way 

in which they progressed was based on their success rate at the current required hold duration, 

such that if over 75% of their trials in a 25-trial bin were held for the required length of time, the 

hold duration increased incrementally by 100 ms. Animals that were more successful at adapting 

to these changing demands had a higher success rate and consequently a faster progression to the 

maximum hold duration (800 ms). Conversely, animals that continued to perform their trials as 

in Phase 1 did not advance.  

While 4- and 6-month-old YAC128 animals showed an equivalent progression through 

the task to their WT counterparts (4-month-old: Trial: F20, 460 = 115.8, p < 0.0001; Genotype: F1, 

23 = 0.029, p = 0.866; Interaction: F20, 460 = 0.674, p = 0.853; n = 14 WT, 16 YAC128; 6-month-

old: Trial: F20, 520 = 115.7, p < 0.0001; Genotype: F1, 26 = 0.274, p = 0.605; Interaction: F20, 520 = 

1.336, p = 0.15; n = 18 WT, 12 YAC128), 2-month-old YAC128 mice showed a markedly 

slower progression, remaining at a lower required hold duration for longer on average before 

advancing (Trial: F20, 500 = 70.42, p < 0.0001; Genotype: F1, 25 = 6.367, p = 0.0184; Interaction: 

F20, 500 = 5.321, p < 0.0001; n = 17 WT, 13 YAC128) (Fig. 2.4a-c). However, despite this slower 

progression, there were no genotype differences in the percentage of animals that eventually 

reached the maximum hold duration (p = 0.7292) suggesting that this was not a problem with 

meeting the physical demands of the task (Fig. 2.4d). This deficit in 2-month-old YAC128 

animals is also reflected in the overall success rate of these animals over the first 500 pulls of 

Phase 2 (Fig. 2.4e). This group had a lower average success rate as compared to all other WT 
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and YAC128 groups, although this difference was not significant (Age: F2, 74 = 2.753, p = 

0.0703; Genotype: F1, 74 = 2.002, p = 0.1613; Interaction: F2, 74 = 1.504, p = 0.2290). 

 

 

Figure 2.4   2-month-old mice show impaired motor learning on this task 

(a-c) Progression to the maximum required hold duration over the first 500 trials of the main testing phase 

is plotted for 2-, 4-, and 6-month-old age groups. At the end of each 25-trial bin, success rate was 

calculated over these trials to determine whether the animal met the threshold for their required hold 

duration to increase. Data are plotted as the required lever hold duration reached at the end of each 25-

trial bin. YAC128 mice at 2-months-old, but not other ages, had a significantly slower progression over 

the first 500 trials as compared to WT controls. (d) The majority of animals reached the maximum hold 

duration within one week, and no significant differences were observed between genotypes. (e) Success 

rate of animals over the first 500 trials of the testing phase is plotted for each age group. 2-month-old 

YAC128 animals had the lowest average success rate over this period, although no significant main or 

interaction effects were found. Numbers of animals (WT/YAC128) used for analysis are n = 15/12 at 2-

months-old, n = 11/14 at 4-months-old and n = 16/12 at 6-months-old. *: p < 0.5; **: p < 0.01; ***: p < 

0.001; ****: p < 0.0001; ns: not significant. 
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2.3.4  6-month-old YAC128 mice have kinematic differences in pull strategy when 

required to hold the lever for longer 

 The change in performance of the task from the training phase can be seen when looking 

at lever position traces of trials from WT and YAC128 animals that have reached the maximum 

hold duration (Fig. 2.5a-b). Instead of rapidly pulling back and then releasing, animals held the 

lever within the goal range for the designated amount of time, as was required to receive a 

reward. However, the specific strategy used to achieve this goal differs, and several systematic 

differences between WT and YAC128 animals were observed in the 6-month-old group. 

Analysis of averaged traces revealed that WT animals at this age typically displace the lever to a 

point just past the center of the goal range and hold it steady within this range until the end of the 

trial (Fig. 2.5c). In contrast, many 6-month-old YAC128 mice pull the lever straight through the 

goal range, and then slowly allow it to return to its start position (Fig. 2.5d).  

To quantify this, we took averages of several kinematic measures for each animal’s 

successful trials at the maximum required hold duration. The first of these was the amplitude of 

the pull (i.e. the distance the lever is pulled backwards). A larger average pull amplitude was 

seen with increasing age (Age: F2, 64 = 3.193, p = 0.0477; Genotype: F1, 64 = 2.798, p = 0.0993; 

Interaction: F2, 64 = 2.522, p = 0.0883) with this effect largely driven by an age-related increase in 

the YAC128 mice (Fig. 2.5e). Post-hoc comparisons revealed a significant difference between 

WT and YAC128 mice in the 6-month-old (p = 0.0418; n = 14 WT, 9 YAC128), but not other 

age groups. During the subsequent 800 ms lever hold period, 6-month-old animals had a greater 

negative slope of their lever trajectory on average (p = 0.0330; n = 14 WT, 9 YAC128), 

reflecting a progressive release of the lever during the hold period (Age: F2, 64 = 0.8329, p = 

0.4395; Genotype: F1, 64 = 3.837, p = 0.0545; Interaction: F2, 64 = 6.309, p = 0.0032) (Fig. 2.5f). 



70 

 

An interaction between age and genotype was also found in the average movement speed (Age: 

F2, 64 = 1.188, p = 0.3113; Genotype: F1, 64 = 2.193, p = 0.1435; Interaction: F2, 64 = 3.381, p = 

0.0402) due to a WT-specific decrease in this measure across ages, however this was not 

significantly different in any individual age group (Fig. 2.5g). 

 

 

Figure 2.5   6-month-old YAC128 mice have kinematic differences from WT mice 

(a-b) Lever position traces of 100 successful trials are shown for representative 6-month-old WT and 

YAC128 mice who reached the maximum required lever hold duration. A tendency to overshoot the goal 

zone (dotted white lines) is seen in this YAC128 animal. (c-d) Averaged lever position traces for the same 
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two animals (error bars represent standard deviation). (e) Average pull amplitude for all trials at the 800 

ms hold duration is shown for WT and YAC128 animals. The shaded region represents the point at which 

a trial is initiated when pulled backwards (12° ± 1° from starting position), and the dotted lines represent 

the range it must be held within in order to receive a reward. 6-month-old YAC128 mice have a larger 

pull amplitude than WT animals of the same age, but no differences were seen at 2- and 4-months-old. (f) 

The average slope of the lever position trace from 200 to 800 ms after trial initiation was also calculated. 

An interaction between age and genotype was observed, and 6-month-old YAC128 animals had a larger 

negative slope on average, indicating a progressive release of their hold on the lever. (g) The average 

movement speed over all trials at maximum hold duration. Although a significant interaction effect was 

seen, post-hoc testing found no genotype differences in any of the age groups. Numbers of animals 

(WT/YAC128) used for analysis are n = 13/11 at 2-months-old, n = 10/13 at 4-months-old and n = 14/9 at 

6-months-old. *: p < 0.5; **: p < 0.01; ns: not significant. 

 

2.4 Discussion 

In this chapter, I made use of a fully automated home-cage behavioural testing system to 

investigate motor learning and movement kinematics in a transgenic mouse model of 

Huntington’s disease. I found that YAC128 HD mice display circadian and motor abnormalities 

at different time points, although interestingly, some of these deficits did not progress with age 

as expected.  

The first of these observed differences was that a larger proportion of YAC128 animals 

overall failed to reach the task performance criteria in our first phase of testing. One possibility is 

that this genotype difference is due to a failure to learn the association between the lever and 

water reward. Several papers have reported operant learning deficits in both YAC128 (Brooks, 

Jones, et al., 2012b) and knock-in mouse models of HD (Trueman et al., 2007, 2008; Yhnell et 

al., 2016b), supporting this theory. However, the majority of these deficits were related to 

accuracy and reaction time and impaired task acquisition was generally not observed, making 

this somewhat less likely. A second possibility is that these animals were capable of learning the 
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response-outcome contingency but had reduced motivation to work for access to water. Animals 

tested in the lever-cage received a minimal amount of water (approximately 1 mL per day) 

simply by entering the testing module. However, this is much less than the ~3 mL per day that 

wildtype FVB/N and YAC128 mice consume when allowed ad libitum water access (Pouladi et 

al., 2009), and is equivalent to what is typically given on a water restriction protocol (Guo et al., 

2014). A depressive phenotype has previously been reported in YAC128 animals when tested on 

forced swim and sucrose preference tests (Pouladi et al., 2009, 2012), and so the failure of some 

animals to perform the task could be a reflection of these affective changes. This would be 

supported by the lack of age-related effects on this measure, as depressive and anhedonic 

phenotypes were not found to be progressive in these previous reports. Additionally, apathy, lack 

of motivation and depression are commonly reported in HD patients, and can occur long before 

the onset of motor symptoms (Kirkwood et al., 2001; Paulsen et al., 2001).  

Weight fluctuations were observed in some animals during the first week of testing, 

especially in the 6-month-old group. However, all animals (with the exception of one 6-month-

old YAC128 mouse) adapted to the restriction in water access and returned to within 5% of 

baseline weight by the end of testing (at minimum), suggesting that the change in ad libitum 

water access was well tolerated. The observed weight loss in older animals may reflect this group 

having the highest baseline weight, and consequently highest dietary requirements for weight 

maintenance. In contrast, 2-month-old mice, and 4-month-old YAC128 mice, continued to grow 

during the testing period. Younger animals also tended to perform more trials, and consequently 

received more water, in comparison to older animals. As 2-month-old mice have a higher growth 

rate as compared to older animals, the increased task performance observed at this age may 
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reflect a higher level of motivation for water as compared to the older group (The Jackson 

Laboratory, n.d.).  

Differences were also observed between YAC128 and WT mice in the circadian 

distribution of trials. YAC128 mice performed more of their trials during the light phase overall, 

and subdividing trials into one-hour bins revealed distinct circadian irregularities specifically in 

the 4- and 6-month-old mice. While WT mice at these time points tended to have a very low 

percentage of their trials in the hours leading up to the start of the dark phase, YAC128 mice 

began to increase their performance of the task three to four hours before this point. Furthermore, 

WT animals maintained a high performance rate over the first six hours of the dark phase, 

whereas YAC128 mice began to decrease in their performance rate in the third hour. Circadian 

disruptions have been reported in HD patients (Morton et al., 2005), as well as in several mouse 

models of HD, including R6/2, BACHD and Q175 (Kudo et al., 2011; Loh et al., 2013; Morton 

et al., 2005; Oakeshott et al., 2011). However, similar changes in circadian activity patterns have 

not previously been reported for YAC128 mice. Similar to results published with other genetic 

lines, this appears to be a progressive phenotype and was not observed in the 2-month-old 

animals. Although our task does not give a direct measure of overall activity level or locomotion, 

trial distribution through the day seems to provide a good proxy measure for this, and further 

confirms the disruptions observed in other genetic models. 

In the testing phase, the success requirements of the task changed incrementally, and 

animals were required to modify their motor response. The majority of animals were able to 

adapt to these changes in task requirements and progressed quickly to the maximum required 

lever hold duration. However, 2-month-old YAC128 mice had a slower average progression 

through the levels of the task as compared to WT mice.  This was not due to difficulties with the 
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physical demands of the task, as these 2-month-old animals showed no kinematic abnormalities 

and a similar percentage of them reached the maximum hold duration. Rather, this deficit may 

reflect a persistence in using the previously learned strategy instead of adapting their behaviour 

to meet the new requirements. The observation of a motor learning deficit is not surprising in 

itself, as YAC128 mice as young as 2-months-old have previously been found to have slower 

learning on a fixed speed rotarod task (Van Raamsdonk et al., 2005). A mild reversal learning 

deficit was also seen at 2-months-old in the water T-maze, with more robust effects seen in 

animals at 8.5-months-old and older (Brooks et al., 2012; Van Raamsdonk et al., 2005), and our 

results could also be a reflection of impaired behavioural flexibility. However, what is more 

surprising is that the 4- and 6-month-old YAC128 mice did not show a similar impairment. One 

possibility is that this effect was driven by variance between cohorts of mice, and the animals we 

used for testing at 2-months-old had a stronger behavioural phenotype due to environmental or 

epigenetic factors. However, given that all mice used for testing were bred and aged in an 

ongoing manner and did not come from separate starting pools of animals, this seems less likely. 

In addition, the data for 2-month-old animals was acquired over an extended period (~18 

months) and deficits were observed in animals tested both early and late in testing. Still, given 

that these results are unexpected in the context of the existing literature, it would be worthwhile 

to repeat this study with an additional cohort of 2-month-old animals to confirm this finding. 

Interestingly, several other phenotypes reported in young YAC128 mice have been seen 

to normalize to WT levels at later time points. For example, YAC128 animals display an early 

hyperkinetic phenotype in locomotor activity at 3-months-old, before later decreasing in their 

open field activity to WT levels by 6-months-old (Slow et al., 2003). At a physiological level, an 

early increase in the frequency of spontaneous excitatory post-synaptic currents (sEPSCs) has 
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been reported in dopamine D1R-expressing MSNs of YAC128 mice at 1.5 months of age, 

however this is reduced to WT levels in 6-month-old animals (André, Cepeda, et al., 2011). 

Furthermore, modulation of spontaneous activity by D1R activation was found to be lost in acute 

striatal slices from YAC128 mice at 1.5 months-old but restored at 6-months-old (André, 

Cepeda, et al., 2011). D1R function in direct pathway MSNs is an important regulator of 

synaptic plasticity (Kreitzer & Malenka, 2008), and it’s possible that the motor learning deficit 

we observe is linked to over-activation and loss of synaptic plasticity at these striatal inputs. The 

presence of these early and transient phenotypes in HD mice suggests that multiple parallel 

pathophysiological processes may underlie the progression of motor phenotypes in HD. One 

possibility is that the behavioural changes observed in young HD mice are a direct effect of the 

huntingtin mutation which is later compensated for during the early disease progression. 

Alternatively, behavioural phenotypes might be caused by an early compensatory process, and 

failure of compensation at later stages results in apparent normalization of the behaviour. In 

either case, this suggests that separate and independent processes, as well as eventual 

neurodegeneration, may cause the slower and progressive development of cognitive and motor 

phenotypes observed in older (>4-months-old) YAC128 mice.  

In addition to assessing motor learning, a second objective was to investigate the 

possibility of task-related kinematic abnormalities in YAC128 mice. Mild motor deficits have 

previously been observed in 5- to 6-month-old YAC128 mice on the rotarod, horizontal ladder 

and narrow beam tests (Di Pardo et al., 2012; Van Raamsdonk et al., 2005). However, 

assessments of skilled motor performance, such as reach-to-grasp and lever-pulling tests, have 

been infrequently used in genetic models of neurodegenerative disorders. Kinematic analysis of 

HD models has been primarily focused on gait abnormalities, although these are subtle in the 
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YAC128 model and have only been observed in animals over 1-year-old (Chen et al., 2011). In 

our task, we found that 6-month-old YAC128 animals displayed several irregularities as 

compared to WT animals in the testing phase. Specifically, many animals used a distinctive 

‘overshoot and release’ strategy in order to meet the task requirements. It seems possible from 

this behaviour that these animals are compensating for a lack of control, and have difficulty 

stopping their movement and holding the lever steady within the required region. This phenotype 

may reflect motor impersistence, a common movement abnormality seen in patients with HD 

which is characterized by an inability to maintain a constant strength during muscle contractions 

(F. O. Walker, 2007). Motor impersistence is seen in nearly all HD patients, and unlike other 

primary motor symptoms (such as chorea) it is typically linearly progressive with the disease 

course (Reilmann et al., 2001). The observed ‘overshooting’ may also reflect an impaired ability 

to terminating movements at the appropriate time, comparable to reaching deficits observed in 

pre-symptomatic HD patients (Smith et al., 2000).   

In summary, I found that young YAC128 HD mice had abnormalities in the learning and 

performance of a task that required them to pull and hold a lever in a certain position range in 

order to receive water drops. I also analyzed patterns of task engagement through the light/dark 

cycle and found progressive circadian abnormalities in YAC128 mice, a phenotype seen in other 

mouse models of HD as well as in patients. These results lend support to the usefulness of a 

home-cage based behavioural task for the high-throughput identification of phenotypes in mouse 

models of HD. 
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Chapter 3: Q175-FDN HD mice have impaired motor learning and altered 

training-associated striatal plasticity in the PiPaw home-cage task 

3.1 Introduction 

As demonstrated in Chapter 2, home-cage testing systems can offer a number of benefits 

over traditional behavioural paradigms used in disease research. By assessing mice on a self-

paced task within their own home environment, the exposure of mice to handling and other 

stressors is significantly reduced, and animals are given a greater deal of control over their 

interactions with the task. This allows learning to progress in a more naturalistic and self-

directed fashion and facilitates the collection of detailed longitudinal datasets about the 

refinement of task performance over time. In addition, home-cage testing permits the assessment 

of more difficult tasks than would be possible if the animal was only given a short amount of 

time each day to practice.  

 Despite these benefits, however, interpreting the results of the previous study was 

sometimes difficult. For example, many 6-month-old YAC128 mice were seen to overshoot the 

goal range and then slowly move the lever back towards the start position in order to reach the 

required hold duration. One interpretation of this finding is that these mice had difficulty 

terminating their pull at the appropriate time, comparable to difficulties with terminating 

reaching movements observed in pre-symptomatic HD patients (Smith et al., 2000).  Another 

possibility is that mice were overshooting in order to compensate for an inability to hold the 

lever steady within the hold-range. However, regardless of the reason, these animals displayed 

normal motor learning as the parameters of the task were permissive to this strategy. If these 

overshot trials had not been rewarded, it is unclear whether the YAC128 mice would have 
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adjusted their strategy appropriately or if a motor deficit would have prevented them from doing 

so. As such, it’s difficult to know whether this reflects a motor control deficit per se, or simply 

an alternative strategy employed by some animals. 

In young (2-month-old) animals, YAC128 mice were slower to increase their hold 

duration and advance through the task as compared to WT littermates but did not have any 

kinematic differences at the maximum hold-duration. This may reflect a deficit in responding to 

changes in reward contingency (i.e. related to behavioural flexibility and motor learning) but 

could perhaps also indicate that the animals developed a different strategy in training (e.g. 

shorter duration pulls) that was more difficult to adjust in the second phase of testing. As this 

deficit was transient, it’s also not clear that this would be a relevant phenotype for use as an 

outcome measure in drug treatment studies. Another difficulty in comparing the performance of 

animals was related to the progressive nature of the task. Cross-sectional comparisons of success 

rate and kinematics were difficult to perform, as animals often had different hold-duration 

requirements from each other on any given day. This could limit the design of drug treatment 

studies using this system, as there are few discrete outcome measures that could be consistently 

compared between animals at specific time-points. Furthermore, without a clear understanding of 

what the observed deficits indicate with regards to motor function, the reversal of a specific 

impairment with a drug treatment might be difficult to interpret and lack predictive validity. 

To address these concerns, I sought to both improve the design of the home-cage system 

and to create a new testing methodology that would provide a simpler assessment of motor 

learning and forelimb kinematics in mouse models of HD. Several additions were made to the 

system, including a nose-poke port to ensure that trials were performed consistently with the 

forelimb, as well as a piezo buzzer to provide auditory stimuli and a camera to film trials. The 
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lever was also coupled to a motor in order to provide a constant level of resistance during lever-

pull trials and enforce a time-out period between trials. The testing methodology was altered 

such that mice no longer had to hold the lever for an increasing amount of time, but rather had to 

pull the lever back with a specific amplitude in order to receive water drop rewards. Once each 

mouse had started the main phase of testing, the success requirements stayed constant and ability 

to learn and perform the task was assessed.  

Once developed and tested, I used this improved home-cage system (‘PiPaw’) to 

investigate motor phenotypes in the YAC128 transgenic mouse, as well as the Q175-FDN 

knock-in model of HD. The Q175-FDN mouse is a full-length knock-in model with high face 

validity that displays a neuropathological and symptomatic progression very similar to what is 

seen in human HD patients (Southwell et al., 2016). Of the knock-in models, it also has the 

earliest onset of motor symptoms (~8 months-old), increasing its usefulness for pre-clinical 

studies. In addition to studying forelimb motor learning in WT and HD mice, I also wanted to 

determine if training on the task resulted in changes in the activity or plasticity of striatal MSNs. 

Previous studies have found that motor learning is associated with changes in the activity of both 

cortical inputs to the DLS (Kupferschmidt et al., 2017) and DLS-MSNs themselves (Giordano et 

al., 2018; Koralek et al., 2013; Santos et al., 2015; Yin et al., 2009), and requires the expression 

of NMDA receptors at cortico-striatal synapses (Lambot et al., 2016). Given that altered 

plasticity of striatal MSNs has been reported in both YAC128 and Q175-FDN mice (Glangetas et 

al., 2020; Sepers et al., 2018), observed motor learning deficits in these models may be related to 

deficits in the ability of cortico-striatal connections to change their synaptic strength.  
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3.2 Methods 

3.2.1 Animals 

All experiments were conducted using heterozygous YAC128 line 53 transgenic mice 

(Slow et al., 2003) and heterozygous Q175-FDN knock-in mice (Southwell et al., 2016), both on 

the FVB/N genetic background. All mice were male, and wildtype littermates of these animals 

were used as controls. Initially, both male and female mice were planned for use in these 

experiments; however, as we only had a small room to house the PiPaw cages and were 

concerned about behavioural testing and housing of male and female mice in close proximity, we 

decided to use only male mice for this phase of the project. YAC128 mice were assessed in the 

PiPaw task beginning at either 2-months-old (60 ± 10 days) or 10-months-old (300 ± 10 days). 

Q175-FDN mice were assessed in the PiPaw task beginning at 10- to 11-months-old (310 ± 20 

days). Additional cohorts of YAC128 and Q175-FDN mice were used at 10- to 11-months-old 

(310 ± 20 days) for rotarod and open field testing. For the sake of simplicity, mice tested 

between 10- and 11-months old will be referred to as ’10-months-old’ in this chapter. A total of 

99 YAC128 mice and 66 Q175-FDN mice were used for experiments, including WT littermates. 

Animals were housed on a 12/12 h light/dark cycle in a temperature and humidity-controlled 

room. Mice were provided with free access to chow and standard environmental enrichment 

within the cage (bedding, hut, PVC tube) throughout testing. Mice were handled by the 

experimenter on at least two occasions for 2-3 minutes per animal prior to any surgery or 

behavioural testing. Animal tissue was collected via ear clipping at weaning, and DNA 

extraction and PCR analysis was subsequently used to determine genotype. All procedures were 

carried out in accordance with the Canadian Council on Animal Care and approved by the 

University of British Columbia Committee on Animal Care. 
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3.2.2 RFID capsule implantation 

RFID capsule implantation was performed as described in Chapter 2.2.2. Animals were 

allowed to recover for a minimum of one week following surgery before behavioural testing. 

 

3.2.3 PiPaw testing 

3.2.3.1 Hardware and software 

The PiPaw system was developed based on the design of the original home-cage 

behavioural testing system described in Chapter 2 and retained a similar general design but with 

a number of important changes. An opening was created on one side of a regular mouse home-

cage to allow mice to access a separate enclosed chamber (the ‘testing module’) (Fig. 3.1a-b). 

This module was 3D-printed from black PLA filament (MakerBot MP05775), apart from the 

floor which was made from a separate glass piece. At the opposite end of the module from the 

entrance, a nose-poke port accessed a water spout, which delivered drops using the same valve-

based system described in Chapter 2.2.3. An infrared break-beam sensor (Adafruit 2168) was 

positioned adjacent to the port to detect nose-pokes. The ceiling at this end of the chamber was 

raised to allow mice to sit back on their hind-legs and more easily reach the nose-poke port 

(which was also slightly elevated). An RFID antenna and reader (Sparkfun SEN-11828) were 

inset into the ceiling in order to detect and identify animals, as in the previous system. On the 

right wall of the chamber adjacent to and slightly below the nose poke port, a lever extended 

~1cm into the chamber. This lever was moveable on a horizontal axis with a range of 30° and 

was positioned such that the mouse’s right forelimb would naturally rest on it when nose-poking. 
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On the left side of the chamber opposite the lever, a small ledge allowed the mouse to support 

themselves on their left forelimb while nose-poking and grasping the lever.  

 

 

 



83 

 

Figure 3.1   The PiPaw home-cage system 

(a-b) A small testing chamber was accessible from the mouse home-cage containing a nose-poke port and 

spout which delivered water drop rewards. An RFID reader would detect and identify animals upon 

entrance into the chamber and load the appropriate testing parameters. A lever extended into the chamber 

which was moveable on a horizontal axis within a position range of 30°. This lever was coupled to a 

combined motor/encoder in order to provide a constant force on the lever and to measure lever position 

during trials. In order to perform a trial, the mouse first had to nose-poke and then pull the lever back to a 

specific position range using their right forelimb. 

 

Instead of the counterweight used in the previous system, the lever was coupled to a DC 

micro-motor, providing much better control over the resistance applied to the lever. This motor 

was controlled by a motor control board (Maxon 466023) running in current control mode. This 

control setting maintains a fixed torque regardless of any external force applied to the rotor, 

meaning that the force required to move the lever remained steady as it was pulled backwards. 

The torque was controlled via a pulse-width modulation (PWM) signal and was set to one of two 

levels: a ‘low-force’ condition when a mouse was performing a trial, and a ‘high-force’ condition 

at all other times (e.g. during the time-out between trials). The torque applied during the low-

force condition was extremely low – essentially the minimum required to overcome the friction 

of the rotor and return the lever back to its start position after it was pulled backwards. In 

contrast, the ‘high-force’ condition was strong enough to prevent the mice from pulling the lever 

with their forelimb before the next trial was permitted to begin. 

   Initially, a 15mm micro-motor (Faulhaber 1524T012SR) was used for experiments. 

However, this was later replaced by a 22mm motor (Faulhaber 2224U012SR), as the larger 

motor had a higher rated torque and was better able to hold the lever in place between trials (i.e. 

in the high-force condition). In the low-force condition, the torque was identical for both motors, 
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ensuring that the required pull force during trials was the same. One consequence of using the 

larger motor was that it had to be mounted slightly further away from the testing module, and 

consequently there was a greater distance from the end of the lever to the coupler. As a result, the 

absolute size of each degree of rotation at the end of the lever was larger with the large motor as 

compared to the small motor. In order to compensate for this and maintain the same arc length of 

lever movement between the two motors, the size of the lever range was decreased to 24° from 

30° for all cages tested with the large motor (all sub-ranges were scaled proportionately as well). 

During analysis, all lever position data for animals tested with the large motor was scaled by a 

factor of 1.25× in order to normalize the data to the 30° range used with the small motor. No 

differences in pull kinematics or learning were seen between cohorts tested in cages with the two 

different motors. 

The motor was coupled to a high resolution (4096 lines per revolution) incremental 

encoder (Faulhaber IEH2-4096) to allow for accurate measurement and recording of all lever 

movements. Lever positions during each trial were collected at 200 Hz and recorded to text files 

for each mouse. In addition, a camera (Waveshare 10299) was mounted below the chamber and 

recorded a bottom-up video of each trial through the glass floor. A piezo buzzer (Adafruit 1739) 

was attached to one side of the chamber and delivered auditory stimuli to indicate trial initiation, 

success and failure. The cage and attached testing module were attached to aluminum spacers 

(Siskiyou AS-2.00) mounted on a polycarbonate sheet. All components were connected to a 

breakout board and controlled by custom software running on a Raspberry Pi 3B micro-

computer. This software was written in Python 3 and ran continuously during testing. Eight 

PiPaw systems were constructed and used to perform the experiments in this chapter. 

 



85 

 

3.2.3.2 Behavioural methodology 

Small groups of littermate mice (1-4 animals) were introduced to the cage and allowed to 

explore and discover the attached testing module. As in Aim 1, the number of animals tested in 

each cage was determined by litter size at birth. Cages were typically mixed genotype, although 

a small number contained only WT or HD mice. Ad libitum water bottle access was removed, so 

that water could only be retrieved by interacting with the behavioural task. Upon entering the 

module, the mouse was detected by the RFID reader and the motor switched to the high-force 

condition in order to hold the lever in the ‘start position’ until the trial was allowed to begin. In 

order to initiate a trial, the mouse had to nose-poke at the port and remain in position for a short 

waiting period (1 s). Following this, the motor switched to the low-force condition and a short 

tone was played (1200 Hz, 0.1 s) to signal that a trial could begin. The mouse could then initiate 

a trial by pulling the lever backwards out of the ‘threshold’ position range (0° to 3°). If the 

mouse removed their head prior to initiating a trial, the motor would switch back to the high-

force condition and the trial would be cancelled. Once a trial was initiated, it could end in one of 

two ways – either the lever would be returned back to the start position, or the trial time limit of 

2 s would be reached. After the trial was ended, the motor would return to the high torque 

condition and a 5 s timeout would begin until the mouse was permitted to perform another trial. 

If the trial was successful, a 20 µL water drop would be delivered by the spout and two high 

tones would play (2400 Hz, 2×0.2 s). If the trial was failed, no water would be delivered, and 

two low tones would play (400 Hz 2×0.2 s). 

Testing was split into three phases which each mouse completed sequentially, each 

animal advancing at their own pace. The rewarded lever position range in each of these phases 

was different, becoming progressively more difficult as the animal learned the task. In the first 



86 

 

phase (Training 1) the mouse acquired the simple operant behaviour of nose-poking and 

simultaneously pulling the lever with their right forelimb. In this phase, mice could receive a 

water drop on a fixed-interval 10-minute schedule simply for nose-poking (i.e. maximum one 

water drop every 10 minutes). To receive additional drops, they had to pull the lever past the 

threshold range and return it to the start position (either intentionally or simply by letting go of 

it) within the 2 s trial time limit (Fig. 3.2a). A trial could only be failed by holding the lever too 

long, encouraging mice to perform short movements. Once a mouse reached 100 successful trials 

in this phase, they were advanced to Training 2. In this phase, mice no longer received water 

drops simply for nose poking, and had to pull the lever past the 8° mark in order to meet the task 

success requirements (Fig. 3.2b). After 100 successful trials in this phase, mice were moved on 

to the main Testing phase. 

 

 

Figure 3.2   Rewarded lever position ranges during the three phases of PiPaw testing 

(a) The lever is held in its starting position at the front of the lever position range by the motor until a trial 

is initiated. In all testing phases, the mouse initiates a trial by pulling the lever backwards out of the 

threshold range (0-3°, shown in grey).  In the first Training phase, a water drop is given for all trials, 

regardless of pull amplitude, as long as the lever is returned back to the start position within the trial time 

limit (2 s). (b) In the second Training phase, the rewarded lever position range narrows slightly to 
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between 8° and 30°. If the amplitude of the pull (i.e. maximum position of the lever during the trial) is 

less than 8°, the trial is not rewarded. (c) In the main Testing phase, the rewarded lever position range 

narrows to between 15° and 27° (shown in blue). If the amplitude of the pull is less than 15° (undershot) 

or greater than 27° (overshot), the trial is not rewarded. 

 

In the Testing phase, the rewarded position range was narrowed to between 15° and 27° 

of the full 30° lever position range (Fig. 3.2c). In order for a trial to be successful, the amplitude 

of the pull (i.e. the maximum position of the lever during the trial) had to fall within this success 

range. If the lever went past 27°, the trial was ‘overshot’ and if the lever did not reach 15° it was 

‘undershot’. In both cases, the trial was considered failed and no water was delivered. As in 

Training 1 and 2, if the lever was held for longer than 2 s, the trial was also failed. This task 

remained the same for the remainder of the Testing period, and the ability to learn to pull the 

lever to this sub-range was assessed. Mice remained in the Testing phase for a variable amount 

of time, but all animals used for analysis were assessed for at least one week. In all phases, when 

the lever entered the ‘success range’ (i.e. when it passed 3° in Training 1, 8° in Training 2 or 15° 

in Testing), a short high tone was played (2400 Hz, 0.1 s). In the Testing phase, if the mouse 

pulled the lever all the way back past the far end of the success range (27°) into the overshot 

range, a short low tone was played (400 Hz, 0.1s). These tones served to reinforce the location of 

the success range within the full lever position range. 

 

3.2.3.3 Data analysis 

All data were automatically recorded to text files by the PiPaw software and was 

extracted and analyzed using custom scripts written in Python 3. Prior to analysis, lever position 

data were ‘cleaned’ in order to remove trials with abnormally high timestamps, low lever 



88 

 

position readings or trials with 2 or fewer total position readings. This cleaning resulted in the 

removal of only a very small number of trials (~0.1%). In order to perform daily analysis of 

performance and kinematic measures in the first week, trials were grouped into 24-hour bins 

from the time that the animal was switched to the main Testing phase. These bins were used to 

calculate mean values for kinematic measures, as well as inter-trial variability of those kinematic 

measures.  

 In order to define ‘bouts’ of trials, an average trial rate was calculated second-to-second 

with a 3-minute sliding window across the full period of testing for all animals. When this 

average trial rate went above 1.333 trials/min (corresponding to >4 trials in the 3-minute 

window), all trials in the window were grouped into a bout and the bout continued for as long as 

the trial rate stayed above this value. This threshold value of 1.333 trials/min was calculated by 

determining the trial rate at every second of testing for all WT mice at either 2-months-old or 10-

months-old and taking the 95th percentile value of these trial rates. This value was determined to 

be the same for mice in the two age groups. Average values for trials and bouts (e.g. trials per 

day, trials per bout) were assessed over the first full week in the main Testing phase. To calculate 

average trial-wise success rate over the bout, all bouts with at least 12 trials were collected for 

each animal and first averaged for each trial position within animals, and then averaged across 

animals. Circadian activity levels were assessed over the full period of testing (including 

Training and Testing phases) for all animals.  

Two main exclusion criteria were used to remove animals from analysis. The first was 

the removal of animals that used a non-standard pull strategy (i.e. did not pull consistently with 

their right forelimb), as the use of a different strategy could be a confounding factor for 

kinematic analysis. In order to assess this, 50 videos were randomly selected from all trial videos 
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for each animal and manually scored to determine if the mouse had pulled the lever with their 

right forelimb, left forelimb, both forelimbs, or undetermined. Mice that had greater than 3/50 

videos scored as left or both forelimbs were excluded from analysis. No significant genotype 

differences were seen in the number of animals using a non-standard pull strategy. In the 2-

month-old group, seven animals (3 WT / 4 YAC128) were removed, while in the 10-month-old 

group, thirteen mice were removed (4 WT / 3 YAC128 / 6 Q175-FDN) due to a non-standard 

pull strategy. Animals were also removed if they did not have seven full days of assessment in 

the main Testing phase (4 animals total between all groups). In addition, one mouse could not be 

properly genotyped and was excluded. For 10-month-old animals, WT controls from the 

YAC128 and Q175-FDN experiments were combined together for all analyses, as these mice are 

from the same genetic background and displayed similar learning and performance of the task. In 

total, 27 mice were used for PiPaw analysis at 2-months-old (13 WT / 14 YAC128) and 56 mice 

at 10-months-old (27 WT / 15 YAC128 / 14 Q175-FDN). 

 

3.2.4 Accelerating rotarod test 

In the rotarod test, a mouse is placed on a rotating rod and must balance themselves and 

run on top of the rod in order to prevent themselves from falling. On each trial, the rotarod (Ugo 

Basile, Italy) accelerated from 5 to 40 RPM over the course of 300 s, and the latency for each 

mouse to fall from the rotarod was noted. If the mouse performed a complete rotation holding 

onto the rod, this was also treated as a fall and the trial was ended. If the mouse reached the 

maximum allowed time, the trial was ended and scored as 300 s. The rotarod was wiped with 

ethanol between each mouse. Testing was performed at the same time on each day during the 

light phase of the light/dark cycle. Each mouse performed 3 trials per day on each of 4 
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consecutive days, with a one-hour inter-trial interval. Latency to fall off the rotarod on the three 

trials each day was averaged for each mouse to obtain a daily average. 

 

3.2.5 Open field test 

Mice were placed one at a time in the corner of an open-top clear acrylic box (48 × 38 

cm) under bright lighting and were allowed to explore for 10 minutes. The box was wiped down 

with ethanol between animals. Testing was performed during the light phase of the light/dark 

cycle. Open field activity was recorded by a camera mounted above the box and distance 

travelled was analyzed using Ethowatcher (Crispim Junior et al., 2012).  

 

3.2.6 Electrophysiology 

Slice electrophysiology experiments were performed on YAC128 and Q175-FDN mice 

as well as wildtype littermates. Animals were split into two cohorts on the basis of whether they 

had been tested in the PiPaw system or not – a ‘trained’ group and a ‘naïve’ group. Animals in 

the naïve group had been previously used for rotarod and open field behavioural testing but had 

not undergone testing on the PiPaw task. Animals in the trained group were used for slice 

experiments immediately following the end of PiPaw testing.  

 

3.2.6.1 Slice preparation 

Animals were anesthetized with isoflurane and decapitated. The brain was rapidly 

removed and bisected along the midline, separating the two hemispheres. Acute left- and right-

hemisphere sagittal slices (250-300 µm) containing the dorsal striatum were cut using a 

vibratome (Leica VT1000) in ice-cold artificial cerebrospinal fluid (aCSF), before being 
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transferred to a holding chamber containing aCSF at 37° for 30 minutes. Slices were then 

maintained in aCSF at room temperature for at least 30 minutes for whole-cell experiments, or 1 

hour for extracellular experiments. All aCSF contained the following (in mM): 125 NaCl, 2.5 

KCl, 25 NaHCO3, 1.25 NaH2PO4 and 10 glucose. In addition, aCSF used for cutting slices 

contained 0.5mM CaCl2 and 2.5mM MgCl2, while all other aCSF contained 2mM CaCl2 and 

1mM MgCl2. The pH of aCSF was 7.3-7.4 and osmolarity was 310 (±3) Osm/L. aCSF was 

continuously oxygenated with carbogen (95% O2/5% CO2) during slicing, recovery and all 

experiments. Once transferred to the recording chamber, slices were continuously superfused 

with room temperature aCSF containing picrotoxin (50µM; Tocris Bioscience) to block GABAA 

receptors and minimize inhibitory responses. Slices were allowed to equilibrate in the recording 

chamber for at least 20 minutes before the start of recording. 

 

3.2.6.2 Extracellular recordings 

To record field excitatory postsynaptic potentials (fEPSPs), a glass recording 

micropipette electrode filled with aCSF was placed in the dorsolateral striatum and a second 

glass micropipette stimulating electrode was placed 300-500 µm dorsal to this. This pipette 

delivered test stimuli every 15 seconds and stimulation intensity was set at a level to evoke a 

robust sub-maximal response at the recording pipette (60-300 µA for 100 µs duration). Each run 

included two stimuli separated by 50 ms so that paired-pulse ratio (PPR) could be assessed. Data 

were acquired with a Multiclamp900 amplifier and Clampex 11.1 (Molecular Devices) software, 

sampled at 100 kHz and filtered at 1 kHz. Responses were recorded for at least 10 minutes to 

ensure that the fEPSP amplitude was stable before applying a high-frequency stimulation (HFS) 

protocol to evoke depression or potentiation of fEPSPs. This HFS consisted of four 100 Hz 
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stimulation trains of 1 second each, separated by a 10 second interval. The stimulation intensity 

during these trains was the same as used for the test stimuli. fEPSPs were recorded for 40 

minutes following HFS to determine the response of striatal field responses to this stimulation 

protocol. The amplitude of fEPSPs during the 5 minutes prior to HFS were averaged to obtain a 

baseline response size and this was compared to fEPSP amplitude in the response period. 

Average response to HFS was calculated as the average of responses in the time period 30-35 

minutes after the application of HFS. PPR was calculated as the ratio of the amplitude of the 

second pulse to the first pulse on each run, and was averaged over the 5 minutes prior to HFS, 

and 30-35 minutes post-HFS and compared. 

 

3.2.6.3 Whole-cell voltage-clamp 

Intracellular recordings were made using a whole-cell patch clamp technique and were 

acquired with an Axopatch-700A amplifier and pClamp 11 software, digitized at 20kHz and 

filtered at 1 kHz. Pipettes (3-5Ω) were pulled from borosilicate glass capillaries using a 

micropipette puller (Narishige International). The intracellular solution was cesium-based and 

contained the following in mM: 130 cesium methanesulfonate, 5 CsCl, 4 NaCl, 1 MgCl2, 5 

EGTA, 10 HEPES, 5 QX-314 chloride, 5 MgATP, 0.5 MgGTP and 10 sodium phosphocreatine. 

The pH of intracellular solution was 7.2-7.3 and the osmolarity was 290 (±3) mOsm/L. Cells 

were rejected and not recorded if series resistance was >17 MΩ. To record spontaneous 

excitatory post-synaptic currents (sEPSCs), cells were voltage-clamped at -70 mV. To record 

PPR, a glass micropipette electrode filled with aCSF was positioned ~200 µm dorsal to the 

recording site. The cell was voltage clamped at -70 mV with a 50 ms step to -80 mV every 30 s, 

and activity was elicited by injecting current through the stimulating electrode. Two pulses (100 
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µs duration) were administered with an inter-pulse interval of either 50, 100, 150, 200, 250, 300, 

350 or 400 ms. Three runs were performed at each interval length and averaged, and the PPR at 

each interval was calculated as the ratio of the average response amplitude of the second pulse to 

the average response amplitude of the first pulse. Analysis of electrophysiology data was 

performed using Clampfit 10.7 (Molecular Devices).  

 

3.2.7 Statistics 

All statistical testing was performed with Prism 8 (GraphPad Software). Data are 

expressed as mean ± SEM unless otherwise specified. Alpha level for all tests was p = 0.05. For 

electrophysiology experiments, n = the number of slices (extracellular experiments) or neurons 

(whole-cell experiments) and the number of animals is given in brackets. For all other 

experiments, n = the number of animals. Repeated measures data with group comparisons (e.g. 

success rate over seven days for WT vs. YAC128) was analyzed with repeated measures two-

way ANOVA to assess overall main and interaction effects. Sidak’s multiple comparisons test 

was then used to compare between groups at each time-point (e.g. comparing success rate on D3 

between WT and YAC128). Repeated measures data for a single group (e.g. comparing success 

rate across 7 days of testing for WT mice) was analyzed using repeated measures one-way 

ANOVA, or Friedman’s test in the case of non-normally distributed data. Dunnett’s test (or 

Dunn’s test for non-normal data) was used following one-way or two-way ANOVA to compare 

within-group data on the first day to each subsequent day (e.g. comparing success rate on D1 vs. 

D7 for WT mice). To compare non-repeated measures data across three or more groups (e.g. 

open field distance travelled in WT/YAC128/Q175-FDN), one-way ANOVA was performed, 

followed by Tukey’s test to compare pairs of groups to each other. To compare two groups on a 
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single measure, unpaired two-tailed t-tests were used when groups were normally distributed and 

had equal variances. If groups were found to have unequal variances using the F-test of equality 

of variances, Welch’s t-test was used instead. If one or both groups was found to have a non-

normal distribution using the D’Agostino & Pearson test, the Mann-Whitney test, a non-

parametric alternative, was used. To compare paired data (e.g. success rate in bouts vs. non-bout 

trials), paired two-tailed t-tests were used.  

 

3.3 Results 

3.3.1 Mice learn the PiPaw task and organize their activity into short bouts of high task 

engagement 

A cohort of mice (n = 13) were tested using the PiPaw system at 2-months-old in order to 

validate the new behavioural methodology and assess the ability of mice to acquire the task and 

improve over time. The majority of mice (~75%) successfully acquired the basic lever-pull 

response and progressed through the two Training phases and onto the Testing phase. In the 

Testing phase, the average success rate was initially quite low (19.0% ± 3.7% on day 1), but 

improved significantly over the course of one week, reaching 50.0% ± 2.6% by day 7 (F6, 72 = 

25.57, p < 0.0001) (Fig. 3.3a). This increase in success rate was associated with a concurrent 

decrease in the number of ‘overshot’ trials that were pulled past the far end of the success range 

(F6, 72 = 7.204,  p < 0.0001) as well as a decrease in the number of trials held for longer than the 

trial time limit of 2 seconds (χ2 = 47.68, p < 0.0001) (Fig. 3.3a). In contrast, the number of 

‘undershot’ trials where the lever failed to reach the success range did not change significantly 

over one week of testing (F6, 72 = 1.186, p = 0.323), accounting for the largest proportion of 

failed trials across all days (Fig. 3.3a). 
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Figure 3.3   WT mice improve their performance of the PiPaw task over time and cluster their 

trials into short bouts of high task engagement 

(a) Over the course of one week in the Testing phase, WT mice increase their proportion of successful 

trials and decrease their proportion of overshot and held too long trials, while the proportion of undershot 

trials stay relatively stable. (b) Average number of trials performed by each mouse over the Testing 

phase. (c) Average circadian distribution of trials (hourly bins), with the grey-shaded region indicating the 

dark phase of the light cycle (7 PM – 7 AM). (d) Percentage of trials performed by each mouse during the 

dark phase of the light cycle. (e) Trials (blue lines) for a representative mouse are shown over the course 

of 8-hours on one day of testing. The large majority of trials occur in ‘bouts’ (grey-shaded regions) of 

high task engagement (>4 trials within a 3-minute window). (f) Success rate is higher for trials occurring 

within bouts as compared to non-bout trials (lines indicate paired values for each mouse). (g) Average 

success rate by trial position in the bout for all bouts with at least 12 trials. Asterisks indicate a significant 

increase as compared to the first trial in the bout. n = 13 2-month-old WT mice for all analyses. *: p<0.5; 

**: p<0.01; ***: p<0.001; ns: not significant. 

 

On average, mice performed 266.1 ± 12.4 trials and received 2.34 ± 0.08 mL of water per 

day during the Testing phase (Fig. 3.3b). However, these trials were not evenly distributed 

throughout the day – mice tended to increase their activity beginning in the late afternoon, with 

task engagement peaking between 7 and 9 PM (Fig. 3.3c). Overall, mice typically performed the 

majority of their trials during the dark phase of the light cycle between 7 PM and 7 AM (63.4% ± 

2.6% of trials in the dark phase), although some had a more evenly divided light/dark phase trial 

distribution and one showed a preference for the light phase (Fig. 3.3d). When mice interacted 

with the task, they tended to cluster their trials into short (<10 minutes) ‘bouts’ of high task 

engagement, rather than distributing them more evenly over time. To identify and segregate 

these trial bouts, we determined the average trial rate in a three-minute sliding window over the 

full Testing phase for each mouse, and clustered trials together when the rate went above a 

certain value (>1.333 trials/minute). Using this method, we found that 92.3% ± 0.9% of each 
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mouse’s trials occurred in these periods of high task engagement, with the remainder showing a 

sparser distribution (Fig. 3.3e). Mice performed an average of 18.2 ± 0.9 bouts per day, with 

each bout containing an average of 14.8 ± 0.6 trials. 

Interestingly, the success rate in trials occurring within bouts was found to be much 

higher than the success rate in non-bout trials (t12 = 6.16, p < 0.0001), suggesting that this 

clustering served a functional role with regards to learning (Fig. 3.3f). In further support of this, 

we found a relationship between the position of a trial within a bout and the success rate on that 

trial, such that trials later in the bout had a higher success rate than those at the beginning (F11, 132 

= 6.02, p < 0.0001). In bouts with at least 12 trials, the average success rate increased from 

39.5% ± 2.7% in the first trial to 51.9% ± 2.3% in the ninth trial before decreasing slightly (Fig. 

3.3g). This demonstrates that mice show substantial within-bout motor learning, although fatigue 

may play a role in decreasing average success rate after a certain number of trials. 

 

3.3.2 Performance improvement on the PiPaw task is associated with reductions in trial-

to-trial variability in pull amplitude and duration 

  To further examine how mice improve their performance of the task over time, 

kinematic features of lever-pull trials were measured over the course of one week in the Testing 

phase. Initially, trials were characterized by substantial heterogeneity of kinematic measures (e.g. 

amplitude, tortuosity) and were often held for one second or more before being returned to the 

start position (Fig. 3.4a). However, by day 7, mice performed trials with a more stereotyped 

movement, typically pulling the lever backwards in a single motion and then returning it to the 

start position within 0.5 s (Fig. 3.4b). As pull amplitude is the feature of the trial most relevant to 

task success, the distribution of these amplitudes was seen to change substantially from day 1 to 
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day 7 as mice improved their performance of the task (Fig. 3.4c-d). Interestingly, average pull 

amplitude was within the rewarded range even on the first day of testing and did not change 

significantly over seven days, despite the 2.5-fold increase in success rate (F6, 72 = 1.742, p = 

0.124) (Fig. 3.4e). To better quantify the shift in the distribution of pull amplitude towards the 

rewarded range, the inter-trial variability (quantified as variance) of pull amplitude was 

measured over all trials on each day of testing (Fig. 3.4f). This variability decreased by over 40% 

over the course of one week (F6, 72 = 17.01, p < 0.0001), providing a robust measure of the 

progression of motor learning over this period.  

 In addition to pull amplitude, pull duration is another parameter that directly influences 

success on the task, as trials held away from the start position for longer than 2 s are 

automatically failed. Paralleling the decrease observed in ‘held too long’ trials (Fig. 3.3a), trial 

duration decreased significantly over the course of testing (F6, 72 = 15.5, p < 0.0001) (Fig. 3.4g). 

The inter-trial variability of pull duration also decreased over this period (χ2 = 47.74, p < 0.0001) 

(Fig. 3.4h). This is perhaps unsurprising, as the mean values of trial duration are also decreasing, 

and variance tends to be smaller for smaller means. However, even when mean duration was 

controlled for by calculating the Fano factor (
𝜎2

𝜇
) of trial duration for each animal on each day, a 

strong decrease was still observed over one week of testing (F6, 72 = 13.92, p < 0.0001). These 

decreases in the inter-trial variability of pull amplitude and trial duration, distinct from changes 

in the means of these values, reflect the refinement of task performance over the course of one 

week that allows for the concurrent increase in success rate. 
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Figure 3.4   Increased success rate is driven by decreased inter-trial variability of task-relevant 

kinematic parameters 

(a) Representative lever position vs. time traces (n = 50 trials) for a representative WT mouse on the first 

day of the Testing phase. Each line represents the lever position over the course of a single trial. (b) Lever 

position traces (n = 50) for the same mouse on the seventh day of the Testing phase show a shorter 

duration and more stereotyped movement (c) Histogram of pull amplitude (i.e. maximum lever position) 

of every trial for all mice on D1 of the Testing phase. Only ~23% of trials have an amplitude falling 

within the rewarded position range (indicated by black lines). (d) Histogram of pull amplitude of every 

trial for all mice on D7 of the Testing phase, showing that ~49% of trials now have an amplitude in the 

rewarded range (e) The average pull amplitude of all trials over seven days of testing does not change 

significantly. The grey shaded region indicates the rewarded position range. (f) The inter-trial variance of 

pull amplitude shows a strong decrease over testing. (g-h) Mean trial duration and the variance of trial 

duration both show significant decreases over seven days in the Testing phase. n = 13 2-month-old WT 

mice for all analyses. 

  

3.3.3 2-month-old and 10-month-old YAC128 mice have normal motor learning on the 

PiPaw task 

 I next assessed the performance of heterozygous YAC128 mice on the PiPaw task at both 

an early, pre-symptomatic timepoint (2-months-old) and a later, symptomatic timepoint (10-

months-old). In 2-month-old animals, no significant differences were seen between WT (n = 13) 

and YAC128 mice (n = 14) in learning of the task (Fig 3.5a), with both groups improving their 

success rate over one week of testing (Day: F6, 150 = 34.1, p < 0.0001; Genotype: F1, 25 = 0.1171, 

p = 0.735; Interaction: F6, 150 = 1.02, p = 0.415). Although no significant main or interaction 

effects were seen for the proportion of undershot trials in WT and YAC128 mice over testing 

(Day: F6, 150 = 1.832, p = 0.097; Genotype: F1, 25 = 0.007, p = 0.935; Interaction: F6, 150 = 1.978, p 

= 0.072), post-hoc tests revealed a significant decrease in undershot trials on D7 as compared to 

D1 in YAC128 mice (p = 0.0018) but not WT mice (Fig. 3.5b). In contrast, an overall effect of 
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day was seen in the proportion of overshot trials over testing (Day: F6, 150 = 6.2, p < 0.0001; 

Genotype: F1, 25 = 0.131, p = 0.721; Interaction: F6, 150 = 1.298, p = 0.262) but this was primarily 

driven by a decrease in WT mice (D1 vs. D7: p = 0.0001), and post-hoc tests found no 

significant change in YAC128 mice on any day as compared to D1 (Fig. 3.5c). A significant 

interaction was observed between day of testing and genotype in the proportion of ‘held too 

long’ trials, with WT mice initially higher on this measure (D1 WT vs. YAC128: p = 0.048), but 

both genotypes decreased to the same level after one week of testing (Day: F6, 150 = 23.2, p < 

0.0001; Genotype: F1, 25 = 0.010, p = 0.920; Interaction: F6, 150 = 3.085, p = 0.007) (Fig. 3.5d). 
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Figure 3.5   2-month-old YAC128 mice have normal motor learning on the PiPaw task 

(a) The proportion of successful trials increases to a similar extent over 7 days of testing between 2-

month-old WT and YAC128 mice. (b) Undershot trials are significantly decreased on D7 as compared to 

D1 for YAC128, but not WT mice. However, no overall main or interaction effects are observed. (c) An 

overall effect of day on the proportion of overshot trials is driven largely by a decrease in these trials in 

WT, but not YAC128 mice. (d) WT mice initially have a higher proportion of trials held past the time 

limit of 2 s, but both genotypes decrease to a similar level by D7. (e) An overall interaction is observed 

between genotype and day for average pull amplitude, but no significant differences were seen on any 

specific day and amplitude does not change over time for either genotype. (f) WT and YAC128 mice 

decrease the inter-trial variance of pull amplitude to a similar extent over 7 days of testing. (g) Average 

peak velocity of pulls is similar between genotypes and does not change over testing. (h) An overall 

interaction is seen between genotype and day for average trial duration, but the genotype difference is not 

significant on any day and both genotypes decrease mean trial duration to a similar extent over testing. 

Data shown for WT animals is the same as shown in Fig. 3.3 and 3.4. n = 13 WT, 14 YAC128 for all 

analyses. *: p<0.5; **: p<0.01; ***: p<0.001; ns: not significant. 

 

 Kinematic measures of lever-pull trials were also found to be similar between 2-month-

old WT and YAC128 mice. Although an interaction was observed between genotype and day in 

average pull amplitude (Day: F6, 150 = 0.404, p = 0.876; Genotype: F1, 25 = 0.121, p = 0.731; 

Interaction: F6, 150 = 2.456, p = 0.027), this was not significant between genotypes on any day of 

testing and average amplitude did not change significantly over time for either genotype (Fig. 

3.5e). YAC128 mice decreased the inter-trial variability of pull amplitude to a similar extent to 

WT mice over the course of testing (Day: F6, 150 = 29.41, p < 0.0001; Genotype: F1, 25 = 0.237,    

p = 0.631; Interaction: F6, 150 = 0.355, p = 0.906), providing further support for normal motor 

learning in these mice (Fig. 3.5f). Peak velocity of the lever during the trial was also not 

significantly different between genotypes and did not change over seven days of testing (Day: F6, 

150 = 0.227, p = 0.968; Genotype: F1, 25 = 1.075, p = 0.310; Interaction: F6, 150 = 1.060, p = 0.389) 
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(Fig. 3.5g). Paralleling the early increase in ‘held too long’ trials in WT mice, trial duration 

tended to be longer for WT animals on D1 of testing as compared to YAC128 contributing to an 

overall interaction between genotype and day of testing (Day: F6, 150 = 23.34, p < 0.0001; 

Genotype: F1, 25 = 1.13, p = 0.298; Interaction: F6, 150 = 2.284, p = 0.039) (Fig. 3.5h). However, 

this was not significantly different between genotypes on any day of testing, and both genotypes 

decreased the average duration of trials to a similar extent over seven days. 

 A cohort of 10-month-old heterozygous YAC128 mice was next assessed using PiPaw. 

At this age, YAC128 mice are reported to be hypoactive in the open field, have a strong motor 

learning and coordination deficit on the rotarod, and display mild cognitive deficits (Van 

Raamsdonk et al., 2005). Surprisingly, we found that YAC128 mice at this age (n = 15) learned 

the PiPaw task just as well as WT mice (n = 27), showing a similar increase in success rate over 

7 days of testing (Day: F6, 240 = 55.86, p < 0.0001; Genotype: F1, 40 = 0.033, p = 0.856; 

Interaction: F6, 240 = 0.295, p = 0.939) (Fig. 3.6a). Both WT and YAC128 mice had a significant 

decrease in their proportion of undershot trials over 7 days of testing (Day: F6, 240 = 9.907, p < 

0.0001; Genotype: F1, 40 = 0.001, p = 0.974; Interaction: F6, 240 = 0.745, p = 0.614), in contrast to 

the results at 2-months-old where no significant main effect of day of testing was observed (Fig. 

3.6b). Although an overall effect of day of testing was seen for the proportion of overshot trials 

(Day: F6, 240 = 3.425, p = 0.003; Genotype: F1, 40 = 0.207, p = 0.652; Interaction: F6, 240 = 0.561,  

p = 0.761), a significant decrease was only observed in WT mice (D1 vs. D7: p = 0.0002), 

mirroring results at 2-months-old (Fig. 3.6c). Still, no genotype or interaction effects were found 

in the proportion of these trials, nor in the number of ‘held too long’ trials, which decreased 

similarly over testing for both genotypes (Day: F6, 240 = 14.95, p < 0.0001; Genotype: F1, 40 = 

0.502, p = 0.483; Interaction: F6, 240 = 0.789, p = 0.58) (Fig. 3.6d). 
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Figure 3.6   10-month-old YAC128 mice display normal motor learning on the PiPaw task 

(a) Symptomatic YAC128 mice have normal learning on the PiPaw task over 7 days of testing. (b) WT 

and YAC128 mice show a similar decrease in the proportion of undershot trials over testing. (c) WT, but 

not YAC128 mice have a significant decrease in the proportion of overshot trials from day 1 to day 7 of 

testing. (d) Trials held for too long (i.e. past the trial time limit) decrease in both genotypes over testing. 

(e) Average pull amplitude is similar for both genotypes; however, an overall main effect of day was 

observed, most likely caused by a tendency for amplitude to increase in YAC128 mice. (f) WT and 

YAC128 mice decrease the inter-trial variability of pull amplitude to a similar extent over testing. (g) 

YAC128 mice tend to increase the peak velocity of lever-pull trials over the course of testing, while this 

measure stays comparatively stable for WT mice. (h) Average trial duration decreases in both genotypes 

over the course of testing. n = 27 WT, 15 YAC128 for all analyses. *: p<0.5; **: p<0.01; ***: p<0.001; 

ns: not significant. 

 

 Forelimb kinematics during lever-pull trials were also, for the most part, similar in WT 

and YAC128 mice at 10-months-old. Average pull amplitude was not different between WT and 

YAC128 mice (Day: F6, 240 = 2.517, p = 0.022; Genotype: F1, 40 = 0.001, p = 0.973; Interaction: 

F6, 240 = 0.953, p = 0.458) (Fig. 3.6e), and both genotypes had a similar decrease in the inter-trial 

variability of pull amplitude over 7 days (Day: F6, 240 = 19.74, p < 0.0001; Genotype: F1, 40 = 

0.34, p = 0.563; Interaction: F6, 240 = 0.344, p = 0.913) (Fig. 3.6f). YAC128 mice tended to 

increase the peak velocity of their pulls over testing (YAC128 D1 vs. D7: p = 0.0075) 

contributing to an overall effect of day (Day: F6, 240 = 5.564, p < 0.0001; Genotype: F1, 40 = 

0.014, p = 0.907; Interaction: F6, 240 = 0.634, p = 0.703), whereas peak velocity was not different 

on any day in WT mice as compared to D1 (Fig. 3.6g). However, an overall genotype or 

interaction effect was not seen for this measure. Average trial duration decreased similarly for 

both genotypes over 7 days of testing (Day: F6, 240 = 11.59, p < 0.0001; Genotype: F1, 40 = 0.947, 

p = 0.336; Interaction: F6, 240 = 0.248, p = 0.96) (Fig. 3.6h), as was been seen in 2-month-old 
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mice. These results demonstrate that YAC128 mice at both early and later stages have an intact 

ability to learn and refine their performance of a skilled motor task. 

 

3.3.4 YAC128 mice show opposing age-related alterations of their activity patterns 

 I next investigated whether patterns of task engagement and circadian activity levels were 

different in YAC128 as compared to WT animals. An altered circadian pattern of task 

engagement had previously been found in 4- and 6-month-old YAC128 mice, but not 2-month-

old animals (Fig. 2.3c-e), suggesting that this phenotype may progressively worsen over time. 

Further supporting this, a significant interaction between genotype and hour of day was not seen 

when the average circadian distribution of PiPaw trials was compared in 2-month-old animals 

(Hour: F23, 575 = 29.35, p < 0.0001; Genotype: F1, 25 = 3.947, p = 0.058; Interaction: F23, 575 = 

1.324, p = 0.144) (Fig. 3.7a). In contrast, 10-month-old YAC128 mice showed a significantly 

altered circadian distribution of their trials as compared to WT mice (Hour: F23, 920 = 52.53, p < 

0.0001; Genotype: F1, 40 = 2.933, p = 0.095; Interaction: F23, 920 = 2.043, p = 0.0027) (Fig. 3.7b). 

Although the difference in trial distribution was relatively subtle, trials tended to be more 

concentrated in YAC128 mice at this age, especially in the first two hours of the dark phase (7-9 

PM). 
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Figure 3.7   YAC128 mice show age-dependent alterations in their patterns of task engagement 

(a)  Proportion of PiPaw trials occurring in each hour are shown for 2-month-old WT and YAC128 mice. 

No differences in the circadian distribution of trials are seen at this age. (b) 10-month-old YAC128 mice 

show an altered circadian trial distribution as compared to WT controls, as indicated by a significant 

interaction between genotype and hour of day. (c) 2-month-old YAC128 mice tend to perform more trials 
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per day over one week of testing as compared to WT littermates. (d) Average number of trials per bout 

are similar between genotypes for 2-month-old animals. (e) 2-month-old YAC128 mice have significantly 

more trial bouts per day as compared to WT littermates. (f) A trend for decreased inter-bout interval is 

seen in YAC128 mice. (g) 10-month-old WT and YAC128 mice perform a similar number of trials each 

day. (h) A trend is seen for an increased number of trials in each bout in YAC128 mice as compared to 

WT at 10-months-old. (i) 10-month-old YAC182 mice tend to perform fewer trial bouts than WT controls 

each day. (j) A trend is also seen for an increased inter-bout interval in 10-month-old YAC128 mice as 

compared to WT littermates. n = 13 WT, 14 YAC128 for 2-month-old animals and n = 27 WT, 15 

YAC128 for 10-month-old animals. *: p<0.5; **: p<0.01; ***: p<0.001; ns: not significant. 

 

 Although they did not display any circadian abnormalities, 2-month-old YAC128 mice 

were different from WT mice in their pattern of task engagement. These mice tended to perform 

more trials each day than their WT littermates (t25 = 1.808, p = 0.083), possibly reflecting a 

hyperactive phenotype (Fig. 3.7c). Interestingly, this increased trial rate did not manifest as an 

increase in the average number of trials in each bout (t25 = 0.337, p = 0.739) (Fig. 3.7d), but 

rather as an increase in the number of bouts performed each day (t25 = 2.077, p = 0.048) (Fig. 

3.7e). This was also associated with a trend for a decreased inter-bout interval in 2-month-old 

YAC128 mice as compared to WT mice (t25 = 1.919, p = 0.066) (Fig. 3.7f). In contrast, 10-

month-old YAC128 mice had the same number of trials per day as their WT littermates on 

average (U = 198, p = 0.917) (Fig. 3.7g) but tended to perform more trials in each bout (U = 135, 

p = 0.079) (Fig. 3.7h). A trend for a decreased number of trial bouts each day (t40 = 1.884, p = 

0.067) (Fig. 3.7i) and an increased inter-bout interval (U = 130, p = 0.058) (Fig. 3.7j) were also 

observed in older YAC128 mice. These results point to a bidirectional age-related modulation of 

task engagement in YAC128 mice, with young and old animals tending to interact with the task 

more and less frequently respectively. 
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3.3.5 10-month-old Q175-FDN mice have robust motor learning deficits and altered 

circadian activity levels 

 Given the surprising finding that YAC128 mice display normal motor learning on the 

PiPaw task even at an advanced symptomatic stage, I next assessed the performance of a 

different model of HD, the Q175-FDN mouse. The heterozygous Q175-FDN mouse is a knock-

in model of HD expressing one copy of an expanded Htt gene (~200 CAG-repeats) on an FVB/N 

genetic background (the same as the YAC128 model) (Southwell et al., 2016). Although these 

mice show behavioural and neuropathological symptoms at an earlier age than most other knock-

in models, this model still has a comparatively slow phenotypic progression and mice do not 

have a significant motor coordination deficit on the rotarod until 8-months-old (as compared to 

~4-months-old in YAC128 mice). 

 In 10-month-old Q175-FDN mice (n = 14), a striking motor learning deficit was 

observed as compared to WT mice (n = 27) (Fig. 3.8a). Although both genotypes had a similar 

success rate on day 1 of the Testing phase, Q175-FDN mice had a much slower rate of 

improvement on the task, and were significantly worse than WT mice by D3 of testing (Day: F6, 

234 = 31.04, p < 0.0001; Genotype: F1, 39 = 22.83, p < 0.0001; Interaction: F6, 234 = 9.272, p < 

0.0001). Contributing to this low success rate, Q175-FDN mice had a higher proportion of 

undershot trials across testing as compared to WT mice (Day: F6, 234 = 9.471, p < 0.0001; 

Genotype: F1, 39 = 8.585, p = 0.006; Interaction: F6, 234 = 0.349, p = 0.91), although the 

prevalence of these trials decreased to a similar extent in both genotypes (Fig. 3.8b). The 

proportion of overshot trials was initially similar between genotypes, but while WT mice had a 

significant decrease in the number of these trials across testing, Q175-FDN mice did not (Day: 

F6, 234 = 0.831, p = 0.547; Genotype: F1, 39 = 0.614, p = 0.438; Interaction: F6, 234 = 3.575,  p = 
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0.002) (Fig. 3.8c). Similarly, a large decrease was seen in the proportion of ‘held too long’ trials 

across testing for WT mice, but no such change was seen Q175-FDN animals (Day: F6, 234 = 

7.576, p < 0.0001; Genotype: F1, 39 = 0.71, p = 0.404; Interaction: F6, 234 = 3.794, p = 0.001) (Fig. 

3.8d). In sum, Q175-FDN mice had an altered categorical distribution of their failed trials 

initially, and an inability to reduce the proportion of certain types of failed trials over time.  

 Despite having a larger proportion of undershot trials, average pull amplitude was 

relatively normal in Q175-FDN mice (Day: F6, 234 = 3.993, p = 0.0008; Genotype: F1, 39 = 2.526, 

p = 0.12; Interaction: F6, 234 = 1.338, p = 0.241), although it increased significantly over 7 days of 

testing (D1 vs. D7: p = 0.015) (Fig. 3.8e). The ability of Q175-FDN mice to reduce the trial-to-

trial variability of pull amplitude, however, was significantly impaired (Day: F6, 234 = 8.611, p < 

0.0001; Genotype: F1, 39 = 5.487, p = 0.024; Interaction: F6, 234 = 1.788, p = 0.102) (Fig. 3.8f). In 

contrast to WT mice, Q175-FDN mice did not show a significant reduction in the inter-trial 

variability of pull amplitude between day 1 and day 7 (p = 0.657), reflecting an inability to refine 

the kinematics of their pulls in order to improve performance. Peak velocity of pulls was not 

different between genotypes, although an overall effect of day was observed (Day: F6, 234 = 

4.865, p = 0.0001; Genotype: F1, 39 = 0.777, p = 0.386; Interaction: F6, 234 = 0.384, p = 0.889) and 

Q175-FDN mice had an increased average peak velocity on D7 as compared to D1 (p = 0.033) 

(Fig. 3.8g). Interestingly, while WT mice had a significant decrease in average trial duration (D1 

vs. D7: p < 0.0001), YAC128 mice had no such decrease, paralleling the failure of these mice to 

decrease their proportion of ‘held too long’ trials (Day: F6, 234 = 4.613, p = 0.0002; Genotype: F1, 

39 = 0.6, p = 0.443; Interaction: F6, 234 = 2.71, p = 0.015) (Fig. 3.8h). 
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Figure 3.8   Q175-FDN mice have a motor learning deficit on the PiPaw task at 10-months-old 

(a) Motor learning is significantly impaired in Q175-FDN mice as compared to WT mice. Asterisks 

indicate a significant post-hoc test (WT vs. Q175-FDN) on a particular day. (b) Q175-FDN mice have 

significantly more undershot trials than WT mice across testing (main effect of genotype), although both 

genotypes have a decreased proportion of these trials over time. (c) The proportion of overshot trials is 

initially similar between genotypes, but Q175-FDN mice do not have a decreased number of these trials 

across testing. (d) Q175-FDN mice also do not decrease the proportion of trials held longer than the trial 

time limit of 2 s across testing, whereas WT mice do. (e) Average pull amplitude is similar between 

genotypes and tends to increase slightly over time, especially in Q175-FDN mice. Grey-shaded region 

indicates the rewarded pull amplitude position range. (f) Q175-FDN mice decrease the inter-trial 

variability of pull amplitude to a much lesser extent than WT littermates and have significantly higher 

inter-trial variability than WT by D7. (g) The peak velocity of pulls is similar between genotypes and 

increases slightly across testing. (h) Average trial duration decreases in WT mice across 7 days of testing 

but does not change in Q175-FDN mice. n = 27 WT, 14 Q175-FDN for all analyses. *: p<0.5; **: 

p<0.01; ***: p<0.001; ns: not significant. 

 

 Similar to the YAC128 animals, the circadian trial distribution of Q175-FDN mice was 

also significantly altered as compared to their WT littermates (Hour: F23, 897 = 41.26, p < 0.0001; 

Genotype: F1, 39 = 0.042, p = 0.839; Interaction: F23, 897 = 5.306, p < 0.0001) (Fig. 3.9a). 

However, this altered activity pattern was quite different as compared to what had been seen in 

YAC128 mice. Specifically, Q175-FDN mice had a lower proportion of trials in the light phase 

of the light/dark cycle (especially from 5-7 PM) and a greater number of trials in the second half 

of the dark phase (2-4 AM). As they had a much lower trial success rate overall, Q175-FDN 

mice also tended to perform more trials each day, although this was not significant (U = 132, p = 

0.121) (Fig. 3.9b). Although average bout length was not different in Q175-FDN mice (U = 181, 

p = 0.839) (Fig. 3.9c), they performed a greater number of bouts per day (t17.69 = 2.558, p = 0.02) 

(Fig. 3.9d), the opposite of the pattern observed in YAC128 mice at the same age. The average 
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inter-bout interval in Q175-FDN mice was also significantly lower than WT mice (U = 113, p = 

0.037) (Fig. 3.9e).  

 

 

Figure 3.9   10-month-old Q175-FDN mice have altered patterns of task engagement 

(a) The circadian distribution of PiPaw trials is significantly different in Q175-FDN mice as compared to 

WT littermates. Q175-FDN mice have a lower proportion of trials in the last two hours of the light phase 

and a higher proportion of trials in the second half of the dark phase. (b) Q175-FDN mice tend to have 

more trials per day through one week of testing, although this was not significant. (c) No significant 
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genotype difference was seen in the average number of trials per bout of task engagement. (d) Q175-FDN 

have significantly more trial bouts per day that WT littermates through one week of testing. (e) The 

average interval between trial bouts is lower in Q175-FDN than in WT mice. n = 27 WT, 14 Q175-FDN 

for all analyses. *: p<0.5; **: p<0.01; ***: p<0.001; ns: not significant. 

 

3.3.6 10-month-old YAC128 and Q175-FDN mice display motor phenotypes in rotarod 

and open field test 

 The lack of any significant deficit in motor learning on the PiPaw task in 10-month-old 

YAC128 mice was surprising given the previous reports of robust deficits at this age on tests of 

full body motor coordination, such as the rotarod (Lawhorn et al., 2008; Pouladi et al., 2012; Van 

Raamsdonk et al., 2005). To confirm that our colony of YAC128 mice replicated these previous 

findings, I next assessed 10-month-old YAC128 and Q175-FDN mice on an accelerating rotarod 

test for four consecutive days (three trials per day). Both YAC128 (n = 11) and Q175-FDN mice 

(n = 10) had a significant deficit in motor learning on the rotarod task as compared to WT mice 

(n = 11) (Day: F3, 87 = 24.79, p < 0.0001; Genotype: F2, 29 = 9.416, p = 0.0007; Interaction: F6, 87 

= 2.594, p = 0.023) (Fig. 3.10a). Although neither genotype was significantly worse than WT on 

day 1 (D1 WT vs. YAC128: p = 0.089; D1 WT vs. Q175-FDN: p = 0.16), latency to fall was 

significantly lower by day 2 (D2 WT vs. YAC128: p = 0.002; D2 WT vs. Q175-FDN: p = 0.021) 

and in subsequent days. Interestingly, YAC128 mice performed, if anything, somewhat worse 

than Q175-FDN mice, showing only a trend for improved task performance from D1 to D4 (p = 

0.055), whereas Q175-FDN mice had a significant improvement over four days of testing (p = 

0.0005). However, the two HD models were not significantly different from each other overall 

(WT vs. Q175-FDN: p = 0.6).  
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Figure 3.10   Motor coordination, locomotor activity and body weight are altered in HD mice 

(a) 10-month-old YAC128 and Q175-FDN mice show a similarly strong impairment in motor 

coordination on the accelerating rotarod task over four days of assessment. (b) YAC128 mice, but not 

Q175-FDN mice, show pronounced hypoactivity in the open field test over a 10-minute exploration 

period. (c) Baseline bodyweight is increased in YAC128 mice as compared to both WT and Q175-FDN 

mice. n = 11 WT, 11 YAC128 and 10 Q175-FDN for all analyses. *: p<0.5; **: p<0.01; ***: p<0.001; ns: 

not significant. 

 

 The overall activity level of 10-month-old HD mice was also assessed by measuring the 

total distance that mice travelled during a 10-minute open field exploration.  A significant effect 

of genotype was found (F2, 29 = 9.316, p = 0.0008), with YAC128 mice having a much lower 

activity level than both WT (p = 0.0096) and Q175-FDN (p = 0.0009) mice (Fig. 3.10b). In 

contrast, Q175-FDN mice had the same level of open field activity as WT mice (p = 0.581). 

YAC128 mice were also found to have much higher bodyweight than other animals (F2, 29 = 

17.92, p < 0.0001), weighing over 30% more than WT mice on average (p = 0.0001) (Fig. 

3.10c). Q175-FDN mice also weighed significantly less than YAC128s (p < 0.0001), but no 

difference was seen between WT and Q175-FDN (p = 0.764). 
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3.3.7 Q175-FDN mice have altered learning-associated changes in dorsolateral striatum 

MSN activity and plasticity 

 Motor learning and task-related refinement of kinematic variability are known to be 

associated with plasticity of cortico-striatal circuits (Barnes et al., 2005; Koralek et al., 2013; 

Santos et al., 2015; Yin et al., 2009). As previous studies have reported altered activity and 

plasticity of striatal MSNs in Q175-FDN mice (Sepers et al., 2018; Southwell et al., 2016), one 

possibility is that the motor learning deficits observed in this model are related to dysfunctional 

cortico-striatal plasticity. To investigate this, we next used acute slice electrophysiology to 

measure the spontaneous activity of dorsolateral striatum MSNs in animals who were either task-

naïve or had been tested in the PiPaw system. Given that training on this task is unilateral (i.e. 

only the right forelimb performs the task), learning-associated changes are likely to be 

hemisphere-specific. For this reason, we first sought to determine if there were baseline 

differences between the right and left hemisphere in the properties of spontaneous excitatory 

postsynaptic currents (sEPSCs). Spontaneous EPSCs are a measure of the frequency and 

amplitude of glutamatergic excitatory input received by a neuron. A higher sEPSC frequency 

indicates either a greater number of excitatory synapses, or an increased frequency of glutamate 

release from presynaptic terminals. In contrast, an increase in sEPSC amplitude indicates a 

higher concentration of postsynaptic glutamate receptors. In 10-month-old task-naïve mice, no 

hemispheric differences were seen in DLS-MSN sEPSC frequency; however, frequency was 

much higher in WT than Q175-FDN mice (Hemisphere: F1, 49 = 0.111, p = 0.74; Genotype: F1, 49 

= 23.19, p < 0.0001; Interaction: F1, 49 = 0.0059, p = 0.939) (Fig. 3.11a). In contrast, no 

hemispheric or genotype differences were observed for sEPSC amplitude (Hemisphere: F1, 49 = 
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0.0052, p = 0.943; Genotype: F1, 49 = 1.17, p = 0.285; Interaction: F1, 49 = 2.24, p = 0.141) (Fig. 

3.11b). 

 

 

Figure 3.11   DLS-MSN spontaneous activity in 10-month-old WT and Q175-FDN mice 

(a) Spontaneous EPSC frequency recorded from left and right-hemisphere (LH and RH) dorsolateral 

striatum MSNs in 10-month-old WT and Q175-FDN mice. No hemispheric differences are seen, but 

sEPSC frequency is strongly reduced in Q175-FDN cells. (b) Spontaneous EPSC amplitude is similar 

between hemispheres and genotypes in 10-month-old animals. n = 11(4) WT-LH, 11(4) WT-RH, 17(5) 

Q175-LH and 14(5) Q175-RH, with n=number of cells and numbers in brackets indicating the number of 

animals. ***: p<0.001. 

 

 We next performed acute slice electrophysiology in 10-month-old WT and Q175-FDN 

mice immediately after the end of PiPaw testing. Interestingly, a genotype difference was no 

longer observed in the frequency of DLS-MSN sEPSCs in trained animals (Hemisphere: F1, 82 = 

0.056, p = 0.813; Genotype: F1, 82 = 0.482, p = 0.489; Interaction: F1, 82 = 3.412, p = 0.068) (Fig. 

3.12a-b). The primary reason for this was a bilateral decrease in sEPSC frequency in trained WT 

mice as compared to task-naïve animals (t64 = 2.082, p = 0.041) (Fig. 3.12c). In contrast, 
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frequency was not significantly different in trained Q175-FDN mice as compared to naïve 

animals (U = 509.5, p = 0.115) (Fig. 3.12d). 
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Figure 3.12   DLS-MSN spontaneous activity after PiPaw testing in 10-month-old WT and Q175-

FDN mice 

(a) Representative sEPSCs recorded from either left hemisphere (LH) or right hemisphere (RH) DLS-

MSNs of 10-month-old WT and Q175-FDN mice immediately after the end of PiPaw testing (right 

forelimb trained). (b) The frequency of sEPSCs in DLS-MSNs was not significantly different between 

left and right hemisphere in either genotype. sEPSC frequency was also similar between genotypes, in 

contrast to naïve animals. (c) PiPaw-trained WT mice had a significantly lower sEPSC frequency as 

compared to naïve WT mice (hemispheres combined). (d) sEPSC frequency was not different between 

PiPaw-trained and naïve Q175-FDN mice. (e) Average sEPSC amplitude was not different between 

genotypes or hemispheres when all cells were compared, although a trend was seen for decreased 

amplitude in the LH as compared to RH in WT mice (p = 0.09). (f) Within-animal comparisons of the 

average sEPSC amplitude in the left versus right hemisphere (lines indicate the same animal). sEPSC 

amplitude was consistently lower in the LH (contralateral to the trained forelimb) as compared to the RH 

in WT animals, but no hemispheric differences were seen in Q175-FDN mice. n = 23(7) WT-LH, 21(7) 

WT-RH, 20(5) Q175-LH and 22(5) Q175-RH, with numbers in brackets indicating the number of 

animals. All mice had been tested for 3-4 weeks in the PiPaw task up to the day of experiments. *: p<0.5; 

**: p<0.01; ns: not significant. 

 

 Similar to what was seen in naïve mice, no significant effects were observed when 

comparing the sEPSC amplitude between genotypes in MSNs from PiPaw-trained animals 

(Hemisphere: F1, 82 = 2.762, p = 0.1; Genotype: F1, 82 = 2.589, p = 0.112; Interaction: F1, 82 = 

1.439, p = 0.234) (Fig. 3.12e). However, when average sEPSC amplitude in the left and right 

hemisphere was compared within-animal, a significant effect of hemisphere and an interaction 

between genotype and hemisphere were observed (Hemisphere: F1, 10 = 10.32, p = 0.009; 

Genotype: F1, 10 = 0.72, p = 0.416; Interaction: F1, 10 = 6.72, p = 0.027) (Fig. 3.12f). In WT mice, 

sEPSC amplitude was consistently lower in the LH (contralateral to the trained forelimb) as 

compared to the RH (p = 0.0023). In contrast, no hemispheric difference was seen in sEPSC 

amplitude in PiPaw-trained Q175-FDN mice (p = 0.906). The observed difference in WT mice 
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was due more so to a decrease in amplitude in the left hemisphere (WT-LH Naïve vs. Trained: U 

= 80, p = 0.091) as opposed to an increase in the right hemisphere (WT-RH Naïve vs. Trained: 

t30 = 0.774, p = 0.45), although neither difference was significant when comparing naïve to 

trained animals. Overall, these results indicate that WT mice display both bilateral and 

hemisphere-specific changes in DLS-MSN glutamatergic synapses in response to training in the 

PiPaw task, whereas no such changes are seen in Q175-FDN mice. 

 We next investigated whether forelimb motor learning influences the magnitude or 

direction of synaptic plasticity evoked in dorsolateral striatum neurons in response to a 

stimulation protocol. For these experiments, extracellular field potentials (fEPSPs) were recorded 

in the DLS of 10-month-old WT and Q175-FDN mice immediately after testing in the PiPaw 

system. Field potentials were evoked every 15 seconds by stimulating in an area of the DLS 

dorsal to the recording site, and GABAA receptors were blocked with an antagonist (50 µM 

picrotoxin) in order to minimize inhibitory responses. To elicit plasticity, a high-frequency 

stimulation (HFS) protocol was applied (100 Hz for 1 s, repeated 4 times with a 10 s interval). 

This protocol typically causes an endocannabinoid-mediated long-term depression (LTD) in 

wildtype striatal neurons (Sepers et al., 2018), although it has also been reported to cause a post-

synaptic NMDA receptor-dependent LTP, depending on the recording conditions (Kung et al., 

2007; H. Park et al., 2014). 

 In the left hemisphere, contralateral to the trained forelimb, a modest decrease in fEPSP 

amplitude was seen in response to HFS in WT animals, with responses decreasing to 90.1% (± 

5.7%) of baseline 30 minutes after administration of the protocol (Fig. 3.13a-b). In contrast, 

Q175-FDN striatal field responses showed an increase in amplitude that lasted until the end of 

the 40-minute recording period (Time: F49, 637 = 2.104, p < 0.0001; Genotype: F1, 13 = 14.2, p = 
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0.0023; Interaction: F49, 637 = 3.969, p < 0.0001) (Fig. 3.13a). The average response amplitude of 

Q175-FDN field responses was 112.9% (±1.8%) of baseline 30 minutes after HFS, significantly 

different from WT mice (t7.203 = 3.779, p = 0.0065). Surprisingly, no change in the amplitude of 

fEPSPs was seen in the right hemisphere following HFS in either WT or Q175-FDN mice, 

(Time: F49, 637 = 3.839, p < 0.0001; Genotype: F1, 13 = 1.432, p = 0.253; Interaction: F49, 637 = 

1.469, p = 0.023) (Fig. 3.13c). WT and Q175-FDN striatal field responses were similar 30 

minutes following right hemisphere HFS (98.1% ± 3.8% and 104.4% ± 1.9% respectively) and 

no genotype difference was observed (t13 = 1.521, p = 0.152) (Fig. 3.13d). 

 The paired-pulse ratio of fEPSPs (50 ms interval) was measured prior to and 30 minutes 

after HFS in order to identify any changes in the presynaptic probability of glutamate release. At 

baseline, no significant effect of hemisphere or genotype was observed, although a slight trend 

was seen towards an overall increase in PPR in the RH as compared to LH (Hemisphere: F1, 26 = 

2.874, p = 0.102; Genotype: F1, 26 = 2.622, p = 0.118; Interaction: F1, 26 = 0.017, p = 0.897). 

Following HFS, a significant increase in PPR was seen in the left hemisphere of WT animals (t6 

= 3.927, p = 0.0077), supporting a presynaptic mechanism of HFS-induced LTD (Fig. 3.13e). In 

Q175-FDN, however, a significant decrease in PPR was observed (t7 = 2.655, p = 0.033), 

suggesting that probability of glutamate release increased in response to HFS (Fig. 3.13e). In the 

right hemisphere, no significant changes in PPR were observed following HFS in either WT (t6 = 

0.547, p = 0.604) or Q175-FDN (t7 = 0.211, p = 0.839) (Fig. 3.13f). These results indicate that 

the response to a plasticity-inducing stimulation protocol is altered in the DLS of Q175-FDN 

mice following training on a forelimb motor task. Specifically, this difference in the direction of 

plasticity was restricted to the hemisphere contralateral to the trained forelimb, whereas response 

to HFS in the ipsilateral DLS was similar to WT. 
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Figure 3.13   Hemisphere and genotype-specific HFS-induced plasticity following PiPaw testing 

(a) Averaged time course of fEPSP amplitude in the LH-DLS before and after application of an 

intrastriatal HFS protocol (time 0). fEPSPs were recorded every 15 s and each circle represents the 

average of four responses normalized to the average of the baseline period (5 min period before HFS). 

Experiments were performed in acute slices taken from 10-month-old WT and Q175-FDN mice 

immediately after the end of PiPaw testing (right forelimb trained). While the amplitude of WT fEPSPs in 

the LH are depressed in response to HFS, Q175-FDN responses are potentiated. Traces show average 

response in baseline versus 30-35 minutes post-HFS for a representative experiment (stimulation artifact 

removed for clarity). (b) The average LH-DLS fEPSP amplitude 30-35 minutes post-HFS is higher in 

Q175-FDN than WT. (c) Averaged time course of fEPSP amplitude in the RH-DLS shows no significant 

potentiation or depression of responses in either WT or Q175-FDN. (d) The average amplitude of RH-

DLS fEPSPs compared to baseline is similar in the two genotypes 30-35 minutes post-HFS. (e) Paired-

pulse ratio of LH-DLS fEPSPs was averaged in the 5 min period before HFS (‘Pre’) and from 30-35 

minutes after HFS (‘Post’). PPR increases in WT and decreases in Q175-FDN following HFS. (f) In the 

right hemisphere, no changes are seen in PPR of DLS fEPSPs following HFS for either WT or Q175-

FDN mice. n = 7(4) RH WT, 7(4) LH WT, 8(5) RH Q175-FDN and 8(5) LH Q175-FDN, with n=number 

of slices and numbers in brackets indicating the number of animals. All mice had been tested for 3-4 

weeks in the PiPaw task up to the day of experiments. *: p<0.5; **: p<0.01; ns: not significant. 

 

3.4 Discussion 

 Expanding on the study presented in Chapter 2, the work in this chapter had several 

distinct goals. The first was to develop a standardized and open-source tool that could be used to 

assess forelimb motor learning and kinematics within the mouse home-cage. To this end, I made 

several important modifications to the original home-cage system in order to ensure mice 

performed the task in a consistent manner and individual trials were structured and discrete. In 

addition I designed a behavioural methodology that would assess a specific aspect of motor 

learning and control, namely the ability to accurately terminate a backwards forelimb movement 

within a specific position range. In order to achieve high rates of task acquisition, I implemented 
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a multi-phase shaping paradigm where animals first learned to nose-poke, and then nose-poke 

while simultaneously pulling the lever further and further backwards. This enabled successful 

training of animals from a wide range of ages (2- to 11-months-old) and genotypes, including 

symptomatic HD mice.  

 In order to ensure that learning ability was not confounded by fatigue or differences in 

strength between animals, the force required to pull the lever was set at a very low level (~15 

mN). In addition, the range of motion required to perform successful trials was relatively small 

(~1 cm), and attainable regardless of body size. As an indication of this, learning of the task was 

strikingly similar in 2- and 10-month-old WT mice, including a similar proportion of undershot 

and overshot trials across training, despite significant differences in body weight and size. 

Although the PiPaw module was designed in such a way that mice would naturally grasp the 

lever with their right forelimb, a small number of animals (7 of 47 WT mice) pulled the lever 

with either both forelimbs or with their left forelimb alone on a proportion of trials. In order to 

reduce variability in our data set due to these differences in task strategy, these mice were 

removed from analysis. One adaptation that could be made in a future version of the system, 

however, would be to incorporate a touch-sensing fixed-position post for the animal’s left 

forelimb to grasp, as was used in a similar system (Bollu et al., 2019). In addition to nose-

poking, the mouse would be required to contact the post with their left forelimb before a trial 

could be initiated, ensuring more consistent and standardized task performance.  

 Over the course of one week of PiPaw testing, WT mice increased their proportion of 

successful trials by 2.5× on average, although individual learning trajectories varied 

substantially. Unexpectedly, the mean values of certain task execution parameters (e.g. pull 

amplitude, peak velocity) did not change across testing despite clear performance improvements. 
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For example, average pull amplitude, which was the main determinant of trial success, was only 

~2° different on D7 as compared to D1. In contrast, the inter-trial variability of certain kinematic 

parameters was strongly reduced across testing. In reinforcement learning, variability during 

early stages is advantageous as exploration is necessary in order to determine execution 

parameters that will lead to reward (Dhawale et al., 2017; Van Mastrigt et al., 2020). However, 

as information about the outcomes of different movements becomes available, variability is 

reduced in order to improve performance (Dhawale et al., 2019; Pekny et al., 2015; Todorov & 

Jordan, 2002). As movement execution is inherently noisy and it is not possible to decrease 

variability universally, an optimal solution is to reduce variability specifically on those 

parameters that are relevant to task success (Santos et al., 2015; Todorov & Jordan, 2002). In this 

case, the inter-trial variability of pull amplitude, the parameter most relevant to success, 

decreased by 42% on average from D1 to D7. Trial duration was another reward-related 

parameter, as trials that were held for longer than two seconds were automatically failed. 

Consistent with this, the inter-trial variability of trial duration decreased by over 75% from D1 to 

D7. This reduction of inter-trial variability in specific kinematic parameters provides a direct 

measure of motor learning on the task and correlates with improved success rate. 

 One of the most compelling benefits of studying behaviour in a home-cage system is the 

opportunity to examine the structure of self-paced learning and task performance. In this regard, 

we found that mice consistently clustered their trials into short bouts of high task engagement, 

followed by longer breaks where no trials were performed. The large majority of trials occurred 

in such bouts, with less than 10% of trials being classified as non-bout trials. On one hand, this 

structure is likely related to the natural circadian pattern of eating and drinking displayed by 

mice (Godynyuk et al., 2019; A. Ho & Chin, 1988) and the volume of water required to sate the 
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animals thirst. However, there also appeared to be a more functional purpose of clustering trials 

into short bouts. Animals displayed significant within-bout learning, with a greater than 10% 

increase in average success rate from the first trial of a bout to the eighth trial. Reflecting this, 

the average success rate for all trials occurring within bouts was substantially greater than that 

for non-bout trials. This short-term motor learning is often seen in motor tasks and tends to be 

most prominent in early stages of learning (Buitrago, Ringer, et al., 2004; Buitrago, Schulz, et 

al., 2004).  Interestingly, average success rate tended to decrease towards the end of the bout, 

possibly indicating an effect of task-related fatigue on motor performance. In addition to these 

factors, competition between animals for access to the testing module could lead mice to perform 

longer, but less frequent, bouts in order to exploit their access to the task during periods when 

it’s available. Competition could also provide an explanation for the comparative lack of 

circadian rhythmicity of task performance seen in some animals. However, considering the 

relatively short amount of time that mice spend in the testing module per day (<1 hour on 

average), the contribution of this factor is most likely modest. 

 The second goal of this chapter was to use the PiPaw task to characterize motor learning 

and forelimb kinematics in mouse models of Huntington’s disease. Given reported deficits in the 

termination of arm movements in HD patients (Klein et al., 2011; Smith et al., 2000) and the 

‘overshooting’ behaviour displayed by some YAC128 mice in the original home-cage lever task 

(Fig. 2.5), the PiPaw methodology was expected to show good sensitivity to motor phenotypes in 

HD mice. Surprisingly, YAC128 at both early (2-month-old) and symptomatic (10-month-old) 

stages showed intact motor learning and refinement of kinematic variability on the PiPaw task. 

In contrast, Q175-FDN knock in HD mice had robust motor learning deficits on this task at 10-

months-old. The divergent phenotype between these two models was surprising given that 
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YAC128 mice manifest motor abnormalities several months earlier than Q175-FDNs (Slow et 

al., 2003; Southwell et al., 2016), and show certain motor deficits (e.g. open field hypoactivity) 

that are not observed in Q175-FDN mice at any age. Indeed, YAC128 mice have been reported 

to show a mild motor learning deficit on the rotarod as early as 2-months-old (Van Raamsdonk et 

al., 2005), a full 8-months earlier than the age at which mice were assessed here. To confirm the 

presence of abnormalities on other behavioural tests in our colony of YAC128 mice, we 

performed rotarod and open field testing. This testing replicated previously reported results, with 

significant rotarod deficits and hypoactivity seen in YAC128 mice at this age. In fact, YAC128 

mice had a somewhat worse performance on the rotarod than Q175-FDN, although this was not 

significant. Thus, the reason for comparatively normal learning of the PiPaw task is not 

immediately clear. 

 In this regard, one possibility is that YAC128 and Q175-FDN mice simply have different 

manifestations of HD-related pathology, just as humans with HD have substantial symptomatic 

heterogeneity (Waldvogel et al., 2012). In YAC128 mice, the functional consequences of mHTT 

expression may manifest as early and non-progressive deficits in full body motor coordination 

(Menalled et al., 2009), in addition to locomotor hypoactivity (Slow et al., 2003), but less so as a 

universal impairment in motor learning. In contrast, Q175-FDN mice may have a later, but 

progressive, onset of motor dysfunction that manifests more uniformly as impaired motor 

learning, balance and coordination (Southwell et al., 2016). Another factor to consider is the way 

in which motor symptoms have traditionally been assessed in HD mice. The rotarod test has 

several confounds, including bodyweight and task non-compliance (as discussed in Chapter 

1.2.3.1). Considering the significant weight gain seen in YAC128 mice and the fact that rotarod 

deficits in this model can be rescued with dietary restriction (Moreno et al., 2016), it seems likely 
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that rotarod testing may overestimate the severity of the motor phenotype in these mice. Still, the 

absence of any obvious motor phenotype on this lever-pulling task is surprising, and it must also 

be considered that this specific methodology may simply not be particularly sensitive to HD-

related motor phenotypes. However, the poor performance of Q175-FDN mice makes this less 

likely. In fact, considering the severity of the deficit in these mice it’s possible that this 

impairment actually emerges prior to a rotarod deficit (8-months-old), although further testing 

would be necessary to confirm this. 

 Although these two HD mouse models have the same genetic background, a variety of 

factors could contribute to the observed divergence in phenotypes, the most obvious of which is 

the way in which the expanded huntingtin gene is expressed. In YAC128 mice, the full human 

mHTT gene with large upstream and downstream regulatory regions is inserted as a transgene on 

the long arm of chromosome 3, and is expressed under the control of the human HTT promotor 

(Pouladi et al., 2012; Slow et al., 2003). The precise insertion location, and whether this affects 

the expression of any endogenous genes, is not known, and may be a relevant concern 

considering reports of altered gene expression due to transgene insertion in the R6/2 mouse 

(Jacobsen et al., 2017). YAC128 mice also express both copies of the endogenous Htt gene in 

addition to the transgene, resulting in substantial overexpression of huntingtin protein. The 

contribution of this overexpression is not fully known, although the results from one study 

suggest that it has a negligible effect on motor phenotypes but may improve striatal 

neuropathology (Van Raamsdonk, Pearson, et al., 2006).  

 In contrast, heterozygous Q175-FDN mice express one copy of a chimeric mHtt gene 

with the endogenous mouse exon-1 replaced by an expanded human exon-1 containing ~200 

CAG repeats (Southwell et al., 2016). As a result, the mHtt protein is expressed under the mouse 
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promotor, which may result in differential regulation of protein expression as compared to what 

is seen in humans. However, from a perspective of total protein level, this strategy recapitulates 

HD much more closely – one wtHtt allele expressed at a normal level, and one mHtt allele 

expressed at ~55% of the normal level, resulting in an underexpression of total huntingtin protein 

(about 73% of the normal level overall) (Southwell et al., 2016). In contrast, the YAC128 mouse 

expresses mHtt at 75% of the endogenous level for both gene copies (Slow et al., 2003). As a 

result, there is almost three times as much mHtt protein expressed in YAC128 as in Q175-FDN. 

Although this should lead to a substantial increase in pathogenicity in YAC128 mice, the length 

of the polyglutamine tract must be considered as well. At face value, the polyglutamine 

expansion in Q175-FDN mice (~200 repeats) is substantially longer than in YAC128 mice (125 

repeats), perhaps counteracting some of the expression-related differences. However, these 

models also differ in the nature of the trinucleotide repeat coding for glutamine. In the Q175-

FDN model, this trinucleotide expansion is a pure CAG-tract, identical to what is typically seen 

in patients. As a result, this region is prone to repeat-length instability, both between generations 

and somatically (Wheeler et al., 2007). In contrast, the expanded tract in YAC128 mice has 9 

CAA codons (which also code for glutamine) interspersed to confer stability (Pouladi et al., 

2012). This could have significant implications for disease pathogenesis in this model, as two 

recent studies have found that interrupting CAA codons in HD patients are protective, and it is 

the pure CAG-tract length, rather than polyglutamine length, that correlates with HD age of onset 

(GeM-HD Consortium, 2019; Wright et al., 2019). As age of onset is also correlated with 

polymorphic variation at certain DNA maintenance genes, it’s likely that this CAG-dependence 

is related to somatic expansion of mHTT, a process which would not occur in YAC128 mice 

(GeM-HD Consortium, 2019). These differences in polyglutamine length, protein level, 
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promoter region and presence of interrupting CAA codons are certain to influence the 

pathogenesis of HD models, and may contribute to the divergent behavioural phenotype seen in 

this study. 

 Although the specific task methodology was different, these results are also in contrast 

with the previously presented finding of impaired motor learning in young YAC128 mice (Fig. 

2.4a; Woodard et al., 2017).  One possibility is that the deficit observed in Chapter 2 was caused 

by impaired behavioural flexibility and was not seen in PiPaw testing because the success 

requirements did not change. This would be supported by the observation of a mild abnormality 

in the reversal phase of the T-maze in 2-month-old YAC128s (increased arm entries on the first 

trial of reversal) (Van Raamsdonk et al., 2005). However, the fact that no such deficit was seen 

in 4- and 6-month-old mice (Fig. 2.4b/c), and the absence of any other cognitive deficits in 

YAC128 mice until around 6-months-old (Southwell et al., 2009) makes this somewhat doubtful. 

Another possibility is that 2-month-old WT mice in the original home-cage task tended to have a 

longer hold duration to begin with, and consequently did not have to adapt their behaviour 

substantially to progress through the task. This is supported by the finding that 2-month-old 

YAC128 mice in the PiPaw task had a significantly lower proportion of held-too-long trials on 

the first day of testing as compared to WT mice, and average trial duration tended to be longer in 

WT mice as well (p = 0.07). If this is a manifestation of an early hyperactive phenotype that later 

normalizes, it would explain the normal motor learning of older mice on the original home-cage 

task. Indeed, the tendency for decreased trial duration and ‘held too long’ trials was not seen in 

10-month-old YAC128 mice, supporting this possibility.  

 One interesting observation was that although HD mice did not have an increased 

proportion of overshot trials overall, they did not decrease the proportion of these trials over one 
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week of testing, whereas WT mice did. This was seen in both young and symptomatic YAC128 

mice as well as in symptomatic Q175-FDN mice and could be reflection of impaired movement 

termination. This is also consistent with the kinematic abnormalities seen in 6-month-old 

YAC128 mice in Chapter 2 (Fig. 2.5), although it was not observed in younger animals using 

that methodology. Differences in the patterns of PiPaw task engagement were also observed in 

young and old YAC128 mice. Two-month-old mice had a significant increase in the number of 

trial bouts they performed per day that could not be explained by a difference in task success 

rate. One possibility is that this is related to hyperactivity that has been reported in young 

YAC128 mice (Slow et al., 2003), however other factors such as motivation for water can’t be 

ruled out. In contrast, 10-month-old YAC128 mice showed a trend towards a decreased number 

of trial bouts per day. As we also observed significant open field hypoactivity in these mice, it’s 

likely that this is related to this phenotype. Although an increase in the number of trial bouts per 

day was also seen in Q175-FDN mice, this result is somewhat more difficult to interpret given 

that these animals had a much lower success rate and consequently performed a greater number 

of trials per day on average. The altered circadian distribution of trials seen in these animals must 

also be interpreted in this context, as this could have been influenced by increased task 

engagement. 

 The third goal of the research in this chapter was to investigate whether PiPaw testing 

was associated with changes in the spontaneous activity and plasticity of dorsolateral striatum 

MSNs, and whether this was altered in Q175-FDN mice. As the PiPaw task involves motor 

learning specifically in the right forelimb, any task-related electrophysiological changes are 

likely to be different between the two hemispheres. Thus, we first investigated whether there 

were hemispheric differences in the properties of DLS-MSNs in animals that hadn’t been 
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exposed to the task. Consistent with a previous study (Southwell et al., 2016), we found an 

overall decrease in the frequency of spontaneous EPSCs in Q175-FDN MSNs as compared to 

WT, but sEPSC amplitude was unchanged. Following PiPaw testing, a bilateral decrease in 

sEPSC frequency was observed in WT DLS-MSNs, however no change was seen in Q175-FDN 

cells. This decrease in WT mice suggests either a lower presynaptic probability of release at 

glutamatergic inputs to MSNs or a decreased number of synapses onto MSNs (or a combination 

of these factors). However, as this decrease was not hemisphere-specific, it’s difficult to say 

whether this change is specifically related to forelimb motor learning, or rather to another aspect 

of the behavioural testing. Regardless, presynaptic input was not altered in DLS-MSNs recorded 

from Q175-FDN animals following PiPaw testing. As sEPSC frequency was already quite low in 

these animals, one possibility is that the capacity for a further decrease was occluded. In 

addition, the ability for synaptic inputs to show presynaptic depression may have been limited, 

given previously reported deficits in the ability of Q175-FDN DLS-MSNs to undergo 

stimulation-dependent presynaptic LTD (Sepers et al., 2018). 

 In contrast to the bilateral decrease in sEPSC frequency observed in WT mice, the effect 

of PiPaw testing on sEPSC amplitude was hemisphere-specific. Average sEPSC amplitude was 

consistently lower in the LH of trained WT mice as compared to the RH, suggesting that 

forelimb training was associated with a postsynaptic depression of responses specifically in the 

DLS contralateral to the trained forelimb. Interestingly, a recent study found that ipsilateral 

projections from the primary motor cortex to the DLS (e.g. left M1 to left DLS) were biased 

towards LTD in response to a theta-burst stimulation protocol, while contralateral projections 

(e.g. left M1 to right DLS) were biased towards LTP. This opposing plasticity was explained by 

an increase in GluN2B-containing NMDARs on contralateral projections (W. Li & Pozzo-Miller, 
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2019). Given that the left motor cortex is primarily responsible for controlling the trained right 

forelimb, these findings coincide with our observations regarding training-associated plasticity. 

In addition, it has been found that habitual learning on an operant lever-press task in mice causes 

a decrease in sEPSC amplitude in DLS-MSNs, however this change was reportedly specific to 

indirect pathway neurons (Shan et al., 2015). Unfortunately, we were not able to differentiate 

between direct and indirect pathway neurons in our experiments, but it’s possible that the effect 

we observed in the LH was primarily driven by a decrease in iMSNs. In contrast to what was 

seen in WT mice, no hemispheric differences were observed in Q175-FDN mice following 

PiPaw-training. One reasonable explanation is that these mice have a deficit in training-

associated plasticity, and that this deficit is directly related to their impaired learning and 

performance of the task. However, it’s also possible that this difference from WT animals is 

related to Q175-FDN mice being at a different stage of learning (i.e. early vs. late motor 

learning). Changes in the activity, plasticity and input to MSNs at different stages of learning on 

motor tasks have been investigated in mice using in vivo and ex vivo methodologies (Giordano et 

al., 2018; Kupferschmidt et al., 2017; Yin et al., 2009). However, typically learning-associated 

changes in MSN activity are greater during the early as opposed to late learning phases, making 

this hypothesis less likely. 

 In addition to changes in the spontaneous activity of DLS-MSNs, PiPaw-trained animals 

also exhibited hemisphere and genotype-specific plasticity of striatal neuronal population 

responses in response to HFS. In the left hemisphere, WT field responses showed a presynaptic 

depression of fEPSPs in response to HFS, as indicated by a modest decrease in peak amplitude 

and an increase in PPR. In contrast, Q175-FDN LH striatal neurons showed a significant 

potentiation of field responses following HFS. The opposing direction of this plasticity is similar 
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to what is seen in early vs. late rotarod learning, with early learning being associated with a 

metaplastic shift from LTD to LTP (Giordano et al., 2018). This implies that the ability to 

undergo HFS-LTP, which is NMDAR-dependent, is intact in Q175-FDN mice at this age and 

suggests that animals may be still in an ‘early’ learning phase, even after 3-4 weeks of testing. In 

the right hemisphere, no significant plasticity of field responses was observed in response to HFS 

in either genotype. The reason for a lack of HFS-LTD in the right hemisphere of WT animals is 

not clear; however, if a large number of neurons had already undergone substantial presynaptic 

LTD (as suggested by reduced sEPSC frequency), it may have occluded any further depression. 

In addition, PPR tended to be higher in the RH as opposed to the LH at baseline, again 

suggesting that glutamatergic inputs were already inhibited prior to HFS. Interestingly, right 

hemisphere WT fEPSPs showed a relatively wide spread of responses following HFS, with two 

of seven slices showing LTD (>10% decrease in fEPSP peak), but one slice also showing LTP 

(>10% increase). In contrast, only one of eight right hemisphere Q175-FDN slices showed any 

plasticity (LTP in this case) in response to HFS. In fact none of the sixteen Q175-FDN slices 

across both hemispheres displayed any depression of fEPSP amplitude in response to HFS, 

consistent with a reported impairment in presynaptic depression in these mice (Sepers et al., 

2018).  

 In summary, the PiPaw system provides a novel and high-throughput method for 

assessing motor learning and kinematic measures of task execution in wildtype and transgenic 

animals. Using this tool, I investigated how variability is refined over time on a precision lever 

pulling task in order to increase success and maximize rewards. In addition, I examined how 

self-directed task performance is structured over long periods by animals tested in this system. 

Importantly, I also applied this to two separate mouse models of HD, finding that these models 
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strongly diverged in their ability to perform this particular task. These results suggest that motor 

deficits in the YAC128 mice may not be as universal as previously thought and encourage future 

elucidation of the motor phenotype in these mice. In addition, I found that the failure to 

effectively perform the task in Q175-FDN mice is associated with an absence of synaptic 

plasticity in dorsolateral striatum MSNs in response to training, and differences in the direction 

of HFS-induced plasticity as compared to WT animals. These results further validate the use of 

home-cage tools for behavioural assessment in genetic models of Huntington’s disease and other 

neurological disorders. 
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Chapter 4: Development and testing of the PiDose home-cage drug 

administration system 

4.1 Introduction 

Behavioural testing is an important step in determining the validity of rodent models of 

disease and in establishing the response of these animals to a therapeutic intervention. However, 

before the behavioural response to a drug treatment can be assessed, a treatment protocol and 

route of administration must be selected and applied to the animals. A variety of routes of 

administration are used in drug treatment studies, with the goal to optimize delivery of the agent 

while reducing the potential for injury and procedure-associated stress. Parenteral administration 

via subcutaneous or intraperitoneal injection is often used due to the high bioavailability of 

injected drugs; however, repeated restraint and injection causes stress and puts the animal at risk 

of physical complications (Meijer et al., 2006; Turner et al., 2011; Vinkers et al., 2009). These 

stress responses are particularly undesirable in behavioural studies, as chronic stress affects a 

variety of behaviours and may mask treatment affects and increase the risk of Type I/II errors 

(Elizalde et al., 2008; Mineur et al., 2006).  

An alternative to injection is oral administration, which is often useful in a pre-clinical 

context as oral drug treatment is the most common and convenient route of administration in 

humans. Unfortunately, oral gavage presents the same problems as injection regarding treatment 

stress and the potential for injury (Turner et al., 2011; M. K. Walker et al., 2012). To avoid this, 

several studies have provided methods for the voluntary feeding of drugs to animals in a 

palatable form (e.g. sucrose water, peanut butter) (Atcha et al., 2010; Corbett et al., 2012; 

Dhawan et al., 2018; Doenni et al., 2016). This avoids some of the side effects associated with 
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injection and gavage, but is time-consuming for chronic experiments and involves extensive 

experimenter interaction, which in itself may be enough to increase animal stress (Sorge et al., 

2014). To circumvent the need for manual administration, other studies have mixed the drug with 

the animal’s drinking water (Dau et al., 2014; Gordon et al., 2018; Kim et al., 2014; Vetere et al., 

2017). However, this method typically estimates drug dosage based on the average bodyweight 

and water consumption for all mice in a cage. This relies on the assumption that mice are 

drinking an amount of water that is directly proportional to their bodyweight, for which there is 

not clear support.  

As previously discussed, the approach of automating experimental procedures using 

devices that the animal can freely access from within their home-cage has gained popularity in 

recent years. These systems provide the combined benefits of increasing the throughput of 

experiments and volume of data that can be collected, while also decreasing experimenter 

interaction and animal stress. Open-source tools that enable the home-cage monitoring of feeding 

and drinking (Godynyuk et al., 2019; Nguyen et al., 2016), bodyweight (Ahloy-Dallaire et al., 

2019; Noorshams et al., 2017) and activity levels (Genewsky et al., 2017; Matikainen-Ankney et 

al., 2019) have all been published in the past five years. In addition, the automation of more 

complex operant tasks, such as those presented in Chapters 2 and 3, is becoming more and more 

popular (Bollu et al., 2019; Francis & Kanold, 2017; O’Leary et al., 2018; Silasi et al., 2018). In 

one notable home-cage study, the authors developed a proprietary methodology to automatically 

dose group-housed mice with the synthetic nucleoside BrdU over several days (Santoso et al., 

2006). This system used an RFID detector to individually identify transponder-tagged mice and 

dispense drug solution to them through a liquid port. Dosage of drug could be individually 

specified for different mice, however animals had to be manually weighed in order to set drug 
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dose, and the accuracy of drug delivery was not directly assessed. Aside from this study, the 

potential for long-term home-cage drug administration in experimental rodents has not been 

explored.  

To address the lack of such an option, I developed PiDose – an open-source tool for 

home-cage oral drug administration. PiDose allows mice to freely access a chamber (the ‘dosing 

module’) from their home-cage where they are automatically weighed and lick a spout to obtain 

drops of drug solution. This design ensures that mice consistently ingest the drug, as liquid is 

delivered directly into the mouth in response to licking. Mice are RFID-tagged to discriminate 

group-housed animals, and the drug volume each mouse receives can be individually customized 

based on their dosing condition and current bodyweight. Once they have received the required 

dose of drug for each day, they receive only water from the spout. This system allows for 

accurate dosing to be maintained over long periods (weeks to months) with minimal 

experimenter interaction. It is low-cost (~400 CAD) and built with 3D-printed parts and 

electronic components that can be easily obtained. In this chapter, I provide a description of the 

PiDose system and a demonstration of its accuracy and function in treating mice with drugs. 

 

4.2 Methods 

4.2.1 Hardware 

The PiDose system consisted of a modified mouse home-cage with an opening to allow 

animals to freely access a linked 3D-printed dosing module (Fig. 4.1). The module was 

supported by a free-floating 0.78kg load cell (Phidgets 3132) mounted on a separate post that did 

not contact the cage, similar to the configuration described in Noorshams et al. (2017). A 3D-

printed entranceway was attached to the cage, framing the chamber opening and allowing the 
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mouse to more easily enter the dosing module. At the opposite end of the dosing module from 

the entrance, a nose-poke port accessed a spout which dispensed drops from two separate liquid 

reservoirs. This spout was wired to a capacitive touch sensor controller (Adafruit 1982) to detect 

individual licks. Adjacent to the nose-poke port, an RFID reader (Sparkfun SEN-11828) was 

inset into the ceiling of the dosing module to identify transponder-tagged animals as described in 

Bolaños et al. (2017). A camera (Waveshare 10299) was positioned to one side of the dosing 

module in order to capture images of mice during drop delivery. The cage, dosing module, and 

camera were all attached to aluminum spacers (Siskiyou AS-2.00) mounted on a polycarbonate 

sheet. Four PiDose cages were built and used to perform the described experiments. The total 

cost for one system was ~300 USD and full instructions for constructing and wiring a PiDose 

cage can be found online (https://osf.io/rpyfm/). 
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Figure 4.1   The PiDose home-cage drug administration system 

PiDose consists of a dosing module mounted adjacent to a standard mouse shoebox home-cage. An 

entranceway allows animals to freely access the dosing module, where they can obtain both water and 

drug solution drops from a spout. An adjacent camera captures photos of drop delivery. The dosing 

module is mounted on a load cell which collects bodyweight measurements from mice. Transponder-

tagged mice are identified by an RFID reader and can access the spout through a nose-poke port. Drop 

delivery is triggered by licking at the spout. 

 

In order to dispense liquid from two sources with minimal dead volume and cross-

contamination, a double-spout was constructed from two parallel and attached 18G gauge 

needles. To dispense drops from the double-spout, two complementary approaches were 

employed. Regular water drops were dispensed from a reservoir using a gravity-fed valve-based 

system, as in the original home-cage task and the PiPaw system (see Chapter 2.2.3). This method 

of water delivery was reliable; however, the drops varied somewhat in size over time due to 

changes in the level of the water reservoir or changes in resistance. As a result, the valve opening 

time had to be recalibrated every few days to ensure consistency. For dispensing drops of drug 

solution, I used a published open-source syringe pump design (Wijnen et al., 2014) which 

provides consistent and accurate liquid displacement over long periods. This syringe pump was 

constructed primarily from 3D-printed parts and used a NEMA17 stepper motor (Sparkfun ROB-

09238) and threaded steel rod to move the plunger of a syringe. Through calibration of these 

pumps, it was determined that 57 steps were required to reliably give a drop of 10 µL from a 

30mL syringe. To assess the accuracy of the syringe pumps, one hundred 10 µL drops were 

dispensed into a dish and weighed (repeated 8-10 times for each pump). Full instructions and 

parts required to construct this syringe pump can be found online (https://hackaday.io/project/ 

27046-open-source-syringe-pump).   
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4.2.2 Software and dosing methodology 

All PiDose components were connected to and controlled by custom software running on 

a Raspberry Pi 3B+ micro-computer running the Raspbian operating system. The software 

controlling the PiDose components and recording data was written in Python 3 and is available 

online (https://github.com/cameron-woodard/PiDose). The program ran continuously while 

animals were housed in the cage. When a mouse entered the dosing module, it was detected by 

the RFID reader and the program would load the relevant parameters and daily stats for the 

mouse. The size and shape of the chamber ensured that only one mouse could fully enter the 

dosing module and be detected by the reader at a time, however mice frequently went in and out 

of the chamber in quick succession. To ensure that the correct mouse was identified, the PiDose 

program continually monitored a ‘tag-in-range’ logic signal that indicated whether an RFID was 

currently in range of the reader. Every time a tag went in and out of range of the reader (even 

momentarily), a new read of the RFID was triggered to confirm whether it was the same or a 

different mouse. If the RFID was not recognized by the reader, possibly due to an incomplete 

read, the program would simply wait until the mouse left the chamber and attempt to read their 

ID again when they re-entered. If this happened too many times, however, a reboot of the 

Raspberry Pi would be automatically triggered.  

For the duration the mouse was in the module, weight readings were collected from the 

load cell at 5 Hz and the capacitive sensor was activated on the spout. A lick at the spout would 

trigger the subsequent delivery of a water or drug drop depending on the mouse’s treatment 

condition, and the number of drops they had received so far that day. Mice received drug drops 

starting at midnight until they have received the required number for the day, and then received 

water drops for the remainder of the 24-hour cycle. Immediately following drop delivery, an 
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image was taken by the camera which could then be used to validate that the animal had their 

mouth on the spout and the drop was not delivered in error. A 10-second timeout followed before 

the mouse was able to trigger delivery of another drop, in order to ensure that they fully ingested 

the liquid. After the mouse exited the dosing module, the capacitive trigger was deactivated, 

weight collection stopped, and a 30-second waiting period was triggered. If no mouse was 

detected before the end of this wait period, a sample of 20 readings was collected from the load-

cell. If none of these readings were further than 0.1g away from the mean of the readings, the 

load-cell was tared.  

Based on values collected from the load cell, an average daily weight was calculated for 

each mouse at midnight by rounding all values collected in the previous 24 hours to one decimal 

point, removing outliers and taking the mode of these values (i.e. the most commonly occurring 

weight). This was then used to determine the number of drug drops that the mouse received the 

following day. All events (e.g. entrance, lick, drop delivery) were recorded to a text file for that 

mouse with an event code and timestamp. Timestamped weights were recorded into a separate 

daily weight text file for each mouse, and a new file was created at midnight on each day. A 

summary file recorded the number of daily water and drug drops received, and the weight for the 

mouse on each day of treatment.  

 

4.2.3 Animals 

A total of 8 wildtype FVB/N mice and 10 YAC128 HD mice (FVB/N background, line 

55) were used in experiments. All animals were male and were housed and treated in groups of 

3-4 littermates in a temperature and humidity-controlled room on a 12/12 h light/dark cycle 
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(lights on at 6AM). All procedures were conducted in accordance with the Canadian Council on 

Animal Care and approved by the University of British Columbia Committee on Animal Care. 

 

4.2.4 RFID capsule implantation 

RFID capsule implantation was performed as described in Chapter 2.2.2. Animals were 

allowed to recover for a minimum of one week following surgery before behavioural testing. 

 

4.2.5 Drug treatment 

 For drug treatment experiments, memantine hydrochloride (Tocris 0773) was dissolved 

in water at a concentration of 50 µg/mL. Three groups of YAC128 mice (54-71 days old) were 

randomly assigned to treatment (n = 6) and control (n = 4) conditions and housed in the PiDose 

cages. Parameters in the PiDose program were set such that mice in the treatment cohort received 

two 10 µL drops of memantine solution per gram of bodyweight per day, resulting in a dose of 1 

mg/kg of bodyweight per day. Mice in the control group received only water drops. During the 

first day in the cage, no drug drops were delivered in order to determine a baseline weight for the 

mice and ensure that mice acquired the operant licking response. Mice remained in the PiDose 

cages for between 58 and 64 days. 

 

4.2.6 Statistics 

All data analysis and statistics were performed using Python (Python Software 

Foundation, version 3.7) and Prism 8 (GraphPad Software). Data are expressed as mean ± SEM. 

Alpha level for all tests was p = 0.05. Pearson correlation coefficients were calculated to measure 

the linear correlation between PiDose bodyweights and manual bodyweights, and between 
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bodyweight and water consumption. Paired two-tailed t-tests were used to compare total water 

and memantine consumption between start and end of treatment in the memantine study. 

 

4.3 Results 

4.3.1 PiDose accurately weighs and delivers liquids to group-housed mice 

In order to assess the accuracy and functioning of different components of PiDose, two 

cages of wildtype mice (n = 8) were used to test the system. Following RFID capsule 

implantation, mice were placed in the PiDose cages and allowed free access to the dosing 

module for a 14-day period. For this initial group, no drug treatment was used, and mice 

obtained only water from the spout. Within 24 hours, all animals learned to lick the spout to 

trigger water delivery, receiving an average of 1.68 mL of water (± 0.06, n = 112 mouse-days) 

per day over the test period. An average of 8820 weight readings (± 612, n = 112), corresponding 

to ~30 minutes in the dosing module, were obtained per mouse per day. Based on these load-cell 

measurements, an average daily weight for each mouse was calculated by PiDose (Fig. 4.2a). In 

order to determine the accuracy of these bodyweights, animals were also manually weighed daily 

at midday. There was a high correlation between the PiDose-calculated daily bodyweights and 

manually obtained bodyweights (R2 = 0.989, p < 0.0001, n = 112) (Fig. 4.2b), and the average 

absolute discrepancy between the two weighing methods was 0.292 grams (± 0.025, n = 112). 

Expressed as a percentage of bodyweight for each mouse, this translates to an average weighing 

error of less than one percent (0.853% ± 0.077, n = 112), and is smaller than the average day-to-

day change in bodyweight observed over this same period (1.414% ± 0.112, n = 104) (Fig. 4.2c).  
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Figure 4.2   PiDose reliably weighs and administers solutions to group-housed mice 

(a) Histogram of rounded bodyweight measurements collected for a representative animal over the course 

of one day. The average bodyweight for the mouse is determined by taking the mode of these values. (b) 

Average daily bodyweights calculated by PiDose are highly correlated with manually measured 

bodyweights (n = 112). (c) The average absolute discrepancy between the PiDose bodyweight and the 

manual bodyweight (i.e. the weighing error) (n = 112) is smaller than the average day-to-day change in 

bodyweight (n = 104) for the same animals. (d) Average error for each of the four syringe pumps 

constructed to administer drug-solutions to mice in PiDose expressed as a percentage of the desired drop 

volume (10 µL). Error bars represent SEM. 

 

As it is critical that the volumes of drug delivered using PiDose are accurate and 

consistent, we used 3D-printed syringe pumps for each cage based on the design described by 

Wijnen et al. (2014). After determining the number of motor steps required to deliver a drop of 
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approximately 10 µL from a 30 mL syringe, we assessed the accuracy of test drops delivered by 

these pumps. The average drop size across the four pumps was 9.994 µL (range = 9.723–10.30, n 

= 36 tests), with an average absolute error of only 0.123 µL (± 0.015, n = 36), or 1.23% of the 

drop volume (Fig. 4.2d). Together, these results indicate that PiDose is capable of accurately 

weighing and delivering solutions to group-housed mice.  

 

4.3.2 PiDose maintains stable drug treatment over long periods despite day-to-day 

changes in bodyweight and water consumption 

We next assessed the ability of this system to treat mice with a fixed drug dosage over an 

extended period. Memantine is a low-affinity uncompetitive NMDA receptor antagonist that has 

shown potential as a treatment for HD both in animal models (Dau et al., 2014; Milnerwood et 

al., 2010) and patients (Ondo et al., 2007). YAC128 HD mice were assigned to either control or 

treatment groups and housed in the PiDose cages for two months beginning at 2-months-old. 

Treatment group mice received 1 mg/kg memantine per day, while control mice received only 

water. As with wildtype animals, YAC128 mice quickly learned to lick the spout to obtain water 

and drug solution. The timing of all dosing module entrances, licks and drop deliveries was 

automatically tracked and recorded by PiDose, allowing for detailed temporal analysis of water 

and drug consumption (Fig. 4.3a). Drug administration began at midnight each day and would 

continue until the mouse had received the required amount of memantine, typically by mid-

morning. Overall, a clear circadian rhythmicity was observed, with mice drinking predominantly 

in the dark phase of the light cycle (73.9% of drops; ± 3.5, n = 10 mice) (Fig. 4.3b). The average 

duration of the daily dosing period (i.e. the time from first to last drug solution drop each day) 

was 10.31 hours (± 0.34, n = 375 mouse-days). To confirm that mice were consuming the 
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delivered water and drug solution drops, we positioned a camera adjacent to the spout to take 

images immediately following drop delivery. Over 30,000 images were taken from the PiDose 

cages and manually analyzed to assess whether the animal’s mouth was on the spout at the time 

the drop was dispensed. We found that in 96.8% of images, the animal’s mouth was on the spout 

immediately following drop delivery, while in the remaining 3.2% the mouse was either not in 

frame, or in frame but not licking the spout (n = 31,605 total photos) (Fig. 4.3c).  

 

 

Figure 4.3   PiDose effectively administers drug to mice over a two-month period 

(a) Analysis of the temporal structure of water and drug consumption is shown at several timescales for a 

representative YAC128 mouse. (b) Average total water (n = 10 mice) and memantine solution (n = 6 

mice) consumed per hour throughout the treatment period. Memantine solution is dispensed beginning at 

midnight, and animals typically consumed the required dosage by 12 PM. Mice show clear circadian 
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rhythmicity in drinking behaviour, with most drops dispensed during the dark phase of the light cycle 

(grey-shaded regions). Error bars represent SEM. (c) Analysis of pictures taken immediately after drop 

delivery confirm that mice are properly triggering and ingesting water and drug solution on the large 

majority of trials. 

 

Across treatment and control groups, YAC128 mice drank an average of 2.26 mL of 

liquid (water and drug solution) per day (± 0.10 mL, n = 10 mice), significantly greater than the 

amount WT mice drank on average during the initial testing of the cage (t16 = 3.15, p = 0.006, n 

= 8 WT, 10 YAC128). Interestingly, total liquid consumption in the control YAC128 group (2.5 

± 0.19, n = 4 mice) was slightly, but significantly, greater than consumption in the treatment 

group (2.09 ± 0.06, n = 6 mice) (t8 = 2.42, p = 0.042). Over the course of the treatment period 

mice gradually gained weight, with a ~20% increase in bodyweight observed on average (5.12 ± 

0.80 grams, n = 10 mice) (Fig. 4.4a). To ensure consistent dosing, PiDose automatically adjusted 

the amount of memantine dispensed each day, with mice receiving an additional 10 µL drop of 

memantine solution for every 0.5 g increase in bodyweight (Fig. 4.4b). In contrast to 

bodyweight, which changed gradually, the total drops consumed by each mouse varied 

substantially from day-to-day (Fig. 4.4c). Interestingly, mice drank less on average by the end of 

treatment as compared to the beginning despite their increased bodyweight (Week 1 vs. Week 8: 

t9 = 5.888, p = 0.0002, n = 10). However, the total number of drops consumed remained 

consistently higher than the amount needed to receive the required dosage of memantine. As the 

decrease in water consumption could indicate an effect of PiDose on normal drinking behaviour, 

we compared daily bodyweight and water consumption in the first week to determine if these 

measures were correlated at the start of treatment. A positive correlation was observed (R2 = 
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0.064, p = 0.035, n = 70 mouse-days) (Fig. 4.4d), however the relationship between the two 

variables was not proportional and the variability was very high. 

 

 

Figure 4.4   PiDose maintains stable drug treatment despite day-to-day changes in bodyweight and 

water consumption 

(a) Mice (n = 10) show gradual and consistent weight gain over the course of two-months of memantine 

treatment. Data presented as daily mean (red line) ± SEM (red-shaded region). (b) The volume of 

memantine solution dispensed to a representative mouse is automatically adjusted over the course of two 

months to match changes in bodyweight and ensure consistent dosage. (c) Mice (n = 10) show substantial 

day-to-day variability in task engagement and total consumption of drops delivered by PiDose. Data 

presented as daily mean (blue line) ± SEM (blue-shaded region). (d) Daily water consumption during the 

first week of treatment is positively correlated with daily bodyweight (n = 70), although variability is 

high. 
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4.4 Discussion 

Reliable drug administration requires that the weight of the animal and the amount of 

drug being delivered are known with high accuracy. As demonstrated in this chapter, PiDose 

meets these criteria, exhibiting low weighing error and high delivery accuracy both in terms of 

measurement of the drug volume and ingestion of the drug. All mice quickly learned to obtain 

water from the spout, and by training animals to perform an operant response that was identical 

to and continuous with the act needed to consume the reward, high delivery accuracy was 

achieved. Although drug delivery could not be confirmed on a small percentage (~3%) of trials, 

when combined with the measurement error of  the syringe pump this level of precision is 

comparable to that of manual injection from a 1 mL syringe (tolerance of 5% or more) 

(International Organization for Standardization, 2017). The ability of PiDose to effectively 

automate long-term drug treatment was also demonstrated. PiDose requires minimal 

experimenter intervention once running, and the total time required to maintain each system is 

less than one hour per week. Furthermore, animals can be monitored without the need to enter 

the facility by connecting to the Raspberry Pi over a secure shell (SSH) network connection and 

running the system in a compact “headless” configuration without a monitor or keyboard. 

In addition to the time-saving benefits of automation, PiDose offers several advantages 

over existing options in regard to improving the reproducibility of pre-clinical research. First, 

PiDose involves no handling or direct interaction with animals beyond what is typically required 

in an animal research facility (e.g. cage cleaning). In contrast, traditional drug administration 

paradigms often require daily handling and restraint of mice, procedures which are known to 

cause stress (Balcombe et al., 2004; Meijer et al., 2006). This procedure-associated stress is 

reported to cause various changes in animal behaviour and physiology, potentially masking or 
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enhancing the effects of drug treatment. For example, handling and/or injection stress has been 

shown to alter the behavioural response to anxiogenic drugs (Andrews & File, 1993), increase 

immobility time in the forced-swim test (Aydin et al., 2015), activate immediate early gene 

transcription in stress-responsive brain regions (Ryabinin et al., 1999) and alter immune function 

(Moynihan et al., 1990). Furthermore, the response to treatment-associated stress may vary 

between genotypes, further complicating the interpretation of results. YAC128 mice, for 

instance, show a depressive phenotype (Pouladi et al., 2009) and may consequently be more 

sensitive to the chronic stress of repeated injections (Aydin et al., 2015). Confounds such as this 

could introduce systematic error to the outcome measures of drug experiments and obscure 

treatment effects. 

A second advantage of PiDose with regards to reproducibility is that of improved dosing 

accuracy and consistency when compared to other home-cage methods. Indeed, these results 

suggest several issues with the commonly used strategy of mixing a drug in directly with the 

animals’ home-cage drinking water. Although an overall correlation between bodyweight and 

water consumption was observed in PiDose, the relationship was not proportional (i.e. a 40-gram 

mouse did not drink twice as much as a 20-gram mouse). As a result, when the ‘drinking water’ 

strategy is used in group-housed mice, it is likely that heavier mice in the cage receive a lower 

dosage on average than lighter mice. This could be especially problematic in mixed genotype 

cages where average bodyweight, and consequently average drug dosage, varies by genotype. 

Indeed, this is reported to be the case with heterozygous YAC128 mice who weigh more on 

average than their wildtype littermates (Slow et al., 2003; Van Raamsdonk, Gibson, et al., 2006). 

In addition, water consumption in PiDose varied by as much as 30-40% from day-to-day, while 

bodyweight changed comparatively slowly. As a result, even if mice are single-housed, day-to-
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day dosage cannot be properly controlled by mixing the drug in directly with the mouse’s 

drinking water. These inconsistencies could result in substantial differences in the effective dose 

received by each animal over the course of the treatment period, increasing the inter-animal 

variability of treatment outcome measures and consequently the risk of Type I and II errors. This 

dosing error also complicates any conclusions regarding the drug’s dose-response relationship 

and increases the risk that the treatment will fail to translate to human use. 

Although PiDose presents many advantages over alternative methodologies, there are 

also some important limitations to consider. First, its use is restricted to drugs that can be 

dissolved in water, are stable in solution and can be kept at room temperature. In addition, the 

specific timing of drug treatment each day cannot be precisely controlled, as mice have free 

access to the spout and consume the drug solution in a self-directed manner. For this reason, 

PiDose may not be appropriate for studies where the drug must be given at a precise time every 

day, or at specific intervals throughout the day. Nevertheless, the temporal pattern of drug 

administration can be broadly set by adjusting certain parameters within the software, and by 

changing the concentration of drug solution. For example, a high drug concentration could be 

used to shorten the average length of the dosing window and approximate an acute treatment 

method like oral gavage. This may be useful for treatments where a higher blood concentration 

of the drug is required in order to elicit effects. However, it would be important to ensure that the 

concentration of drug used was not unpalatable in order to ensure that mice were willing to 

voluntarily self-administer the solution. On the other hand, for rapidly metabolized compounds, 

it might be preferable to administer the drug throughout the day. For this purpose, a parameter in 

the PiDose program can be set so that the system dispenses a drug drop only once every two or 

three drops. With some minor modifications, it should even be possible to calculate a theoretical 
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blood concentration of the drug for each animal at any given time based on their bodyweight, the 

number and timing of previous drops, and known metabolic characteristics of the drug. This 

information could then be used to determine whether to deliver a drug or water drop in response 

to a lick, with the goal to keep the blood concentration of the drug within a target range. 

Interestingly, YAC128 mice consumed more water on average than WT animals in the 

PiDose system, in contrast with a previous report which found no genotype differences in 

consumption from an ad libitum water bottle (Pouladi et al., 2009). As the water consumed by 

the original WT test group over 2-weeks was somewhat lower than reported in this previous 

study, one explanation for this discrepancy could be that these mice took some time to adjust to 

drinking from the PiDose cage, and consequently consumed less than they would typically. This 

would be less of a factor for the YAC128 mice, who were assessed for two months and had a 

longer period to adjust to the PiDose system. We also found that memantine-treated YAC128 

mice consumed less liquid overall (water and memantine solution) than control mice. Although 

the reason for this difference is not clear, it is unlikely to be the result of the drug solution being 

unpalatable, as drug drops were administered first during each day and mice were subsequently 

free to drink as much regular water as desired. Indeed, if mice were failing to consume the drug 

solution (e.g. spitting it out), they would most likely consume a larger amount following the 

switch to regular water drops. Furthermore, we have previously reported that mice willingly 

drank 10 mg/kg memantine when administered in their drinking water (Dau et al., 2014), a 

dosage 10× greater than that given in this study. Although we collected strong evidence to 

suggest that mice were consuming the drugs administered via PiDose, it’s important to note that 

we did not directly confirm the effectiveness of this system by assessing blood or plasma 

concentrations of memantine following administration. In future studies, measurements of blood 
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concentration of drug would be warranted to further confirm that the system is operating as 

intended. This could also be used to better determine the pharmacokinetics of drug 

administration via PiDose and compare this to existing methods of drug administration. 

The use of PiDose described here was restricted to FVB/N strain male mice of two- to 

four-months-old; however, it’s reasonable to expect that both male and female mice of a range of 

ages and different strains could be treated using this system. For the treatment of very small or 

very large animals, some modifications to the dimensions of the dosing module may be 

necessary to ensure that only one mouse can enter at a time. Nevertheless, I found that this 

configuration worked well for mice varying in bodyweight from 20 to 45 grams. The load cell 

used with PiDose has a maximum capacity of 780 grams (including the weight of the dosing 

module), which should be more than sufficient for any mouse applications and could even work 

in a modified system for treating larger rodents (e.g. rats). The load cell was able to maintain 

accurate bodyweight measurements across the range of animal sizes without the need for 

recalibration, and all other sensors and electronic components should be compatible with 

physical modifications of the dosing module. In order to facilitate any adjustments that other 

users may want to make, I have provided the original design files for all 3D parts online 

(https://osf.io/rpyfm/).   

The potential of open-source tools in biological research has gathered attention as of late 

(White et al., 2019), and it is my hope that by making the code and design files for PiDose open-

source and freely accessible, others will adapt and improve it as necessary for their use. Given 

the now well-established concerns regarding the reproducibility of many pre-clinical studies 

(Freedman et al., 2015; Scannell & Bosley, 2016), the need for a tool that can increase the 

accuracy of drug dosing while also decreasing the exposure of animals to stressful stimuli is 
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critical. PiDose holds promise in this regard and should prove useful for both basic and pre-

clinical biological research.  
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Chapter 5: Conclusions 

5.1 Summary of findings 

 In this thesis, I investigated the behaviour of wildtype and HD model mice on an operant 

task in which they had to precisely manipulate a lever with their forelimb in order to receive 

water rewards. This lever task was incorporated into the mouse home-cage, allowing for 

automated and high-throughput assessment of motor learning and kinematic parameters of task 

execution. To differentiate group-housed animals, an RFID capsule was subcutaneously 

implanted into each mouse prior to the start of testing, and parameters for that animal were 

loaded each time they entered the testing module. This task was available 24-hours per day, and 

learning was completely self-directed and could be initiated by the animal as desired.  

 In the first version of this task (Chapter 2), the lever had to be pulled backwards into a 

central position range and held for a certain duration. This duration increased as the mouse 

improved, with each animal advancing through the hold-duration ‘levels’ at their own pace. 

Young (2-month-old) YAC128 HD mice had a slower progression through these levels of task 

difficulty, suggesting an impairment in adapting their movements in response to changes in task 

requirements. Interestingly, this was a transient phenotype and was not observed in older 

YAC128 animals. However, despite having a similar success rate to WT animals, older (6-

month-old) YAC128 mice differed from WT animals on certain kinematic features of their trials. 

Specifically, they tended to overshoot the target position range initially and then slowly release 

their hold on the lever to move it back through the target range and reach the required hold-

duration. In addition to these motor phenotypes, we observed an altered circadian distribution of 

trials in 4- and 6-month-old YAC128 mice, but not 2-month-old animals. 
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 In the second version of the task (Chapter 3), mice were tested in an updated home-cage 

system (PiPaw), and the testing methodology changed substantially. Mice were not required to 

hold the lever for a specific length of time but rather perform a short duration pull that ended 

within a defined target position range. If the amplitude of the pull (i.e. the maximum position) 

was in this target range, the trial was rewarded. WT mice steadily improved their success rate on 

this task over one week by performing progressively more accurate and consistent movements, 

as indicated by decreased inter-trial variability of pull amplitude and trial duration. In contrast, 

Q175-FDN HD mice had a much slower learning of the task and never achieved the performance 

level of WT mice. This impaired learning was associated with a failure to decrease the inter-trial 

variability of kinematic parameters over testing, suggesting an impairment both in motor 

learning and motor control. In contrast, YAC128 mice at both 2- and 10-months-old had no 

learning impairment on this task and performed comparably to WT animals. Despite this, 10-

month-old YAC128 and Q175-FDN mice were equally impaired at performing the rotarod task 

and YAC128 mice showed significant open-field hypoactivity. 

 When the pattern of PiPaw task performance over the course of the day was analyzed, I 

found that animals tended to cluster their activity into short bouts of high task engagement 

separated by longer periods when no trials were performed. While young YAC128 mice 

performed more of these bouts per day as compared to their WT littermates, old YAC128 mice 

tended to perform fewer bouts, perhaps reflecting reported bidirectional age-related effects on 

activity level. Both YAC128 and Q175-FDN mice at 10 months of age had an altered circadian 

distribution of their trials, although the pattern of these changes was not consistent across 

genotypes. Acute slice electrophysiology experiments revealed that the DLS-MSNs of wildtype 

animals that had undergone PiPaw testing had altered spontaneous excitatory activity as 
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compared to MSNs from animals that had not been tested on the task. The frequency of sEPSCs 

was decreased in both hemispheres, while the amplitude of these currents was decreased 

selectively in the left hemisphere. In Q175-FDN mice, however, no significant changes were 

seen following PiPaw testing, suggesting that motor deficits may have been related to aberrant 

synaptic plasticity in these neurons. In further support of this, striatal neurons from PiPaw-

trained Q175-FDN showed consistent LTP in striatal neuronal responses to a high-frequency 

stimulation protocol, whereas WT neuronal responses showed LTD. 

 The results from these chapters are significant for several reasons. First, they suggest that 

motor impairment in YAC128 mice may be much more localized than previously thought. The 

finding of completely normal learning and performance of a skilled forelimb task in aged 

YAC128 animals is very much at odds with the established symptomatic progression of these 

animals and emphasizes the importance of using tests that assess a variety of aspects of motor 

function. However, these results also add additional evidence that there is an early phenotype in 

these mice characterized by elevated activity levels and perhaps an impairment in motor learning 

(although this was task-dependent). In addition, this work suggests that YAC128 and Q175-FDN 

mice have altered circadian activity levels, a phenotype that has been seen in other mouse models 

and in HD patients. This work also adds significantly to the relatively small literature on the 

Q175-FDN mouse, demonstrating that they have robust forelimb motor impairments and 

associated deficits in striatal plasticity, and encourages further use of these animals. Aside from a 

study published this year (Glangetas et al., 2020), this research is the first to assess a skilled 

forelimb task in a genetic mouse model of HD.  
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5.2 Methodological developments 

 An additional goal of this thesis was the development of novel home-cage-based tools for 

in vivo rodent research. Although home-cage systems for assessing skilled forelimb tasks have 

been published in mice (Bollu et al., 2019) and rats (Fenrich et al., 2016; Poddar et al., 2013), the 

PiPaw system (Chapter 3), and the original home-cage task on which it is based (Chapter 2), are 

the first to incorporate group housing of animals and individual identification via RFID tagging. 

In this respect, these paradigms represent a significant step forward, as single housing is a 

stressor in rodents and could alter behaviour. Another advantage of group housing is that 

heterozygous transgenic or knock-in mice can be tested alongside their WT littermates, 

providing within-cage control of environmental factors. The PiPaw system exhibited a high 

success rate in training both young and aged mice and animals generally responded well to the 

shaping paradigm and changes in task success requirements. In addition, kinematic parameters of 

task execution were recorded with extremely high resolution – specifically, the temporal 

resolution of our lever position recording was on the level of 5 ms (positions recorded at 200 Hz) 

and positional resolution was on the level of ~50 µm. Although we implemented a task that 

rewarded pulls of a specific amplitude, the PiPaw system should be compatible with a range of 

other testing methodologies to target specific behaviours. A final important point is that PiPaw is 

relatively affordable (~700 CAD) and can be built with easy to acquire parts, facilitating the use 

of this system in other labs. 

 The PiDose cage (Chapter 4) also represents a significant methodological advancement, 

as there are currently no open-source or off-the-shelf commercial alternatives for performing 

automated home-cage drug administration. Although one paper had been published describing a 

comparable system in 2006 (Santoso et al., 2006), the topic has received little to no attention in 
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the intervening years despite the clear utility of such a system. As discussed above, extended 

drug treatment protocols often suffer from being stressful to animals (due to repeated injections 

or gavage), overly time-consuming (hand feeding methods) or inaccurate (dissolving drugs in the 

home-cage water bottle). PiDose is able to address these issues, and showed good accuracy, both 

in automated weighing of animals and in delivering drops of drug solution. As with the PiPaw 

system, PiDose is affordable (~400 CAD) and relatively straightforward to build with 

commercially available parts. Furthermore, a full build guide and code for the PiDose system has 

been posted online in order to facilitate the use of the system in other labs. Together, these two 

systems represent an important methodological contribution, and should be useful for basic and 

translational research with a variety of applications. 

 

5.3 Limitations of this work  

 Perhaps the clearest limitation regarding the PiPaw task is that this test was not able to 

differentiate YAC128 mice from their WT littermates, even at an advanced age. As previously 

discussed, the disparity in performance between this and other motor tests may be partially 

accounted for by an exaggeration of YAC128 dysfunction on tests of full body coordination due 

to increased bodyweight. However, it’s also important to note that a skilled reaching deficit has 

been reported in YAC128 mice at 3-4 months-old, although this was only seen after animals 

were given a two-day break in testing (Glangetas et al., 2020). In addition, a slower task 

progression was found in young YAC128 animals using the original home-cage task (Chapter 2). 

Thus, it seems likely that the task methodology used in Chapter 3 lacks sensitivity and could be 

improved by adjusting certain parameters. Although the reason for this lower sensitivity is not 

completely clear, it could be related to the short duration of the required movements. While one 
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study in pre-symptomatic HD mutation carriers found an impairment in correcting self-generated 

errors while performing a reaching task, a second paper by the same group found that 

performance was not impaired as long as the movement was <300 ms and didn’t require the 

participant to react to real-time sensory input (Smith & Shadmehr, 2005). This ability to respond 

to real-time proprioceptive feedback was not a requirement for accurate performance in the 

PiPaw task, although it may have been necessary for the original home-cage task given the 

longer duration for which the lever had to be held. Thus, despite Q175-FDN mice showing 

significant deficits on the PiPaw task, the lack of cross-model validation for this specific testing 

methodology may limit its use. That said, alternative testing methodologies that might exhibit 

increased sensitivity should be relatively straightforward to implement using the PiPaw system 

and this would be a priority for future research. 

 A further limitation of both the original home-cage task and the PiPaw task is related to 

the use of water as a reward. Although mice were generally able to retrieve enough water to 

maintain their body weight, animals occasionally had to be given extra water, especially early in 

testing when success rates were very low. This meant that animals had to be monitored and 

weighed daily during initial task performance (although once the task had been acquired 

monitoring was reduced to every 2-3 days). Water restriction is well tolerated in mice and seems 

to have relatively few effects on behaviour or plasma corticosterone levels as compared to food 

restriction (Bekkevold et al., 2013; Tucci et al., 2006). However, thirst can modulate the activity 

of neurons in diverse brain areas, including the striatum, and may have influenced the 

electrophysiological changes we observed (e.g. reduced sEPSC frequency) (Allen et al., 2019). 

Furthermore, HD patients have been reported to have increased thirst and increased water 

consumption has been seen in R6/2 mice (Wood et al., 2008), complicating the use of water as a 
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reward. Normal water consumption has been reported in YAC128 mice (Pouladi et al., 2009); 

however, we observed that YAC128 mice in the PiDose cage drank more than WT animals. 

Q175-FDN mice have not been assessed for baseline water consumption, and so it is unknown if 

this could contribute to motivational differences in this genotype. An alternative would be to 

allow animals ad libitum access to water containing 2% citric acid, which makes water taste sour 

and is slightly aversive, but allows mice to maintain healthy bodyweight (Urai et al., 2020).  

Water given as a reward for the task could then be sweetened slightly with saccharine in order to 

increase animal’s motivation to perform the task. However, considering anhedonia has been 

reported in HD mice (Pouladi et al., 2009), this strategy could result in fewer trials in HD 

animals and would have to be carefully tested. 

 Another factor that was not controlled for in the PiPaw experiments was paw preference, 

which can vary between mice, and typically leads animals to perform skilled reaching tasks 

primarily with one forelimb or the other (Karl & Whishaw, 2011). Due to the design of the 

PiPaw system, performance of the task was restricted to the right forelimb. In order to allow for 

performance with either forelimb, the full lever control apparatus would have to be duplicated on 

the left side of the testing module, a modification that would substantially increase the 

complexity and cost of the system. Although paw preference could affect task performance, it is 

unlikely that preference would be systematically different between WT and HD mice, as 

differences in handedness have not been described in HD patients. Interestingly, in a group of 

right-handed HD patients, striatal gray matter loss was found to have a leftward bias (Mühlau et 

al., 2007), and so if a similar pattern was seen in HD mice, this task could have increased 

sensitivity as compared to bilateral tasks.  
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 Another potential caveat of this research is the use of HD model mice on the FVB/N 

genetic background. These mice suffer from retinal degeneration and blindness from ~2 months-

old (Farley et al., 2011), and this could influence the circadian rhythmicity of these animals and 

contribute to the differences in activity levels we observed. However, retinal degeneration should 

not have affected the ability of animals to perform the PiPaw task, as the sensory feedback 

required for performance of the task was solely proprioceptive. Indeed, visual feedback during 

performance of the task was not possible due to the configuration of the testing module and the 

requirement that mice nose-poke before pulling the lever. The main reason for our use of FVB/N 

mice in this study is that these animals show increased susceptibility to excitotoxic 

neurodegeneration (McLin & Steward, 2006). In addition, HD mice bred on this background 

show a more rapid onset of neuropathology and behavioural abnormalities as compared to those 

on other backgrounds (Southwell et al., 2016; Van Raamsdonk et al., 2007). This faster onset 

allows for the assessment of models that have good construct validity, such as heterozygous 

YAC128 and Q175-FDN mice, without having to age animals past one year. A possible 

disadvantage of using mice on the FVB/N background is that most commercially available 

transgenic mouse lines that express fluorescent reporter proteins are bred on the C57BL/6 strain, 

although this was not an issue for this study. 

 Regarding the original home-cage study presented in Chapter 2, a variety of 

methodological limitations were found with this system, including inconsistent performance of 

the task with the forelimb, and issues with trial structure and data recording. However, the 

majority of these issues were dealt with in the modifications made to the home-cage task during 

the development of PiPaw. Still, the data presented in Chapter 2 comes with the caveat that some 

animals may have been using an alternative strategy to pull the lever (e.g. with both forelimbs or 
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with their mouth). The PiDose system also has a number of limitations, as discussed previously 

(Chapter 4.4). These include the requirement that drugs administered using the system must be 

water soluble and stable at room temperature, and the caveat that the specific timing of dosage 

cannot be effectively controlled. However, as an alternative to studies where the drug is simply 

mixed into the home-cage drinking water, PiDose is a substantial improvement, providing much 

better control of dosing volume and allowing for different treatment conditions within the same 

cage. A final important caveat of the PiDose study is that we did not confirm the effectiveness of 

our dosing protocol by measuring the blood or plasma concentration of drug following treatment, 

although we collected strong evidence that animals were consuming the delivered drug solution. 

 

5.4 Future directions 

 A key priority for future research is to explore alternative PiPaw testing methodologies 

that show better sensitivity for motor phenotypes in HD mice. One example of this that I have 

tested is a version of the task where success is based not on the amplitude of pulls, but the 

average velocity of the pull. In addition, I have implemented a version of the original home-cage 

task (i.e. mouse must increase their hold duration over time) in the PiPaw system and have 

performed some testing of YAC128 mice using this setup. Using this improved system, we plan 

to repeat our study of 2-month-old YAC128 mice (Chapter 2) to confirm that animals at this age 

have a motor learning deficit at this version of the task. One advantage of training mice to 

perform a longer duration movement is that it opens the possibility of applying force 

perturbations on the lever during the hold period and then assessing the ability to correct for this 

external force. HD patients have deficits in online error correction during movements (Smith et 

al., 2000), suggesting that this may be a sensitive behavioural measure in mouse models. As the 
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lever is directly coupled to a motor in the PiPaw system, force perturbations during the hold 

period could be implemented without requiring any changes to the system’s hardware. Other 

options could involve changing the structure of testing rather than changing the methodology of 

the task itself. For instance, mice could be removed from the cage after one week of training, and 

then re-tested after a break of several days (or longer) to examine long-term motor memory. As a 

recent study reported deficits in HD mice performing a reaching task after a break in testing 

(Glangetas et al., 2020), this may reveal deficits not seen with continued daily testing. 

 One of the limitations of our ex vivo patch clamp recordings from DLS-MSNs was that 

direct and indirect pathway neurons could not be differentiated from one another. As numerous 

papers have reported pathway-specific alterations of the activity and plasticity of these neurons 

at baseline in HD mice (André, Fisher, et al., 2011; Sepers et al., 2018), and in response to motor 

learning in WT animals (Shan et al., 2015; Yin et al., 2009), this would provide more detail 

about the nature of genotype differences following PiPaw training. One way to do this would be 

to cross mice that express GFP specifically in D2-expressing neurons (drd2-eGFP BAC 

transgenic mice) with Q175-FDN mice, which would enable identification of iMSNs (GFP-

expressing) and putative dMSNs (no GFP expression), as has been done in previous studies 

(Sepers et al., 2018). Another important direction for future research is to look at neuronal 

activity in vivo during performance of the task. This provides a more direct measure of training-

associated plasticity and enables direct correlation of neuronal activity with the animal’s task 

performance. One method for doing this would be to implant a chronic multi-electrode probe 

into the DLS and track changes in both the baseline activity of individual neurons and the how 

these neurons are either positively or negatively modulated by task performance over time. 

Another option would be to inject a fluorescent calcium sensor (e.g. GCaMP) directly into the 
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DLS and use an implanted optical fiber to record activity from neuronal populations. Although 

this does not allow for single-neuron resolution, it has the advantage that a virus can be targeted 

to specific striatal subpopulations (e.g. direct vs. indirect pathway neurons) or even to 

presynaptic terminals of cortical neurons. Although full-time in vivo recording would be 

technically difficult to perform, especially with group-housed animals, one way to implement 

this would be to periodically remove animals for imaging sessions in a separate modified test 

module. This could be done every two to three days to assess longitudinal changes in neuronal 

activity in WT and Q175-FDN mice. Alternatively, mesoscale cortical activity could be assessed 

directly in the home-cage by integrating the PiPaw task into a home-cage system which 

automatically head-fixes and images brain activity through a transcranial window, as has been 

recently described (T. H. Murphy et al., 2016, 2020). 

 A final priority is to make the PiPaw system fully open-source and accessible to other 

labs by creating a set of build instructions and providing all the parts and code online. This has 

already been done for the PiDose cage, with the hope that other groups will apply this method to 

their own research. In addition, making these tools open-source allows others to create their own 

modifications or testing methodologies as needed for their specific research applications. For 

example, both of these systems could be altered to accommodate testing of rats with relatively 

minor changes to the dimensions and position of certain components. Making tools and protocols 

open-source is critical for the transparency of research findings and for ensuring that findings can 

be replicated by other labs (or that contradictory findings can be accurately compared). It also 

increases the accessibility of science to research groups that do not have the resources to 

purchase expensive off-the-shelf behavioural tools. 
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