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Abstract 

Huntington disease (HD) is a progressive neurodegenerative disorder with no disease-

modifying treatments. Patients experience motor, cognitive, and psychiatric disturbances, and the 

dorsal striatum is the main target of neurodegeneration. Mouse models of HD show altered 

striatal synaptic signaling in vitro, including changes to cortico-striatal glutamate signaling. 

Previous studies demonstrate altered glutamate receptor distribution and signaling at cortico-

striatal synapses in HD mice, and some studies suggest that glutamate release may be altered, but 

the presynaptic mechanisms underlying aberrant glutamate release in HD are unknown. 

Additionally, although changes to striatal signaling have been studied extensively in vitro, it is 

unclear how these changes correlate with behavioural impairments in vivo. Here, we utilize 

optogenetic sensors to explore cortico-striatal signaling in HD mice. In acute brain slice, we used 

iGluSnFR, a modified green fluorescent protein reporter for real-time imaging of glutamate 

dynamics, to study the presynaptic modulation of glutamate release. We validated iGluSnFR as a 

valuable tool to accurately measure short- and long-term changes in glutamate release caused by 

changes to extracellular calcium levels, modulation by presynaptic receptors, and plasticity-

inducing stimulation protocols. We confirmed a deficit in HFS-LTD and found changes to D2-

receptor-mediated inhibition of glutamate release in YAC128 HD mice. In vivo, we used 

GCaMP7f, a calcium-sensing fluorescent reporter, to image striatal activity during motor 

learning on the accelerating rotarod and open field exploration. Mice showed increased neuronal 

activity on the rotarod, which diminished by late stages of learning. 2–3-month-old YAC128 

mice did not show a deficit in latency to fall, but did display significant deficits in paw 

kinematics, including increased frequency of paw slips. These mice also exhibited aberrant 

striatal activity during rotarod performance, including a weaker correlation between striatal 
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activity and behaviour. 6–7-month-old YAC128 mice displayed severe rotarod deficits, and 

elevated striatal activity while on the rotarod. In the open field, YAC128 mice showed increased 

neuronal activity at rest. Overall, this thesis presents new insights into the mechanisms 

underlying cortico-striatal glutamate transmission, and alterations to striatal activity associated 

with behavioural impairments, in mouse models of HD.  
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Lay Summary 

 

Huntington disease (HD) is an inherited neurological disorder that leads to severe motor, 

cognitive, and psychiatric symptoms. Currently, there is no curative treatment for this deadly 

disease. Mouse models that carry the gene mutated in HD can be used to study the neurological 

changes that happen in this disease. A brain region called the striatum is specifically degenerated 

in HD patients. There is also evidence that signaling of an important neurotransmitter, glutamate, 

is dysfunctional in the striatum. In my thesis, I measured the release of glutamate in brain slice, 

as well as brain activity during behaviour, in a mouse model of HD. This revealed changes to 

glutamate transmission and changes to brain activity in the striatum that correlated with 

behavioural symptoms in these mice.  This research contributes to our knowledge on how the 

brain is affected in HD, increasing our ability to develop effective treatments in the future for 

this devastating disease.  
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Chapter 1: Introduction 

1.1 Huntington disease (HD) overview 

Huntington disease (HD) is a heritable, progressive neurodegenerative disease caused 

by a CAG repeat expansion in exon-1 of the huntingtin (HTT) gene (Bates et al., 2015; 

MacDonald et al., 1993), located at chromosome 4p16.3 (Gusella et al., 1983). This causes a 

polyglutamine expansion near the N-terminus of the HTT protein (MacDonald et al., 1993), 

leading to a plethora of cellular and synaptic pathological changes, the mechanisms of which are 

still not fully understood. Individuals with HD suffer motor, cognitive and psychiatric 

disturbances (Ross and Tabrizi, 2011). Primarily a movement disorder, HD patients experience 

involuntary dance-like movements called chorea, along with impairments to fine motor 

coordination, balance, speech, swallowing, and motor learning deficits (Ross and Tabrizi, 2011). 

The disease is usually diagnosed when chorea onset occurs, on average at 40 years of age, with 

symptoms progressively worsening for 15-20 years and eventually leading to death (Ross and 

Tabrizi, 2011).  The main site of neurodegeneration in HD is the dorsal striatum (consisting of 

caudate and putamen in humans), a brain region known to be involved in movement, learning, 

and behavioural flexibility (Bariselli et al., 2019; Kreitzer and Malenka, 2008; Ross and Tabrizi, 

2011). Other brain regions, especially the cortex, also degenerate in HD, and cortico-striatal 

signaling is a major area of interest in research on HD pathogenesis (Ross and Tabrizi, 2011; 

Smith-Dijak et al., 2019). HD is the most common inherited neurodegenerative disease 

worldwide, affecting ~5 in 100,000 individuals, with higher rates in Western populations – in 

Canada it affects 13.7 per 100,000 (Kay et al., 2017). With no cure or disease-modifying 

treatments available, it is critically important to study HD pathogenesis and identify potential 

treatment targets for this deadly disease.   



 

2 

 

 

1.1.1 The HTT gene and protein 

The mutant HTT (mHTT) gene is autosomal dominant, leading (in most cases) to a 50% 

chance that individuals with one HD-affected parent will inherit the disorder. Located at 

chromosome 4p16.3, the HTT gene contains a CAG repeat tract in exon 1, which is usually 9 – 

35 repeats in length in healthy individuals. Expansion of the CAG tract to 36 – 39 repeats causes 

incomplete HD penetrance, often leading to a later onset and milder form of HD, whereas 40 or 

more repeats leads to fully penetrant HD, and greater CAG repeat length is correlated with 

earlier HD onset and faster progression (Thomson and Leavitt, 2018). Most HD individuals are 

heterozygous for the HTT gene with one wild-type (WT) and one mutant allele. The mutant 

allele is completely dominant to the WT allele, at least in determining age of onset, as the 

presence of a second mHTT allele in rare homozygotic HD individuals does not affect age of 

disease onset (Lee et al., 2012). Anticipation, a phenomenon whereby age of onset decreases 

with successive generations, can also occur from one generation to the next in HD, particularly 

when the mutant allele is inherited from the father (Kay et al., 2017; Ridley et al., 1988). The 

CAG repeat tract in the HTT gene exhibits meiotic instability, leading to increases or decreases 

in CAG tract length, and the frequency of this phenomenon is positively correlated with CAG 

repeat length. Between 5 to 10% of HD cases are de novo cases (Kay et al., 2017), in which a 

spontaneous CAG repeat expansion leads to HD in offspring of parents with no HD diagnosis. 

Several genetic modifiers of the HTT gene have been found to modulate disease onset 

and/or severity (Lee et al., 2015). One example, a single nucleotide polymorphism (SNP) in the 

NF-κB transcriptional factor-binding site of the HTT promoter, reduces HTT transcription and 

protein expression. Variants of this SNP are associated with delayed HD onset when expressed 
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on the mHTT allele, and accelerated age of onset when expressed on the normal (WT) HTT allele 

(Bečanović et al., 2015). Variants at other loci have been shown to accelerate or delay motor 

onset between 1 – 6 years, and in some cases these same loci are also associated with changes to 

the onset of cognitive and psychiatric symptoms (Jong-Min Lee et al., 2015).  

The HTT protein, a large protein around 350 kDa in size, is expressed in all mammalian 

tissue types but has been shown to differ in expression levels by location and cell type. HTT 

protein is most prominently expressed in the brain and is necessary for the development of the 

nervous system (Dragatsis et al., 2000; Godin et al., 2010). In neurons, HTT is found throughout 

the cell, including the nucleus, cytoplasm, and at synapses. Post-translational modification 

occurs on multiple sites of the HTT protein (Wanker et al., 2019). In HD, cleavage by proteases 

results in N-terminal fragments with expanded polyglutamine tracts, which can then misfold and 

form fibrillar aggregates, which lead to formation of intranuclear inclusions, a pathological 

hallmark of HD (DiFiglia et al., 1997; Scherzinger et al., 1997; Trepte et al., 2014; Waelter et al., 

2001).  These mHTT intranuclear inclusions are prominently seen in cortex and striatum of HD 

brains, the regions which are also most affected by neurodegeneration in this disease, and the 

extent of HTT accumulation is positively correlated with CAG repeat length (DiFiglia et al., 

1997). Interestingly, the CAG-repeat region of the gene also shows somatic instability, with 

cortex and striatum showing larger repeat expansions compared to other brain regions starting at 

early disease stages (Kennedy et al., 2003; Shelbourne et al., 2007; Telenius et al., 1994).  

Aberrant protein-protein interactions between mHTT and HTT-associated proteins (of which 

more than 400 have been discovered) have also been identified in HD, and are likely a 

contributor to HD pathogenesis (Langfelder et al., 2016; Shirasaki et al., 2012). As well, the 

function of WT HTT protein seems to be important for normal neural signaling, particularly 
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during development: knocking out normal HTT protein is embryonic lethal, and animal models 

with only one WT HTT allele show neurological and behavioural impairments (Nasir et al., 

1995). Together, research points to both a gain-of-function effect of the mHTT protein, and a 

loss-of-function effect of missing the second WT HTT allele, as contributors to HD pathogenesis.  

 

1.1.2 Clinical manifestation  

HD is diagnosed based on either a positive genetic test for the mHTT gene, or a 

confirmed family history of the disease, accompanied by the onset of motor symptoms 

(McColgan and Tabrizi, 2018). The score from the Unified HD Rating Scale (UHDRS) total 

motor score is often used for formal diagnosis of this disorder, particularly in research studies 

(McColgan and Tabrizi, 2018). Before a clinical HD diagnosis, subtle progressive symptoms, 

including motor, cognitive, and psychiatric disturbances, can be detected up to 20 years prior, 

during the “prodromal” phase (McGarry and Biglan, 2017; Paulsen et al., 2014; Tabrizi et al., 

2009, 2013a). This prodromal phase would be the ideal time to implement disease-modifying 

treatments in mHTT gene carriers.  

 

1.1.2.1 Motor symptoms 

A score of “4” (>99% confidence that symptoms are due to HD) on the UHDRS motor 

assessment is the typical way in which manifest HD is confirmed for research studies (McColgan 

and Tabrizi, 2018). The most common symptoms that are present at this stage include chorea 

(involuntary dance-like movements), dysdiadochokinesis (inability to perform fast, alternating 

movements), abnormalities in eye movements, and gait impairments (Bates et al., 2015). This 

stage is often considered the hyperkinetic phase of the disease, when chorea symptoms are 
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prominent. At later disease stages, symptoms progress to a hypokinetic phase, with individuals 

suffering from rigidity, more severe bradykinesia (slow movement), and prominent balance and 

gait impairments (Bates et al., 2015). Despite chorea perhaps being the most well-known 

symptom of HD, it is actually hypokinetic symptoms that show a stronger correlation with CAG-

repeat length (Rosenblatt et al., 2006) and chorea is rarely observed in juvenile HD, a form of 

HD that occurs with very high CAG repeat numbers (Fusilli et al., 2018; Nance and Myers, 

2001). 

More subtle motor disturbances that manifest prior to HD diagnosis, during the prodromal 

phase, have gained research interest in recent years (McGarry and Biglan, 2017b). Saccadic eye 

movements can be impaired up to 10 years before expected diagnosis in pre-HD individuals and 

this worsens with disease progression (Ali et al., 2006; Blekher et al., 2006; Golding et al., 2006; 

Penney Jr. et al., 1990; Tabrizi et al., 2009). Changes to gait, including decreased speed and 

stride length, and increased variability in step time and stride length, have been reported in pre-

HD and manifest HD (Rao et al., 2009; Tabrizi et al., 2009).  One study investigated the 

transition from standing still to walking, and found that HD individuals displayed akinesia, 

impaired postural adjustments, and reduced speed at initiation (Delval et al., 2007).  HD patients 

also exhibit postural control deficits, including impaired responses to balance perturbations (Tian 

et al., 1992).  Various finger tapping tests detect fine motor deficits in pre-HD and manifest HD 

individuals, including self-paced tapping where participants repeat a specific sequence of taps, 

and speeded finger tapping, where individuals tap as fast as possible (Bechtel et al., 2010; Biglan 

et al., 2009; Paulsen et al., 2014; Tabrizi et al., 2009, 2013a).  In a similar vein, an interesting 

study showed deficits in keyboard typing, particularly typing cadence, in real-life settings in HD 

individuals (Lang et al., 2021). Tongue protrusion force coordination has also been shown to be 
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impaired in a stepwise manner with disease stage (Tabrizi et al., 2009). Grip force variability, a 

measure of motor impersistence, is another symptom that shows progressive decline in HD 

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

 Several forms of motor skill learning are impaired in HD, in some cases at prodromal or 

early stages. Motor sequence learning, the process by which performance of a particular 

sequence of movements improves with practice, is impaired at prodromal and manifest HD 

stages (Doyon, 2008; A. Feigin et al., 2006). In one study, pre-HD participants completed a 

motor sequence task in which they moved a cursor from a central position to a radial target on a 

computer screen, and the pre-HD group showed slower and/or incomplete learning of the task 

(A. Feigin et al., 2006).  Another study using a similar motor sequence task found that pre-HD 

patients that were closer to diagnosis performed worse than pre-HD patients that were further 

from diagnosis, although the difference was not significant (Holtbernd et al., 2016).  Early-stage 

HD patients also display deficits in a rotary-pursuit task, where participants learn to track a 

rotating target (Gabrieli et al., 1997). Reaching tasks, which assess ability to put together a 

sequence of voluntary arm and digit movements to reach for and grasp an object, show changes 

in HD patients, including impairments in temporal sequencing and error correction (Bonfiglioli 

et al., 1998; Klein et al., 2011; Shabbott et al., 2013; Smith et al., 2000). One study found that 

movement jerkiness and correcting for externally-applied forces were impaired in pre-HD 

individuals several years before disease onset (Smith et al., 2000). Impairments in motor skills 

have detrimental effects on real-world activities, negatively affecting quality of life, thus ideal 

treatments for HD would improve motor skill learning, among other symptoms.  
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1.1.2.2 Cognitive and psychiatric symptoms 

Like motor impairments, cognitive and psychiatric disturbances are common in HD and 

often appear before clinical diagnosis. At pre-HD and early HD stages, patients can suffer from 

impairments to emotion recognition (especially negative emotions), processing speed, executive 

function, and visuospatial processing, and these show longitudinal changes with disease 

progression (Papoutsi et al., 2014). The Stroop word reading task, which assesses executive 

function, has shown high sensitivity to cognitive changes in pre-HD individuals (Tabrizi et al., 

2013a).  In terms of memory, HD patients generally do not show severe amnestic symptoms, but 

do have deficits in learning and retrieval of new information (Aretouli and Brandt, 2010; Bates et 

al., 2015). HD individuals also display perseverative behaviour, manifesting as both cognitive 

flexibility deficits and psychiatric symptoms. Perseverative errors, in which subjects have 

difficulty switching strategies in a task, have been shown in early-stage HD patients on a variety 

of tests including a verbal fluency task and the Wisconsin Card Sorting Test (De Lucia et al., 

2020; Josiassen et al., 1983; Lawrence et al., 1996). Perseverative behaviours also can manifest 

as uncontrolled repetitive responses (such as motor actions, words, or thoughts), and HD patients 

commonly suffer from these as well (Oosterloo et al., 2019). In severe cases perseverative 

thoughts can lead to suicide attempts in HD individuals (Roman et al., 2018). Other 

neuropsychiatric symptoms common in HD include depression, irritability, apathy, and sleep 

disturbances (Duijn et al., 2014; Morton et al., 2005; Thompson et al., 2012). Delusional 

depression and psychosis are also seen, but these are much less common (Bates et al., 2015). In 

many cases, non-motor symptoms are more distressing to HD individuals than the overt motor 

phenotype, and some patients are not even aware of their chorea symptoms (Killoran and Biglan, 
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2014).  It is therefore important to consider cognitive and psychiatric symptoms when 

developing therapeutic targets for HD treatment.  

 

1.1.2.3 Strategies for HD symptom management 

Treatment for HD is currently solely symptomatic, as no disease-modifying treatments 

have been approved. Tetrabenazine (TBZ) is the first drug that was approved by the FDA for 

treatment of symptoms in HD and is used to reduce chorea (Hayden et al., 2009; Wyant et al., 

2017). This drug reversibly inhibits vesicular monoamine transporter 2 (VMAT‐2), which is 

responsible for loading of dopamine and other monoamines into presynaptic vesicles (Hayden et 

al., 2009; Wyant et al., 2017).  By preventing loading of dopamine into synaptic vesicles, 

dopamine release is decreased, and chorea symptoms are alleviated, presumably by reducing 

striatal dopamine signaling. Due to its effects on monoaminergic transmission, the side effects of 

this medication can potentially worsen other symptoms such as depression and sleep 

disturbances (Killoran and Biglan, 2014). A recently developed deuterated form of TBZ is 

suggested to have a better side effect profile and require fewer daily doses (Huntington Study 

Group, 2016).  When patients have co-morbid depression or other psychiatric conditions, 

alternative drugs are sometimes used to treat motor symptoms instead, including low-dose 

antipsychotics (Killoran and Biglan, 2014). For gait, balance, and susceptibility to falls, 

physiotherapy is a common treatment strategy (McColgan and Tabrizi, 2018).  

Psychiatric and cognitive concerns have a larger impact on quality of life than motor 

symptoms (Ho et al., 2009). Depression is very common in HD and a variety of antidepressants, 

such as selective serotonin uptake inhibitors (SSRIs), are often prescribed to HD patients 

(Killoran and Biglan, 2014) and their effectiveness in treating this symptom is supported by a 
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few small-scale studies (Beglinger et al., 2014; Holl et al., 2010). Other conditions, such as 

obsessive-compulsive symptoms or irritability, also may benefit from SSRIs (De Marchi et al., 

2001; Patzold and Brüne, 2002).  Small studies have reported beneficial effects of various mood 

stabilizers on aggression, agitation, irritability, mood instability, and suicidal ideation in HD 

patients (Leonard et al., 1974; Raja et al., 2015; Shen, 2008). In addition to their benefit for 

motor symptoms, antipsychotics are often used to treat psychiatric symptoms as well (Killoran 

and Biglan, 2014). Behavioural interventions are also used to treat some psychiatric symptoms 

(Rosenblatt, 2007). The treatments available for cognitive symptoms are limited. Anti-

cholinesterase inhibitors, such as the drug donepezil which is used to treat Alzheimer’s disease, 

have been tested in small studies or case reports with conflicting results (Cubo et al., 2006; Rot 

et al., 2002).  Overall, the options for effective treatments for the large array of symptoms in HD 

is suboptimal. Research continues to pursue new targets and therapeutic strategies to mitigate the 

different motor, psychiatric and cognitive symptoms, and to target the underlying 

neuropathology of HD to delay or prevent disease progression. 

 

1.1.3 HD pathogenesis 

 The first written account of HD came from George Huntington in 1872, who described 

the hereditary pattern of this disease as well as some of the motor, psychiatric, and cognitive 

symptoms (Huntington, 1872). In the 20th century, many neuropathological features of the 

disease were determined, including extensive striatal and cortical degeneration, and the 

symptoms of the disease were further characterized. The gene responsible for this disease was 

discovered in 1993 (MacDonald et al., 1993), following being mapped to chromosome 4 a 

decade earlier (Gusella et al., 1983). Despite these findings, and the fact that this disease is the 
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most common monogenic neurological disorder in the world, there is still tremendous mystery 

around HD pathogenesis, as well as the normal role of the HTT protein, and there is no cure or 

disease-modifying treatments for this deadly disease. In the past few decades, a large body of 

research has expanded our understanding of how the mHTT protein directly and indirectly 

causes neuronal dysfunction and degeneration, as well as the widespread changes to circuit 

dynamics in the HD brain. 

 

1.1.3.1 Molecular pathogenesis 

 The function of the normal HTT protein remains elusive, but some broad biological 

functions have been determined. This includes a role in nervous system development, expression 

of brain-derived neurotrophic factor (BDNF), cell adhesion, transcriptional regulation, and 

axonal transport (Bates et al., 2015; Schulte and Littleton, 2011). The HTT protein structure 

consists of ordered domains which act as binding sites for macromolecules, alternated with 

disordered segments, which contain sites for post-translational modification (Bates et al., 2015). 

One such post-translational modification is proteolytic fragmentation, caused by cleavage by 

endoproteases, that results in potentially toxic N-terminal fragments. Toxicity of mHTT can be 

reduced by inhibiting this cleavage (Gafni et al., 2004; Wellington et al., 2000). Aberrant 

splicing of the mHTT transcript is another way in which toxic N-terminal fragments can occur, 

creating a product termed HTT exon-1 (encoded by the first exon of HTT), which contains the 

CAG repeat sequence that is expanded in the mHTT gene (Bates et al., 2015). Exon-1 protein 

causes cell death in animal models (Barbaro et al., 2015; Mangiarini et al., 1996), and this 

protein can form large inclusion bodies, which have been observed in cells, animals, and humans 

(Arrasate et al., 2004; Davies et al., 1997; DiFiglia et al., 1997). Large HTT inclusions contain 
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hundreds of millions of HTT-related peptides, and smaller aggregates of ~100,000 fragments can 

also form (Bates et al., 2015). These aggregates can form polyglutamine amyloid fibrils through 

the process of nucleation, and this is facilitated in HTT exon-1 oligomers. The propensity for 

aggregation to occur correlates with CAG repeat tract length, suggesting a role for these 

aggregates in disease pathogenesis. 

 Mutant HTT expression leads to aberrant protein interactions and disruption of the 

proteostasis network. In the nucleus, mHTT inclusions can sequester other proteins, leading to 

transcriptional dysregulation (Bates et al., 2015). Chaperone proteins, which are involved with 

folding and assembly of proteins, become overwhelmed by misfolded mHTT and thus cannot be 

recruited to process other proteins (Hipp et al., 2012; Soares et al., 2019). Basal levels of 

chaperone proteins have been shown to decrease with disease progression (Hay et al., 2004; 

Yamanaka et al., 2008), and may sometimes be sequestered into mHTT aggregates themselves 

(Park et al., 2013).  During instances of acute environmental stress, chaperone protein levels can 

be upregulated via the heat-shock response, but this response becomes compromised in HD. The 

ability of heat shock proteins to be upregulated has been shown to be impaired with disease 

progression in mouse models of HD (Labbadia et al., 2011).  As well, there is evidence that the 

degradation of proteins via both the ubiquitin-proteasome system (Ortega and Lucas, 2014) and 

autophagy pathways (Martin et al., 2015) is disrupted in HD. WT HTT is proposed to play a role 

in regulating autophagy, and mHTT expression impairs key steps in the autophagy pathway like 

cargo recognition (Cortes and La Spada, 2014).  

Finally, mHTT and the dysfunction of the proteostasis network has an impact on many 

downstream cellular processes, including (but not limited to) intracellular signaling pathways, 

gene transcription, secretory pathways, endocytosis, mitochondrial function, calcium 
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homeostasis, and synaptic signaling (Bates et al., 2015; Raymond, 2017). One example of a 

direct downstream effect of HTT is the regulation of brain-derived neurotrophic factor (BDNF), 

a growth factor secreted by cortical neurons that provides trophic support to striatal neurons. WT 

HTT protein regulates transcription of BDNF through sequestration of repressor element-1 

transcription factor (REST), but this interaction is impaired in mHTT, leading to increased levels 

of REST in the nucleus, reducing BDNF transcription (Zuccato et al., 2001, 2003). Reduced 

cortico-striatal BDNF secretion is one mechanism that may contribute to the preferential 

degeneration of striatal neurons in HD, particularly spiny projection neurons (SPNs). Another 

possible mechanism is glutamate excitotoxicity, supported by multiple lines of evidence for 

aberrant cortico-striatal glutamate signaling in HD mouse models (Raymond, 2017). Cortico-

striatal signaling likely plays a significant role in HD pathogenesis and disease progression and 

will be discussed in more detail in section 1.2 of this chapter. Striatal SPNs also display aberrant 

intracellular calcium handling. For example, the ability of mitochondria to generate ATP and 

store calcium is affected by direct binding of the mHTT protein (Panov et al., 2002), and a 

striatal HD cell line showed reduced mitochondrial calcium uptake capacity and elevated 

sensitivity of the mitochondrial permeability transition pore (Milakovic et al., 2006). Moreover, 

there is also evidence of dysfunctional endoplasmic reticulum (ER) calcium stores in HD, 

causing a calcium leak from stores into the cytoplasm. This seems to be the result of an 

interaction between mHTT, Huntingtin Associated Protein 1, and IP3 receptors on the ER 

membrane, causing IP3 receptors to be sensitized to their ligand, IP3, resulting in excessive 

calcium release from the ER in response to metabotropic glutamate receptor activation (Tang et 

al., 2003). In all, the molecular pathogenesis of HD is highly complex and interconnected, and it 
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is likely an interplay of the many downstream effects of mHTT and its interactions with other 

proteins that leads to the eventual neuronal dysfunction and degeneration seen in HD patients.  

 

1.1.3.2 Macroscopic pathology 

 The most striking neuropathological feature in HD is the extensive loss of neurons of the 

dorsal striatum, particularly the spiny projection neurons (SPNs). These neurons are inhibitory 

neurons that release the neurotransmitter gamma‐aminobutyric acid (GABA) and comprise the 

vast majority of striatal cells. SPNs are divided into two classes which express different 

dopamine receptor types and follow distinct but overlapping signaling pathways within the basal 

ganglia circuit (Gerfen et al., 1990). D1 receptor‐expressing SPNs (dSPNs) are part of the direct 

pathway which has classically been associated with control of voluntary movements and 

behaviour (Albin et al., 1989). D2 receptor‐expressing SPNs (iSPNs) are part of the indirect 

pathway, which is thought to suppress unwanted or inappropriate movements and behaviours 

(Albin et al., 1989). In HD, iSPNs are preferentially degenerated early in the course of the 

disease, coinciding with chorea symptoms, and both types degenerate in late-stage HD (Albin et 

al., 1989; Ross & Tabrizi, 2011). Degeneration of striatal neurons has been shown to begin prior 

to clinical disease onset, with one study finding volume reductions of over 25% in pre-HD 

individuals compared with controls (Aylward et al., 1994). The striatum can also be divided into 

two distinct compartments: the striosome and the matrix, which express different protein markers 

and have distinct patterns of connectivity with other structures like cerebral cortex, thalamus, and 

substantia nigra (Waldvogel et al., 2012). Some studies suggest a role for the matrix 

compartment in sensorimotor functions, as it receives inputs from sensorimotor regions of the 

cortex, and a role for the striosome compartment in mood, as it receives inputs from regions of 
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the cortex connected with the limbic system, such as the posterior orbital and posterior 

mediofrontal sites (Eblen and Graybiel, 1995). Interestingly, one study found a significant 

association between neurodegeneration preferentially occurring in striosomes and HD cases with 

predominant symptoms of mood dysfunction (Tippett et al., 2007). This suggests that the extent 

of degeneration in striosome vs. matrix compartments could contribute to variability in symptom 

profiles of HD patients.  

Other brain regions are affected in HD as well. Subcortical structures such as the globus 

pallidus and substantia nigra, which receive projections from striatum, and the thalamus, nucleus 

accumbens, hypothalamus, hippocampus, and insula have all been shown to degenerate in HD 

(McColgan and Tabrizi, 2018; Tan et al., 2021; Waldvogel et al., 2012). Degeneration of these 

areas has been shown to occur up to 20 years prior to disease onset, though usually to a lesser 

extent than degeneration seen in the striatum (Aylward et al., 1994; Tan et al., 2021).  Several 

regions of cerebral cortex also undergo extensive grey matter volume loss in HD, which 

advances with disease progression and is correlated with CAG tract length (Aylward et al., 1994; 

Tan et al., 2021). There is some evidence of degeneration in different cortical regions correlating 

with different symptom profiles, similar to the differences found with striatal compartments. For 

example, one study showed that neuron loss in cingulate gyrus corresponded to HD cases with 

predominant mood symptoms, whereas cell loss in the motor cortex corresponded to motor 

symptom-predominant HD (Thu et al., 2010).  

White matter loss is seen in various brain regions as well. Both the striatum and cortex 

have been shown to have some white matter loss starting at prodromal (pre-HD) stages (Paulsen 

et al., 2014; Tabrizi et al., 2009), and at clinical stages white matter atrophy becomes more 

widespread throughout the brain (Aylward et al., 1998; Tabrizi et al., 2009; Tan et al., 2021). 
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White matter contains axonal fibers that connect different grey matter structures, so losses in 

white matter volume would disrupt communication between different brain regions. Connections 

between cortex and striatum show white matter loss, such as white matter connecting the 

putamen and prefrontal lobe (Tabrizi et al., 2011), further implicating cortico-striatal dysfunction 

as an important factor in HD pathology. One study reported that cerebral white matter loss was 

better correlated with cognitive deficits in HD than striatal degeneration (Beglinger et al., 2005). 

Neurodegeneration in HD is complex and extensive, and gaining a deeper understanding of the 

patterns of degeneration that occur and how these relate to symptom profiles may allow for more 

targeted therapies in the future. 

 

1.1.4 Mouse models of HD 

Animal models are an important tool in the neuroscience field and have contributed to 

many fundamental discoveries in HD research. Many animal models of HD have been created, 

ranging from transgenic invertebrate models, like C. elegans and D. melanogaster, to rodents, 

non-human primates, sheep, and pigs (Pouladi et al., 2013). By far, rodents are the most 

commonly used animals to model HD, particularly mice, owing to their genetic tractability and 

the abundant resources available for rodent experimentation. Prior to discovery of the HTT gene, 

lesioning of the striatum using neurotoxins was the main way in which animal models were 

generated. These excitotoxic lesions generally involved either glutamate receptor agonists 

administered via intrastriatal injection (Beal et al., 1986; Coyle and Schwarcz, 1976; Ferrante et 

al., 1993; Schwarcz et al., 1984), or mitochondrial toxins administered peripherally, which 

caused bilateral lesions predominantly affecting the striatum (Beal et al., 1993; Brouillet et al., 

1993). One major problem with these models is that they did not model the progressive nature of 
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the disease, instead disease pathology appeared immediately or within days of the neurotoxin 

treatment. These models also focused on striatal pathology, ignoring other neuropathological 

mechanisms of disease. In contrast, genetic mouse models can model the genetic cause of the 

disease, some of the neuropathological changes, as well as many behavioural phenotypes that 

progress with disease. Today, genetic mouse models are the most popular and well-developed of 

the HD models and can be categorized into three main types: N-terminal transgenic models, full-

length mHTT transgenic models, and knock-in models. 

 

1.1.4.1 N-terminal transgenic mouse models 

The first genetic mouse model of HD to be developed was the R6 line, which expresses 

exon 1 of the human HTT gene with an expanded CAG repeat, under control of the human HTT 

promoter (Mangiarini et al., 1996). Two commonly used R6 lines are R6/1, which expresses 116 

CAG repeats, and R6/2, with 144 CAG repeats. Due to somatic instability, CAG repeat 

expansions can occur in both mouse models, and instability of the CAG tract in germ cells has 

been shown in R6/2 mice (Dragatsis et al., 2009; Morton et al., 2009). Because of this, many 

R6/2 mice have greater than 144 CAG repeats, and commonly have between 200-250 repeats 

(Pouladi et al., 2013). R6/1 and R6/2 mice show progressive electrophysiological changes such 

as altered synaptic plasticity that may underlie behavioural deficits in these mice (Cepeda et al., 

2010; Cummings et al., 2006; Milnerwood et al., 2006). N‐terminal mHTT nuclear and 

cytoplasmic protein inclusions and aggregates are found in both lines, and interestingly, these 

were observed in R6/2 mice first and then later discovered postmortem in HD patients (Chang et 

al., 2015; DiFiglia et al., 1997). Striatal degeneration has been shown in R6/2 mice between 5 

and 12 weeks of age, as well as atrophy of piriform cortex, hippocampus, and thalamus 
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(Aggarwal et al., 2012), and both R6/1 and R6/2 show decreased striatal neuron counts compared 

with wild-type controls (Bayram-Weston et al., 2012; Stack et al., 2005). 

In terms of behaviour, both R6 models show progressive motor coordination and learning 

deficits on the accelerating rotarod, a common assay of motor coordination and learning, changes 

to locomotor activity including hypoactivity and decreased rearing, increased latency to traverse 

a balance beam, and abnormalities in gait (Brooks, Janghra, Workman, et al., 2012; Carter et al., 

1999; Menalled et al., 2009; Pallier et al., 2009; Pouladi et al., 2013).  R6/2 mice also show 

deficits in a rearing-climbing assay where mice climb a wire mesh (Menalled et al., 2009). Both 

R6/1 and R6/2 models also show a variety of learning deficits, including impairments on 

procedural, spatial, discrimination, and associative learning tasks (Bolivar et al., 2003; Brooks, 

Janghra, Workman, et al., 2012; Cayzac et al., 2011; Ciamei and Morton, 2009; Lione et al., 

1999; Nithianantharajah et al., 2008; Stack et al., 2005), as well as memory deficits in the Morris 

Water Maze and novel object recognition (Brooks, Janghra, Workman, et al., 2012; Giralt et al., 

2011). Psychiatric disturbances are more difficult to convincingly assess in animal models, and 

results are conflicting in the R6 mice. R6/1 mice show depression-like behaviour in the forced 

swim test, though only in females (Pang et al., 2009). Whether anxiety-like behaviour is 

increased or decreased depends on the test in R6/2 mice, which show decreased anxiety-like 

behaviour in the elevated plus maze, but increased anxiety-like behaviour in the light-dark choice 

paradigm (File et al., 1998; Menalled et al., 2009). In general, the R6/2 model has a more rapidly 

progressing phenotype than R6/1, likely owing to the increased CAG repeat length, with severe 

behavioural deficits by 4–6 weeks and death at 13–15 weeks of age (Cepeda et al., 2010; Chang 

et al., 2015). This model is thought to be more similar to juvenile‐onset HD than adult‐onset HD 

because of the rapidly progressing phenotype and wide‐spread distribution of aggregates.  
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1.1.4.2 Full-length mHTT mouse models 

Full‐length mHTT mouse models have been created in two main ways: the first is by 

knocking in a human HTT exon 1 with a CAG repeat expansion into the endogenous mouse HTT 

locus, and the second is through introduction of a full-length human HTT transgene (Pouladi et 

al., 2013). By expressing a full-length mHTT gene, these models are more genetically accurate 

than the N-terminal fragment models, and have been shown to express mHTT protein (Hodgson 

et al., 1999; Pouladi et al., 2013; Slow et al., 2003a). These models show varying degrees of 

neuropathological and behavioural phenotypes and show a more slowly progressive phenotype 

than the N-terminal fragment models. The progression is generally slowest in knock-in mouse 

models compared to transgenic models, especially when they are heterozygous for the mHTT 

gene, which could be the result of differences in mHTT levels or genetic differences between 

mice and humans (Ehrnhoefer et al., 2009; Pouladi et al., 2013). 

 

1.1.4.2.1 Genetic knock-in models 

Many mHTT knock‐in mouse models have been created, with increasing polyglutamine 

repeat lengths (i.e., Hdh(Q92), Hdh(Q111), CAG140 KI, Hdh(CAG)150, and zQ175) 

endogenously expressed in the mouse HTT locus (Chang et al., 2015; Heng et al., 2007; 

Menalled et al., 2003, 2012).  Like the R6/2 model, both germline and somatic instability has 

been observed in some of these models, leading to expansions of the CAG repeat tract. For 

example, the zQ175 model was the result of a spontaneous expansion in the CAG140 knock-in 

model (Menalled et al., 2012).  Behavioural results vary by model, but most knock-in models 

exhibit slowly progressing motor, cognitive, and psychiatric changes. This includes changes to 
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locomotor activity, rotarod performance and learning deficits, gait abnormalities, memory 

deficits in novel object recognition, and depressive- and anxiety-like behaviour, some of which 

were sex-specific (Giralt et al., 2012; Hickey et al., 2008; Menalled et al., 2003, 2012; Orvoen et 

al., 2012). The zQ175 model is currently a popular knock-in mouse model, and shows deficits in 

grip strength, rotarod performance, climbing activity, and hypoactivity in open field, but all 

behavioural phenotypes were much more robust in homozygous mice than in heterozygous mice 

(Menalled et al., 2012). Heterozygotic mice do show some neuropathological changes, however, 

including reduced expression of transcripts in the striatum such as DARPP32 and Drd2 

(Menalled et al., 2012). Ideally, heterozygotic animals should be used to accurately model the 

genetic context of the majority of HD cases.  

 Importantly, some knock-in models show accumulation of N‐terminal mHTT aggregates 

predominantly in striatal neurons, and reactive gliosis in the striatum, indicating early signs of 

neural damage (Lin et al., 2001; Wheeler et al., 2000), mirroring the pathological changes 

observed in humans. These striatal neuropathological changes, combined with the slowly 

progressing behavioural phenotype, make these mice ideal for studying early pathological 

changes and the mechanisms underlying striatal neurodegeneration in HD.  

 

1.1.4.2.2 Transgenic models 

Transgenic mouse models of HD that incorporate full-length human transgenes have been 

created using yeast artificial chromosomes (YAC), the most commonly used of these being the 

YAC128 model, or bacterial artificial chromosomes (BAC), such as the BACHD model (Gray et 

al., 2008; Slow et al., 2003). These models express the full‐length human mHTT transgene and 

all of its regulatory elements, with YAC128 expressing 128 CAG repeats and BACHD 
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expressing 97 CAG/CAA mixed repeats (Gray et al., 2008; Slow et al., 2003) and seem to show 

minimal repeat instability (Pouladi et al., 2013). A drawback of transgenic models compared to 

knock-in models is that HTT is overexpressed, as mice express two endogenous murine HTT 

alleles in addition to the human mHTT transgene. These mice show a weight gain phenotype as 

they age, thought to be due to overexpression of HTT protein (Pouladi et al., 2010).  

Striatal and cortical atrophy and neuronal cell loss have been reported in the transgenic 

models, however this generally occurs late in the disease course, after behavioural deficits have 

manifested (Slow et al., 2003). BACHD mice show signs of degeneration in striatal neurons, but 

not neuronal loss (Gray et al., 2008). Striatally-enriched transcripts that are known markers for 

HD progression, such as DARPP32, enkephalin, D1 and D2 receptors, and cannabinoid receptor 

1, are reduced in YAC128, but not in BACHD (Pouladi et al., 2012). Finally, mHTT aggregation 

and intranuclear inclusions occur in the full-length mHTT models, but in a more progressive and 

age-dependent manner than the R6 lines (Stack et al., 2005; Van Raamsdonk et al., 2005). 

Transgenic full-length mHTT models show progressive behavioural deficits in motor, 

cognitive, and psychiatric domains. YAC128 and BACHD mice exhibit deficits on motor tasks 

such as the accelerating rotarod, balance beam, and climbing-rearing assay (André, Cepeda, et 

al., 2011; Gray et al., 2008; Menalled et al., 2009; Pouladi et al., 2012; Slow et al., 2003; 

Southwell et al., 2009), as well as locomotor changes, increased stereotypies, and gait 

abnormalities (Abada et al., 2013; Menalled et al., 2009; Slow et al., 2003; Van Raamsdonk et 

al., 2007). Studies in YAC128 mice have revealed cognitive deficits including impairments in 

procedural, spatial, and discrimination learning, as well as strategy-shifting tasks and novel 

object recognition (Brooks, Janghra, Higgs, et al., 2012; Brooks, Jones, et al., 2012; Van 

Raamsdonk et al., 2005; Southwell et al., 2009). Psychiatric abnormalities are more apparent in 
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full-length mHTT transgenic mice compared to the N-terminal fragment lines, with YAC128 and 

BACHD showing depression-like phenotypes and increased anxiety-like behaviour on a variety 

of assays (Abada, Schreiber, et al., 2013; Chiu et al., 2011; Hult Lundh et al., 2013; Menalled et 

al., 2009; Pouladi et al., 2009, 2012; Southwell et al., 2009). The variety of progressive 

behavioural changes in transgenic HD models make these mice an excellent option for 

investigating neuropathological mechanisms underlying motor, cognitive, and psychiatric 

deficits in HD.  

 

1.2 The dorsal striatum and its role in behaviour 

 The striatum is a key region within the basal ganglia circuit, a group of interconnected 

subcortical structures that includes the substantia nigra, globus pallidus, and thalamus. The 

striatum is divided into two functionally distinct areas, the dorsal striatum, which consists of the 

caudate and putamen in humans, and the ventral striatum, also termed the nucleus accumbens. 

The dorsal striatum is the focus of this chapter, a brain region crucially important for behaviours 

like movement, various types of learning, and motivation (Kreitzer and Malenka, 2008). Here, I 

will discuss striatal anatomy, neurotransmission, and key behaviours encoded by striatal 

signaling, in the contexts of normal neural functioning and the HD-affected brain.   

 

1.2.1 Striatal anatomy and organization 

 Spiny projection neurons (SPNs) are the most abundant neuron type in the striatum. 

These inhibitory neurons release the neurotransmitter GABA and are divided into two main 

types: the dopaminergic D1-receptor-expressing dSPNs, that project to the direct pathway, and 

the D2-receptor-expressing iSPNs, that project to the indirect pathway (Albin et al., 1989; Gerfen 
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et al., 1990). In the direct pathway, dSPNs send inhibitory projections to the globus pallidus 

internal segment (GPi). The GPi then sends inhibitory input to the thalamus, which sends 

excitatory input to the cortex. Activation of dSPNs thus results in disinhibition of the thalamus, 

leading to an increase in excitatory input to the cortex and facilitation of movement. dSPNs also 

innervate the substantia nigra pars reticulata. iSPNs innervate the globus pallidus external 

segment (GPe), which sends inhibitory projections to the subthalamic nucleus (STN). The STN 

sends excitatory glutamatergic projections to the GPi which inhibits the thalamus. The final 

result of iSPN activation is increased inhibition of the thalamus, causing inhibition of the cortex 

and suppressing movement. Both classes of SPNs receive glutamatergic input from cortical and 

thalamic projections and dopaminergic input from substantia nigra pars compacta. Figure 1.1 

shows a diagram of the inputs and outputs of the striatum. In addition to SPNs, there are 

interneurons in the striatum which signal with either GABA (Tepper et al., 2018) or 

acetylcholine (Deffains and Bergman, 2015). SPNs receive input from these interneurons, as 

well as from local collaterals of neighbouring SPNs (Haber, 2016). 

 The dorsal striatum can be functionally divided into lateral and medial regions, with 

different patterns of input from frontal regions of cortex. The dorsolateral striatum (DLS) 

primarily receives cortical inputs from sensorimotor regions of cortex such as pre-motor and 

motor areas, and the dorsomedial striatum (DMS) predominantly receives inputs from 

associative regions of cortex, like ventromedial prefrontal cortex (Haber et al., 2006; Selemon 

and Goldman-Rakic, 1985). A significant body of evidence implicates DMS involvement during 

early stages of skill learning and reward-related behaviours, and DLS involvement during later 

stages when behaviours have become more habitual and automated (Balleine and O’Doherty, 

2010; Burton et al., 2015). The projections from the frontal cortex have been a focus in 
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neuroscience research, but the striatum also receives overlapping inputs from other regions of the 

cortex and these are also functionally organized (Haber, 2016).  The striatum also can be divided 

into two distinct compartments (described briefly in section 1.1.3.2), called the striosomes and 

the matrix. The matrix is rich in the cholinergic enzyme acetylcholinesterase (AChE), and tends 

to receive inputs from sensorimotor cortex, whereas the striosomes, or “patches” have high 

levels of opiate receptors, and receive input from cortical structures related to the limbic system 

(Graybiel, 1990; Haber, 2016). There is some evidence that neurons in the matrix project to the 

pallidum and substantia nigra pars reticulata, following the standard direct and indirect pathway 

routes, whereas the striosomes project to the substantia nigra pars compacta, which provides 

dopaminergic input to the striatum (Graybiel, 1990). The striosome and matrix compartments 

add another layer of complexity to our understanding of striatal signaling, and the significance of 

these compartments is still being elucidated. To complicate this further, there is evidence for 

“exo-patch’ neurons, which display the neurochemical, electrophysiological, and connectivity 

patterns of striosome neurons, but are located in the matrix (Smith et al., 2016). 

 Due to the bidirectional effects of the direct and indirect pathways on cortical activity and 

behaviour, these pathways have been described as the “go” and “no‐go” pathways, respectively. 

In this model, the direct and indirect pathways compete with opposing effects: the direct pathway 

encourages action selection and initiation, and the indirect pathway suppresses this. Notably, 

dopamine acting via D1 receptors increases activity of dSPNs, whereas dopamine stimulation of 

D2 receptors decreases activity of iSPNs (André et al., 2010). This provides an explanation for 

the akinesia symptom in Parkinson's disease: loss of dopaminergic input to the striatum disrupts 

the balance of dSPN and iSPN activity, resulting in difficulty initiating movement (Albin et al., 

1989). As iSPNs are preferentially degenerated first in HD, this loss of “no‐go” neurons is 
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thought to lead to impaired inhibition of movements, and therefore chorea (Albin et al., 1989). 

However, recent studies also point to a role for increased dSPN activity in chorea symptoms in 

HD (André, Cepeda, et al., 2011; André, Fisher, et al., 2011). 

New techniques for dissecting the behavioural role of these two pathways in awake, 

behaving animals has provided both support for (Freeze et al., 2013; Kravitz et al., 2012; Sano et 

al., 2013) and arguments against (Cui et al., 2013; Tecuapetla et al., 2014, 2016) this simple “go, 

no go” model. A coordinated role of the two pathways in controlling movement may be a more 

accurate depiction of this circuit, as studies measuring neural calcium activity in freely moving 

animals have revealed concurrent activation of both dSPNs and iSPNs during motor tasks and 

voluntary behaviours (Cui et al., 2013). Older studies have also shown activation of both direct 

and indirect pathways during behaviour (Alexander and Crutcher, 1990; DeLong, 1971; DeLong, 

1972). A recently postulated “competitive model” argues that the balance of synaptic plasticity in 

ensembles of dSPNs and iSPNs determines behavioural output (Bariselli et al., 2019). Continued 

research into how the activity in these pathways correlates with behaviour in vivo, as well as the 

role of major neurotransmitters like glutamate and dopamine, and the impact of synaptic 

plasticity, will help us to gain a deeper understanding of this circuitry and how it is impaired in 

disorders affecting the striatum like HD.  
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Figure 1.1 Direct and indirect pathways of the basal ganglia. The dSPNs in striatum (caudate 

and putamen in humans) project along the direct pathway which results in disinhibition of 

thalamus, leading to excitatory input sent to cortex, thought to facilitate movement. The iSPNs in 

striatum project along the indirect pathway, which results in inhibitory input to thalamus and 

thus cortex, suppressing movement. Dopamine input comes from the substantia nigra pars 

compacta (SNc or SNpc) to striatum. Reprinted with permission from: Calabresi, P., Picconi, B., 

Tozzi, A., Ghiglieri, V., Di Filippo, M. (2014). Direct and indirect pathways of basal ganglia: a 

critical reappraisal. Nature Neuroscience, 17(8), 1022–1030. https://doi.org/10.1038/nn.3743. 

 

https://doi.org/10.1038/nn.3743
https://doi.org/10.1038/nn.3743


 

26 

 

1.2.2 Neurotransmitter signaling in the striatum  

 The striatum brings together excitatory, inhibitory, and neuromodulatory transmitters – 

glutamate, dopamine, GABA, acetylcholine, and endocannabinoids, to name a few – so it’s not 

surprising that this region has been described as a “jungle” (Lovinger, 2010). The interplay 

between the release of different neurotransmitters, activation of pre-, post-, and extrasynaptic 

receptors, including any plasticity that may have occurred, determines the output of SPNs to 

downstream targets, which eventually connect back with the cortex to control behaviour. Direct 

and indirect effects of mHTT protein alter several aspects of this interplay, leading to aberrant 

striatal signaling, behavioural changes, and likely contribute to neurodegeneration and cell death. 

In this section, general neurotransmission will be discussed with a focus on glutamatergic and 

dopaminergic signaling and synaptic plasticity, with evidence from humans and animal models 

showing how these systems are affected in HD.  

 

1.2.2.1 Glutamate transmission 

 Glutamate is the most abundant excitatory neurotransmitter in the vertebrate brain. It is 

the ionic form of the non-essential amino acid, glutamic acid. Not only a neurotransmitter, 

glutamate is involved in many cellular processes as well, such as energy and nitrogen 

metabolism, and synthesis of proteins, peptides, nucleic acids, and more, including the 

neurotransmitter GABA (Hackett and Ueda, 2015).  

In the brain, glutamate is synthesized from glutamine in presynaptic neurons or in glial 

cells by the enzyme glutaminase. Following release from presynaptic terminals, glutamate may 

act at ionotropic or metabotropic glutamate receptors. The ionotropic receptors include N-

methyl-D-asparate receptors (NMDARs), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
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acid receptors (AMPARs), and kainate receptors. Of all the glutamate receptors, NMDARs have 

been implicated most in HD pathophysiology. NMDARs are tetrameric complexes composed of 

two GluN1 subunits and a combination of two GluN2 subunits (which can be subtypes A-D), 

and/or two of the less common GluN3 subunits (GluN3A or GluN3B) (Stroebel et al., 2018). The 

GluN1 and GluN3 subunits are activated by glycine whereas the ligand for GluN2 subunits is 

glutamate. Most commonly, NMDARs consist of two GluN1 and two GluN2 subunits, meaning 

that two glycine and two glutamate molecules are required to activate each receptor. NMDARs 

are also voltage-gated by a magnesium ion block. Upon membrane depolarization the 

magnesium block is removed and the cation-permeable channel can be opened by binding of 

glutamate and glycine, allowing a rush of calcium into the cell. NMDARs are commonly found 

postsynaptically, and are involved in synaptic plasticity (Greger et al., 2017). Extrasynaptic and 

presynaptic NMDARs have also been described, and extrasynaptic receptors in the striatum 

contribute to HD pathogenesis, which will be discussed in the next section.  

AMPARs and kainate receptors are also tetrameric ion channels permeable to sodium and 

potassium (and calcium in some conformations). These receptors are activated more easily than 

NMDARs, as glutamate is the only endogenous agonist, and the ion channel does not require 

depolarization to open. AMPARs are much better understood than kainate receptors, which have 

a more limited expression in the brain compared to AMPARs and NMDARs. Activation of 

AMPARs is one main way in which the voltage-dependent block on NMDARs is released. 

AMPARs are an essential component in most forms of postsynaptic plasticity, which can occur 

through changes to the number of receptors in the membrane, subunit composition, 

phosphorylation state, or interactions with other proteins (Greger et al., 2017).  
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Metabotropic glutamate receptors are G-protein-coupled receptors (GPCRs) and are 

classified into three main types: Group I mGluRs which include mGluR1 and 5, Group II 

mGluRs (mGluR2 and 3), and Group III mGluRs (4, 6, 7 and 8). Group I mGluRs are generally 

stimulatory and expressed postsynaptically, whereas Group II and III are inhibitory and 

expressed mainly presynaptically (though postsynaptic expression does occur) (Niswender and 

Conn, 2010). Group I mGluRs are coupled to Gq/G11 proteins and activate phospholipase Cβ, 

which then hydrolyzes phosphoinositides, generating inositol 1,4,5-trisphosphate (IP3) and 

diacyl-glycerol. The end result is calcium mobilization and activation of protein kinase C (PKC). 

Group II and III mGluRs are coupled to Gi/o proteins, activation of which leads to inhibition of 

adenylyl cyclase, as well as other effects like modulation of ion channels and downstream 

signaling pathways. It is also becoming increasingly known that all mGluRs can act through 

other signaling pathways beyond the well-characterized Gq/G11 and Gi/o signal transduction 

pathways (Niswender and Conn, 2010).  

In the striatum, tens of thousands of glutamatergic inputs from cortex and thalamus 

synapse onto each SPN in the striatum, specifically on the dendritic spines of the SPN dendritic 

arbor (Tepper et al., 2007). NMDARs are present postsynaptically and extrasynaptically on 

SPNs, and recent evidence has revealed presynaptic expression of NMDARs on cortical inputs to 

striatum (Bouvier et al., 2015). Group II mGluRs are located presynaptically at both cortico-

striatal and thalamo-striatal synapses in striatum, acting as autoreceptors to suppress glutamate 

release, and group I mGluRs are expressed postsynaptically on SPNs. Following release from 

presynaptic terminals, any excess glutamate is rapidly taken up by glutamate transporters, which 

are either expressed in glia or in neurons. In the rodent striatum, the glial glutamate transporter 1 

(GLT-1) that is present on astrocytes is one of the main mechanisms of glutamate reuptake 
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(Goubard et al., 2011). Alterations to glutamate release from presynaptic terminals, glutamate 

receptor activity, and glutamate reuptake from the synaptic cleft can have pathological effects on 

neurons, and dysfunction in all of these has been implicated in neurodegenerative disease, 

including HD.   

 

1.2.2.1.1 Changes to glutamate transmission in HD 

A large body of research has shown changes to glutamatergic signaling in HD. One 

central hypothesis is the excitotoxicity hypothesis, which postulates that excessive glutamatergic 

activity in the striatum leads to neural death, particularly through overactivation of NMDARs 

(Mehta et al., 2013; Milnerwood et al., 2010; Sepers and Raymond, 2014). The GluN2B subunit 

shows high expression in NMDARs of SPNs compared to other cells in the forebrain, and mHTT 

has been shown to increase expression and current of GluN2B-containing NMDARs (Chen et al., 

1999; Fan et al., 2007; Shehadeh et al., 2006), specifically increasing expression of these 

receptors at extrasynaptic sites (Milnerwood et al., 2010). Extrasynaptic NMDARs may be found 

on the cell body, dendritic shaft, or the neck of the dendritic spine and are activated when high 

levels of glutamate are released, leading to spillover to extrasynaptic sites (Hardingham and 

Bading, 2010; Milnerwood et al., 2010). While activation of synaptic NMDARs typically results 

in activation of pro-survival pathways, such as promoting cAMP response element-binding 

protein (CREB) phosphorylation, BDNF transcription, extracellular signal-regulated kinase 

(ERK) activation, and antioxidants, activation of extrasynaptic NMDARs can cause opposing 

effects on these pathways, which can result in dendritic blebbing, mitochondrial dysfunction and 

cell death (Gouix et al., 2009; Hardingham et al., 2002; Léveillé et al., 2008). Brains from HD 

patients and mouse models show reduced BDNF, dysfunctional mitochondria, and changes to 
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gene transcription regulated by CREB, as well as other changes that could be due to excessive 

extrasynaptic NMDAR signaling (Raymond, 2017). Milnerwood et al. (2010) found increased 

expression and current of extrasynaptic NMDARs (but not synaptic NMDARs) and consequent 

reductions in nuclear CREB activation in the YAC128 mouse model of HD. By targeting 

extrasynaptic NMDARs with the drug memantine, they were able to rescue changes in CREB 

activation and motor learning deficits on the rotarod in YAC128 mice (Milnerwood et al., 2010).  

Additionally, glutamate reuptake may be impaired in HD, as studies using synaptosomes 

have shown reduced reuptake of exogenous glutamate (Behrens et al., 2002; Huang et al., 2010; 

Liévens et al., 2001). However, our group has shown glutamate clearance to be similar between 

WT and HD mice, through direct measurement of glutamate transmission with the iGluSnFR 

probe in brain slice (Marvin et al., 2013; Parsons et al., 2016). The use of iGluSnFR allows real-

time imaging of glutamate dynamics in a more intact setting compared to synaptosomes, 

providing a more biologically accurate environment. In synaptosomes, exogenous glutamate is 

applied and is taken up by the transporter GLT-1 on nerve terminals, even though in the intact 

system astrocytic GLT-1 has been shown to be more physiologically relevant (Furness et al., 

2008; Petr et al., 2015). Furthermore, basal levels of extracellular glutamate would be expected 

to be increased in striatum if glutamate reuptake was impaired, and this is not the case according 

to microdialysis results in animal models (Behrens et al., 2002; Gianfriddo et al., 2004; B. R. 

Miller et al., 2008). However, a recent study using an ultrafast glutamate sensor to image 

glutamate at individual cortico-striatal synapses in Q175 HD mice showed prolonged glutamate 

clearance (Dvorzhak et al., 2019). Thus, the debate continues as to whether glutamate reuptake is 

impaired or intact in HD. 
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Several studies have found evidence for increased cortico-striatal glutamate release onto 

striatum at early stages of HD, and reduced glutamate input at late stages (Cepeda et al., 2003; 

Dvorzhak et al., 2019; Galvan et al., 2012; Joshi et al., 2009; Klapstein et al., 2001). These 

changes have also been shown to depend on neuron type. Spontaneous glutamate release, 

measured by spontaneous excitatory postsynaptic currents (sEPSCs) onto dSPNs is increased at 

early stages in YAC128 and BACHD mice compared to WT controls, but unchanged onto iSPNs 

(André, Cepeda, et al., 2011; André, Fisher, et al., 2011). The paired-pulse ratio (PPR) for dSPNs 

was also lower at early stages, indicating a greater probability of glutamate release from 

excitatory inputs (André, Fisher, et al., 2011). In slices from late stage YAC128, PPR was 

increased and EPSC frequency was reduced in dSPNs, indicating reduced glutamate transmission 

(Andre et al., 2011). Interestingly, iSPNs show larger evoked glutamate currents in response to 

cortical stimulation at early stages, which may represent increased postsynaptic responses or 

extrasynaptic NMDAR activation (André, Cepeda, et al., 2011; André, Fisher, et al., 2011; 

Milnerwood et al., 2010). AMPA receptor currents have been shown to be elevated in 

dissociated SPNs of YAC128 mice (Joshi et al., 2009), so this could be contributing to the 

observed increased cortically-evoked responses in iSPNs. It could likely be a combination of 

presynaptic and postsynaptic changes to glutamate transmission that occurs in HD, however little 

research has focused on presynaptic glutamate release and the mechanisms underlying reported 

changes to this. For example, changes to the expression or activity of presynaptic receptors could 

be responsible for aberrant glutamate release, which is explored in chapter 2 of this thesis.  
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1.2.2.2 Dopamine transmission 

 Dopamine is a neuromodulator that activates stimulatory Gs‐coupled intracellular 

signaling cascades when acting at D1‐type receptors (D1 and D5), and inhibitory Gi‐coupled 

signaling cascades at D2‐type receptors (D2, D3, D4) (Missale et al., 1998). It is synthesized 

from the amino acid tyrosine in the presynaptic terminal in a two-step process - first, tyrosine is 

converted to L-DOPA by the enzyme tyrosine hydroxylase, then L-DOPA is converted into 

dopamine. Dopamine transmits via both tonic transmission, which does not require presynaptic 

action potentials, and phasic transmission, which is action potential-dependent and results in fast 

and short-term dopamine release (Klein et al., 2019). Dopamine released from the SNc to the 

dorsal striatum modulates glutamatergic, GABAergic, cholinergic and dopaminergic signaling in 

the striatum through its effects on D1 and D2 receptors on SPNs, cholinergic interneurons and 

GABAergic interneurons, and D2 receptors present on cortical afferents, and SNc terminals 

(André et al., 2010; Rangel-Barajas and Rebec, 2016). At SNc terminals, D2 autoreceptors 

regulate the firing patterns and volume of dopamine release (Ford, 2014). Figure 1.2 shows a 

summary of dopamine's main effects through D1 and D2 receptors on striatal signaling in the 

healthy brain.  

 Dopamine has important and opposite modulatory effects on the direct and indirect 

pathways, regulating both AMPAR and NMDAR signaling. Early experiments revealed that 

currents mediated by activation of AMPARs are reduced by dopamine, and NMDAR responses 

are enhanced (Cepeda et al., 1993; Chen et al., 2013). Further experimentation showed that 

dopamine's effects depend on the dopamine receptor type: activation of D1 receptors consistently 

enhances NMDAR currents and frequency of sEPSCs, whereas activation of D2 receptors 

reduces AMPAR currents and sEPSC frequency (Cepeda et al., 1993; Cepeda and Levine, 1998; 
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Hernández-Echeagaray et al., 2004). D1 receptors can enhance NMDAR signaling by increasing 

receptor trafficking to the membrane (Dunah and Standaert, 2001; Hallett et al., 2006) and/or 

promoting phosphorylation of these receptors (Snyder et al., 1998).  In contrast, D2 receptor 

activation has been shown to reduce phosphorylation of AMPARs and NMDARs (Håkansson et 

al., 2006; Liu et al., 2006; Xue et al., 2017).  D1 receptor activation also potentiates AMPAR 

currents (Price et al., 1999; Swayze et al., 2004; Xue et al., 2017) and D2 receptors seem to have 

inhibitory effects on NMDARs (Marti et al., 2002), although the D2‐NMDA receptor result is 

less consistent (Carlos Cepeda et al., 1998). Overall, it is generally accepted that D1 receptors 

facilitate whereas D2 receptors inhibit fast synaptic glutamate signaling. 

 iSPNs have higher intrinsic excitability than dSPNs, and this difference has been 

proposed to be a homeostatic response to the inhibitory effects of dopamine at D2 receptors 

(Surmeier et al., 2014). This idea is supported by work showing that depletion of dopamine or 

antagonism of D2 receptors leads to reduced iSPN excitability (Cazorla et al., 2012; Chan et al., 

2012). D2 receptors are also present presynaptically on cortical inputs to the striatum (Wang and 

Pickel, 2002), and activation of these receptors has been shown to inhibit glutamate release 

(Bamford, Robinson, et al., 2004; Higley and Sabatini, 2010). At cortico‐striatal synapses, 

dopamine seems to act as a filter at presynaptic D2 receptors, suppressing less active cortico‐

striatal connections and in doing so, strengthening highly active ones (Bamford, Zhang, et al., 

2004). 

Dopamine also modulates cholinergic signaling through D2 receptors present 

presynaptically on cholinergic interneuron synaptic inputs to SPNs (Deffains and Bergman, 

2015). D1‐type receptor mRNA is also expressed in cholinergic interneurons, and there is 

evidence that activation of these receptors potentiates GABAA currents on these neurons (Yan et 
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al., 1997; Yan and Surmeier, 1997). Additionally, these interneurons can trigger dopamine 

release from SNc axons to SPNs through activation of β2 nicotinic receptors (Threlfell et al., 

2012). Similar to its effects on cholinergic interneurons, dopamine has been shown to modulate 

GABAergic interneurons: for example, dopamine potentiates activity of fast‐spiking interneurons 

through postsynaptic D1 receptors, while also reducing GABA release onto SPNs through action 

at presynaptic D2 receptors (Bracci et al., 2002; Centonze et al., 2003). There also is evidence 

for a role of dopamine in regulating GABAA receptor currents through D1 receptors on dSPNs 

(Hernández-Echeagaray et al., 2007). Altogether, dopamine differentially influences striatal 

signaling through presynaptic and postsynaptic modulation of glutamatergic, GABAergic, and 

cholinergic signaling, along with regulating its own release from SNc terminals through D2 

autoreceptors. 
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Figure 1.2. Dopamine effects at D1 and D2 receptors in the healthy striatum. Dopamine is 

released from axons from SNc. Dopamine binding at D1 receptors on dSPNs potentiates 

AMPAR and NMDAR currents, and stimulate cAMP-dependent signaling cascades, whereas 

dopamine binding at D2 receptors on iSPNs reduces AMPAR and NMDAR currents, and 

inhibits cAMP-dependent signaling cascades. Presynaptic D2 receptors on axons of cortical, 

SNc, cholinergic, and fast-spiking interneurons inhibit neurotransmitter release. Reprinted with 

permission from: Koch, E. T., Raymond, L. A. (2019). Dysfunctional striatal dopamine signaling 

in Huntington’s disease. Journal of Neuroscience Research, 97(12), 1636–1654. 

https://doi.org/10.1002/jnr.24495 
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1.2.2.2.1 Changes to dopamine transmission in HD 

 Early evidence for a role of dopamine in HD came from studies testing drugs targeting 

dopamine signaling in HD patients. L‐DOPA and amphetamine, which both increase dopamine 

signaling, worsen chorea symptoms in HD patients (Spokes, 1980). Conversely, drugs that 

inhibit dopamine transmission reduce chorea (Spokes, 1980), including tetrabenazine (TBZ), 

which is currently approved for treating chorea. Overall, studies from HD patients point to an 

early increase in dopamine levels corresponding with chorea symptoms, followed by a reduction 

in dopamine levels at the late akinetic disease stage (Bernheimer et al., 1973; Bird, 1980; Garrett 

and Soares-da-Silva, 1992; Spokes, 1980). The R6/2, YAC128, and zQ175 mouse models all 

show evidence of reduced dopamine transmission, such as reduced dopamine levels, reduced 

release in the striatum that progresses as motor symptoms worsen, and lower levels of dopamine 

metabolites (Callahan and Abercrombie, 2011; Hickey et al., 2002; Johnson et al., 2006; Mochel 

et al., 2011; Rothe et al., 2015).  However, heterozygous zQ175 mice display increased DOPAC, 

a dopamine metabolite, at 6 months and reduced levels of homovanillic acid, another metabolite, 

at 12 and 16 months (Smith et al., 2014). The tgHD rat model of HD has increased dopamine 

levels in striatum, SNc, and ventral tegmental area at early symptomatic stages (Jahanshahi et al., 

2010), and reduced striatal dopamine release at late disease stages (Ortiz et al., 2012). Although 

results are not entirely consistent, dopamine levels generally seem to be elevated at early stages 

and reduced at late stages in HD mouse models, matching observations in HD patients. Like the 

changes to glutamate release, the mechanisms contributing to these changes to dopamine release 

and transmission in HD are not well understood. 
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 Some evidence for changes in dopamine levels contributing to HD pathophysiology 

comes from studies with dopamine transporter (DAT) knock‐out mice (Chen et al., 2013; Cyr et 

al., 2003; Wu et al., 2007). These mice have increased striatal dopamine levels, hyperactivity, 

and learning deficits, among other behavioural changes (Giros et al., 1996; Wu et al., 2007; 

Zhuang et al., 2001). Crossing DAT knock‐out mice with knock‐in Hdh(Q92) HD mice results in 

mice with increased stereotypical behaviour at 6 months and earlier mHTT aggregation 

compared to Hdh(Q92) mice (Cyr et al., 2006). Therefore, deficits in DAT regulation of 

dopamine causing increased extracellular dopamine could be contributing to motor impairments 

and mHTT pathology. PET imaging and analysis of postmortem tissue indicate that DAT levels 

are decreased in HD (Ginovart et al., 1997; Suzuki et al., 2001), however, this has not yet been 

determined in animal models. In addition, studies have shown that application of dopamine 

worsens mHTT toxicity in striatal cells expressing the N‐terminal fragment of mHTT, and this is 

mediated by D2 receptors (Benchoua et al., 2008; Charvin et al., 2005). 

 Dopamine D1 and D2 receptors have been shown to be reduced in presymptomatic and 

symptomatic HD patients (Richfield et al., 1991; Van Oostrom et al., 2009; Weeks et al., 1996), 

and animal models have revealed changes to levels and signaling pathways of these and other 

dopamine receptors. In late stage YAC128 mice, striatal D1 and D2 mRNA levels are decreased 

(Pouladi et al., 2012). Symptomatic R6/2 and TgCAG100 HD models have reduced striatal D1, 

D2, D3, and D4 levels and reductions in tyrosine hydroxylase at nigrostriatal terminals, whereas 

striatal D5 and cAMP levels are increased (Ariano et al., 2002). The cAMP enhancement may be 

due to the loss of inhibitory signaling from D2-type receptors. Impairments in another D1‐

regulated intracellular pathway, the D1/DARPP‐32 signaling cascade, and reductions in DARPP‐

32 have been reported in symptomatic R6/2 and R6/1 mice, as well as at presymptomatic stages 
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in a knock‐in model (Hdh(CAG)150) (Bibb et al., 2000; Dellen et al., 2000; Young et al., 2013). 

Moreover, activity of a downstream signaling pathway of D2 receptors, the GSK‐3β pathway, 

has been shown to be reduced in striatum and cortex of early symptomatic R6/1 mice and 

postmortem human HD striatum, and restoring GSK‐3β expression through genetic rescue 

ameliorated brain atrophy and behavioural deficits in R6/1 mice (Fernández-Nogales et al., 

2015). Further studies of downstream signaling targets of dopamine receptors can shed light on 

HD pathophysiology and perhaps result in the identification of novel cellular targets for disease 

treatment. 

 

1.2.2.3 Other neurotransmitters 

 GABA is the primary inhibitory neurotransmitter in the vertebrate brain. About 5% of 

neurons in the striatum are GABAergic interneurons, and these neurons are relatively spared 

compared to SPNs in HD (Smith-Dijak et al., 2019). Inhibitory input in the striatum comes from 

these interneurons and collaterals from other SPNs. Spontaneous inhibitory postsynaptic currents 

(sIPSCs) onto SPNs are increased in mouse models of HD, particularly for dSPNs at early stages 

and iSPNs at late stages (André, Fisher, et al., 2011; Chen et al., 2013). Glutamate input is also 

increased onto dSPNs, therefore it seems that both excitatory and inhibitory input is increased at 

early stages. This increased inhibitory input could be a compensatory mechanism in response to 

overactive SPNs, perhaps a form of homeostatic plasticity that aims to reduce the threshold for 

long-term plasticity (LTP) to occur (Smith-Dijak et al., 2019). 

 Endocannabinoids (eCBs) are retrograde neurotransmitters that are produced in the 

postsynaptic terminal and travel to presynaptic terminals, acting at presynaptic cannabinoid 

receptors to reduce neurotransmitter release. HD patients and mouse models show reduced eCB 
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receptor 1 (CB1) expression in striatum starting at early stages (Glass et al., 2000; Horne et al., 

2013; Laere et al., 2010). Deletion of CB1 leads to worse neuropathological and behavioural 

phenotypes in HD mice, and CB1 agonists have been shown to be less effective in inhibiting 

striatal GABA release in R6/2 HD mice (Chiodi et al., 2012; Mievis et al., 2011). In contrast, 

CB1 receptor expression on cortical terminals in striatum is preserved at early stages in HD 

mice, but production of eCBs, particularly anandamide, in SPNs may be impaired (Chiodi et al., 

2012; Sepers et al., 2018). In fact, an agonist for CB1 receptors actually had a greater effect on 

cortico-striatal glutamate release in R6/2 HD mice, therefore number or activity of CB1 receptors 

may be elevated at these synapses (Chiodi et al., 2012). Notably, eCBs and CB1 receptors play 

an important role in synaptic plasticity in the striatum, and cortico-striatal eCB-dependent 

plasticity is impaired in HD models (Lovinger, 2010; Sepers et al., 2018). This will be discussed 

in the next section. Enhancing eCB signaling has become a popular potential therapeutic target in 

recent years, though so far, no significant effects at primary endpoints have been found (Smith-

Dijak et al., 2019). 

 Mutant HTT and the downstream effects of this protein have widespread effects on other 

transmitters and modulators. Some examples include acetylcholine, adenosine, and BDNF. 

Cholinergic interneurons in striatum are spared in HD, but release of acetylcholine is reduced in 

HD models (Reiner and Deng, 2018). Expression of adenosine receptors, particularly A2A and 

A1, is reduced in HD patients (Reiner and Deng, 2018; Wilson et al., 2017). Extensive research 

has shown that various aspects of BDNF production and signaling are impaired in HD, and 

increasing production, release, or signaling through its receptor, TrkB, have all shown promising 

results in improving phenotypes in HD mouse models (Smith-Dijak et al., 2019). A form of 

cortico-striatal long-term potentiation (LTP) that relies on TrkB receptor and A2A receptor 
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signaling is impaired in HD mice (Kung et al., 2007; Plotkin et al., 2014), therefore targeting 

BDNF and/or adenosine signaling may be a promising therapeutic avenue for HD.  

 

1.2.2.4 Cortico-striatal synaptic plasticity 

Impaired cortico‐striatal plasticity has been reported in HD mice (Kung et al., 2007; 

Plotkin et al., 2014; Sepers et al., 2018).  One form of LTD that has been shown to be impaired is 

high-frequency stimulation (HFS)-induced LTD (Sepers et al., 2018), a presynaptically 

expressed form of LTD. In response to HFS of cortico-striatal synapses, postsynaptic activation 

of group I mGluRs, D2 receptors, L‐type calcium channels and calcium‐induced calcium release 

from Ryanodine receptors lead to synthesis of the eCBs, anandamide and/or 2-

arachidonoylglycerol (2-AG). Anandamide binds to presynaptic CB1 receptors, decreasing 

glutamate release from cortical terminals (Lovinger, 2010). Sepers et al. (2018) showed that 

HFS-LTD was impaired starting at early stages, specifically in iSPNs, in two mouse models of 

HD: YAC128 and Q175/FDN. The deficit was shown not to be due to reduced CB1 receptor 

function, as the response to a CB1 agonist was similar between genotypes. Instead, it is likely 

caused by reduced eCB production in the HD brain, as inhibiting the degradation of 2-AG using 

the drug JZL184 was able to rescue the LTD deficit (Sepers et al., 2018). Interestingly, attempts 

to inhibit anandamide degradation did not rescue the LTD phenotype, suggesting that 

anandamide production is so low in HD mice that blocking its degradation has little effect 

(Sepers et al., 2018). JZL184 is orally available, making it a promising option for HD treatment. 

Recent work from our lab has shown that JZL184 treatment rescues behavioural deficits 

including rotarod impairment in HD mice (manuscript in preparation).  
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Additionally, postsynaptic cortico‐striatal HFS‐induced LTP, which relies on NMDAR 

activation, brain‐derived neurotrophic factor stimulation of TrkB receptors and activation of 

adenosine A2A receptors to elevate cAMP and protein kinase A activity, has been shown to be 

impaired in iSPNs of symptomatic R6/2, BACHD, and zQ175 mice (Kung et al., 2007; Plotkin et 

al., 2014). Cortico‐striatal plasticity has been associated with motor skill, instrumental, and 

response learning (Graybiel & Grafton, 2015; Lovinger, 2010), and the impairments in LTP 

and/or LTD seen in young HD mice may explain early cognitive and motor learning deficits in 

HD. These synaptic plasticity deficits in iSPNs, but not dSPNs, may play a role in early motor 

symptoms and the initial loss of iSPNs in HD.   

 

1.2.3 Altered striatum-dependent behaviours in HD mouse models 

 As discussed in section 1.1.4, mouse models of HD exhibit behavioural impairments and 

neuropathological changes that are useful in modeling the human disorder and testing the 

efficacy of therapeutic interventions. Though the striatum is preferentially affected in HD, there 

are also widespread changes to cortex, thalamus, hippocampus, and other areas, which all may 

contribute to behavioural impairments.  When investigating the effects of striatal dysfunction and 

neurodegeneration, it is important to choose behavioural tests that are striatum-dependent. For 

example, some cognitive tasks may depend on striatal functioning, whereas others may primarily 

involve the hippocampus, and this can also be determined by the stage of testing (e.g. early vs. 

late training). The following sections briefly summarize evidence for striatal involvement in 

some behavioural tasks frequently shown to be impaired in HD mice.  
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1.2.3.1 Accelerating rotarod 

 Impaired accelerating rotarod performance is perhaps the most consistent motor learning 

deficit seen in HD mouse models (Pouladi et al., 2013) and this task has been shown to involve 

cortico-striatal signaling and plasticity. For the rotarod task, mice learn to refine their behaviour 

to avoid falling off a rotating rod. In fixed-speed rotarod, the speed does not change throughout 

each trial, whereas in accelerating rotarod tasks the rotarod accelerates over a set period. In a 

commonly used protocol, the rotarod starts at 4 or 5 rotations per minute (rpm) and accelerates 

over 300 seconds until it reaches a maximum speed of 40 rpm. The trial ends either when the 

mouse falls off or when they reach 300 seconds duration on the rod, and the number of trials 

varies by study – for example, some protocols will have mice perform 12 trials total over four 

days, whereas others have mice perform 50 trials total over five days. 

 Costa et al. (2004) provided the first report of in vivo neural activity measurements 

during rotarod performance. Using multi-electrode arrays, they recorded activity from neurons in 

the striatum and motor cortex over three days of training (10 trials per day). They found that 

about half of the neurons they recorded from were task-related, meaning that they changed their 

firing patterns in response to the task. In striatum, 71% of these neurons increased their firing 

when they started running on the rotarod, and 29% decreased their firing. Costa et al., (2004) 

describe three patterns of activity for task-related neurons: sustaining the same firing rate 

throughout the rotarod trial, changing firing rate in a velocity-dependent manner, or transiently 

changing the firing rate at the start of the trial. This suggests that individual neurons may be 

encoding different aspects of the behaviour, such as neurons specifically tuned to the onset of 

running, or neurons that encode running speed. When they compared early vs. late training, they 

found that many neurons changed their firing patterns over training. For example, the number of 
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velocity-correlated neurons in the striatum increased on day 3 compared to day 1, suggesting that 

these neurons became more attuned to the relevant parameters of this behaviour. This study 

provided sound evidence for a role of cortico-striatal plasticity in rotarod learning. 

 Yin et al. (2009) employed a similar approach to record from neurons of the dorsolateral 

(DLS) striatum and dorsomedial (DMS) striatum during rotarod performance. They found higher 

DMS engagement during early rotarod training and higher DLS engagement at late stages. They 

also performed “saturation experiments” in slice to test whether plasticity had occurred in 

response to rotarod learning. The rationale is that if synaptic potentiation occurs, then potentiated 

neurons will be able to undergo more depression in response to a high frequency stimulation 

(HFS) protocol. Using this protocol, they found that the DMS could undergo more LTD during 

early training, and the DLS could undergo more LTD at late training, suggesting that the DMS 

neurons are potentiated at early stages and neurons in the DLS are potentiated later on. They also 

found other evidence of postsynaptic potentiation, including an increase in sEPSC amplitude but 

not frequency in DLS SPNs, which indicates increased AMPAR currents.  

 More recently, Kupferschmidt et al. (2017) measured activity of cortical inputs to the 

DMS and DLS using fiber photometry. This is a technique to measure fluorescent sensors such 

as GCaMP in vivo during freely-moving behaviour (see chapter 1.3.3.2). One advantage of this 

technique is the ability to express GCaMP in specific neural populations, and in this case, they 

recorded activity of inputs from medial prefrontal cortex to DMS (mPFC-DMS) and inputs from 

motor cortex to DLS (M1-DLS). They found that mPFC-DMS inputs became more active during 

early stages of learning, and then were much less active by late learning. In contrast, M1-DLS 

inputs were highly active in naïve mice, stayed active at early stages of learning, and this activity 

was attenuated but still significantly higher than baseline activity at late stages. In short, they 
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found that both pathways are active at early stages, but the M1-DLS pathway is still active at late 

stages as well, and the overall pattern of activity over the course of learning differed between the 

two pathways.  

 There is clear evidence of striatal and cortical involvement in rotarod learning, but more 

work is to be done to elucidate this further, such as identifying the specific roles of the DMS and 

DLS in refining behaviour, the neurotransmitters that are involved, and how this is affected in 

animal models with rotarod deficits, including HD mouse models.  

 

1.2.3.2 Open field 

 The open field assay, in which mice freely explore an empty arena, is commonly used as 

an assay of locomotor activity, anxiety-like behaviours, memory, and engagement in specific 

types of behaviour like rearing or grooming. Results vary and are sometimes contradictory 

between different animal models, but some general findings in HD mice include hyperactivity at 

early stages, hypoactivity at late stages, increased instances of rearing, and impaired habituation 

to the open field (Menalled et al., 2009; Menalled et al., 2012; Van Raamsdonk et al., 2005; 

Slow et al., 2003). 

Experiments using fiber photometry or in vivo electrophysiology have shown activation 

of the striatum during movement initiation and performance (Cui et al., 2013; Markowitz et al., 

2018). A significant research effort has been put forth to investigate the role of dSPNs and iSPNs 

in various natural mouse behaviours, by expressing calcium indicators in either SPN type and 

examining how neural activity correlates with behaviour. According to the simplest 

interpretation of the “go, no go” model, one would expect dSPNs to be activated during 

movement, and iSPNs to be activated when animals cease movement, but this is not the case. In 
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one of the earliest studies using this technique, both dSPNs and iSPNs showed more neural 

activity during “active” behavioural states, and less neural activity at rest (Cui et al., 2013). This 

activity often immediately preceded the initiation of movement in both cell types. Recently, 

advancements in viral constructs have also allowed measurement of dSPNs and iSPNs both in 

the same animal simultaneously, using red and green calcium indicators (Meng et al., 2018), 

allowing comparison of direct and indirect pathway activity in the same animal rather than 

between animals. One ambitious study imaged iSPNs and dSPNs (either separately in different 

animals or simultaneously in the same animals) and lined up the activity of these neurons to a 

wide variety of behaviours identified using machine learning software (Markowitz et al., 2018). 

They found that behaviours such as walking, scrunching, rearing, etc., were encoded by specific 

sub-second patterns of activity in dSPNs and iSPNs, and these are strung together to create more 

complex motor sequences. Lesioning of the DLS resulted in altered behavioural sequencing. In 

all, the combined activity of dSPNs and iSPNs seems to determine specific behaviours, with the 

DLS playing a critical role in sequencing these behaviours appropriately. 

Few studies have assessed neural activity in vivo during freely moving behaviour in HD 

mice, but there are a small number that have used electrophysiology during open field 

exploration. Elevated low-frequency gamma power measured by local field potentials (LFPs) has 

been reported in the R6/2 and zQ175 mouse models of HD at rest (Hong et al., 2012; Naze et al., 

2018; Rothe et al., 2015), and the synchrony of high frequency activity between motor cortex 

and dorsal striatum during natural behaviours is also impaired in R6/2 mice (Hong et al., 2012). 

In R6/2 mice, elevated SPN firing has also been observed in vivo, along with disrupted 

correlations in firing between SPNs (Miller et al., 2010). Elevated firing shown in vivo could be 
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reflecting changes that have been observed in vitro, particularly increases in glutamatergic 

signaling described in section 1.2.2.1.1. 

 

1.2.3.3 T-maze and other cognitive tests 

 Although cortex, hippocampus, and other regions likely contribute to cognitive 

impairments in HD, there are a significant number of striatum-dependent cognitive processes 

that are affected in HD mice. One such task is the T-maze, in which rodents are trained in a 

simple cross-maze that has four arms. One arm is blocked off, and the animal is placed in the 

opposite arm, and can choose between the two remaining arms (on the right and left sides). In the 

appetitive version of the task, rodents learn to find a reward that is always in the same arm. In the 

swimming T-maze, an aversive version, animals must find a hidden platform located at the end 

of one of the arms to escape the water. After animals learn to turn into the correct arm, 

sometimes a reversal phase is then implemented, where the platform goal arm changes to the 

opposite arm.  HD mice and rats show deficits during the training phase and more prominent 

deficits during the reversal phase (Abada, Nguyen, et al., 2013; Abada, Schreiber, et al., 2013; 

Van Raamsdonk et al., 2005). Recent work from our group reveals impaired T-maze learning 

starting at pre-motor manifest ages in the Q175 HD model, particularly during the reversal phase 

(manuscript in preparation). This deficit in reversal learning is a form of perseverative behaviour, 

indicating deficits in implementing a new strategy to complete the task, a common symptom in 

HD patients as well (De Lucia et al., 2020; Josiassen et al., 1983; Lawrence et al., 1996).  

 The T-maze can be completed using two different behavioural strategies: place learning 

and response learning. Using the place learning strategy, animals rely on sensory cues to find the 

goal arm, and for the response learning strategy, animals learn to always turn the same direction 
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to find the goal arm. As animals learn the behaviour, the strategy shifts from place to response 

learning (Packard and McGaugh, 1996). In an influential study, the striatum was shown to be 

essential for expressing the response learning strategy, whereas the hippocampus was essential 

for the place learning strategy: if one of these regions was inactivated, the rodent used the other 

strategy (Packard and McGaugh, 1996). Deficits in the training phase in HD mice could reflect 

failure to switch to the response learning strategy due to striatal dysfunction, leading to slower 

learning, and hippocampal signaling could also play a role. Moreover, studies have shown that 

the DMS is specifically important for reversal learning (Izquierdo et al., 2017). Therefore, the 

deficit in reversal learning seen in HD mice could reflect aberrant DMS activity.  

 Various other types of striatum-dependent learning are impaired in HD mice, and a few 

studies have measured neural activity during these tasks. R6/1 mice show deficits in an operant 

task where they learn to perform a nose-poke action to receive a reward (Cayzac et al., 2011). 

Fewer SPNs were recruited during the task in R6/1 mice, and this was correlated with worse 

learning (Cayzac et al., 2011). A study using an approach-avoidance learning task, where mice 

had to discriminate between positive and negative cues and adjust licking behaviour accordingly, 

showed impairments in zQ175 HD mice during both acquisition and reversal phases, and this 

was associated with specific dysfunction of the striosomal compartment of the striatum 

(Friedman et al., 2020). Cognitive impairments are often more distressing to HD patients than 

motor symptoms, so understanding the mechanisms behind these deficits is an important focus in 

HD research.  
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1.3 Genetically-encoded indicators to image neuronal activity and neurotransmission 

 The groundbreaking discovery of green fluorescent protein (GFP) in jellyfish and its 

subsequent adaptation for biological research (Tsien, 1998) has led to the development of a huge 

number of new imaging techniques to visualize and quantify neural activity in biological 

settings, from cells to live animals. Fluorescent sensors play an indispensable role in modern 

neuroscience research and have been engineered to measure many cellular and synaptic events, 

such as calcium activity, neurotransmitter release, voltage changes, and intracellular second 

messenger activity. Before the advent of genetically-encoded indicators, previous fluorescent 

sensors were mainly organic dyes that changed fluorescence intensity in response to voltage or 

calcium level changes. These dyes had to be injected into cells or loaded as membrane-

permeable derivatives that were cleaved intracellularly to trap them inside cells, often being 

loaded with trains of stimuli that may modulate neural activity. Genetically-encoded indicators 

offer a huge advantage over chemical dyes, as they do not have to be loaded into cells, they can 

be genetically expressed in specific cell types, and they are much less invasive and easier to use 

in living, behaving animals. These indicators are widely used in mice, and can be expressed in 

animals either by injection of a viral construct containing a bacterial plasmid encoding the gene 

for the indicator, or animals can have the gene from birth as is the case in the many transgenic 

mouse lines that have been engineered. 

 

1.3.1 Calcium indicators 

 Genetically-encoded calcium indicators (GECIs) have without question been the most 

successful and widely used fluorescent sensors to date in neuroscience research. One reason for 

this is the particularly good signal-to-noise ratio (SNR) of calcium indicators compared to other 
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imaging tools such as voltage sensors (Mollinedo-Gajate et al., 2019). However, a drawback to 

calcium imaging is the slower time course for calcium signaling in the cell compared with the 

speed at which action potential firing occurs. In response to action potentials, voltage-gated 

calcium channels open allowing a rush of calcium into the cell. Although action potentials occur 

in the millisecond time scale, GECIs show a slower time course of about two orders of 

magnitude. For example, the GECI GCaMP7f has a half-rise time of 27 ms and a half-decay time 

of 265 ms in response to one action potential in dissociated neurons (Dana et al., 2019). Still, 

GECIs are a valuable tool that allow us to measure activity of individual cells and specific cell 

populations during behaviour.  

 The structure of GECIs consist of three main elements: a calcium-binding protein moiety, 

which is usually calmodulin (CaM), a peptide that binds calmodulin, M13, which is derived from 

smooth muscle myosin light-chain kinase, and either one single fluorescent protein (FP), such as 

GFP, or a pair of FPs (used for Förster resonance energy transfer). The most famous of GECIs is 

the GCaMP family, which uses a single circularly-permuted GFP centered between an M13 

domain at the N-terminus of the protein, and CaM at the C-terminus. When GFP is exposed to 

blue to ultraviolet light, this protein emits bright green fluorescence. For GCaMP, calcium 

binding to CaM causes a conformational change in the GCaMP protein, leading to tight binding 

between CaM and M13, which results in high GFP fluorescence due to its conversion to an 

anionic form. Since its development in 2001 (Nakai et al., 2001), GCaMP has gone through 

many iterations with increasingly improved SNR, brightness, and kinetics (Zhang et al., 2021). 

 The first developed GECIs were based on GFP, however efforts have been made to create 

GECIs in other colours, including red and infrared. Due to the longer wavelengths of red light, 

these probes allow deeper penetration of the brain (Dana et al., 2016). As well, they can allow 
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for dual-colour imaging of both red and green sensors simultaneously. Red sensors tend to have a 

lower SNR than green indicators, however this is continually being improved upon as well (Dana 

et al., 2016; Shen et al., 2018) 

 GECIs have been optimized for a wide range of uses, from measuring calcium dynamics 

in different neuronal compartments in cell culture, all the way to measuring activity of an entire 

region of the brain in vivo. Thousands of constructs have been created to express GECIs in 

specific cell types, or specific neuronal compartments (like the axons or the nucleus), as well as 

conditional constructs that only express GCaMP under certain conditions. Section 1.3.3 will 

discuss the pros and cons of some techniques used to image GECIs in awake, behaving animals.  

 

1.3.2 Neurotransmitter sensors 

 In the last decade, genetically-encoded fluorescent probes to measure neurotransmitter 

dynamics have made it possible to measure neurotransmission more directly than ever before, 

both in vitro and in vivo. The first of these that became widely-used was the glutamate sensor, 

iGluSnFR (Marvin et al., 2013), and since then, new sensors have been developed for GABA, 

dopamine, acetylcholine, eCBs, and more (Borden et al., 2020; Dong et al., 2021; Jing et al., 

2020; Marvin et al., 2019; Patriarchi et al., 2018; Sun et al., 2018).  

 

1.3.2.1 Glutamate sensors 

 Traditionally, techniques to measure glutamate release have been indirect or have had 

low temporal resolution. Paired-pulse stimulation and electrophysiological recordings from 

postsynaptic neurons are often used to study glutamate release probability; however, these 

postsynaptic measurements may not accurately reflect presynaptic activity. The FM1-43 
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fluorescent tracer can be used to label vesicles and study their fusion with presynaptic terminal 

membranes (Joshi et al., 2009; Ryan et al., 1993); however, this dye is loaded into cells with 

trains of stimuli, which could impact subsequent neural activity. Techniques such as in situ 

microdialysis can measure glutamate concentration, but only with seconds-level temporal 

resolution (Benveniste et al., 1984). 

 The iGluSnFR (intensity-based glutamate-sensing fluorescent reporter) allows for real-

time, direct measurement of glutamate release (Marvin et al., 2013). This probe consists of a 

circularly permuted GFP, connected to a glutamate binding protein, GltI, from the bacteria E. 

coli and is expressed on the extracellular surface of the cells (neurons or glia), measuring 

glutamate release onto those cells. On neurons, iGluSnFR was shown to evenly distribute on the 

cell body and dendrites (Marvin et al., 2013). It has a high affinity and specificity for binding 

glutamate, and does not show affinity for other neurotransmitters, glutamate receptor agonists or 

antagonists, or amino acids, except for aspartate in vitro (Marvin et al., 2013). The kinetics are 

faster than GCaMP, owing to the fast synaptic transmission of glutamate, and the original 

publication on iGluSnFR found a half-rise time of 15 ms and half-decay time of 92 ms in 

neuronal cocultures. Other glutamate-sensing probes had been created before iGluSnFR, but the 

iGluSnFR significantly improved upon these sensors, particularly in terms of the SNR (Hires et 

al., 2008; Marvin et al., 2013). Other glutamate sensors recently created by mutating residues on 

iGluSnFR include iGluf and iGluu, which boast “fast” and “ultrafast” kinetics suitable for 

imaging high-frequency bursting activity (Helassa et al., 2018). Impressively, iGluu could 

distinguish glutamate transients 10-ms apart in organotypic rat hippocampal cell culture (Helassa 

et al., 2018). New colour variants of iGluSnFR have also been produced, including blue, cyan, 
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and yellow variants, as well as a set of updated green iGluSnFR “superfolder” variants (SF-

iGluSnFR) with improved brightness and sensitivity (Marvin et al., 2018). 

 Genetically-encoded glutamate sensors, particularly iGluSnFR and its variants, have been 

used in diverse settings including mesoscale imaging of the mouse cortex (Xie et al., 2016), 2-

photon microscopy in an Alzheimer’s disease mouse model (Hefendehl et al., 2016), and 

imaging in brain slice (Jiang et al., 2016; Parsons et al., 2016; Tang et al., 2015). Due to the 

known role of glutamate signaling in HD pathophysiology, glutamate sensors have already 

started to be used in HD research (Dvorzhak et al., 2019; Jiang et al., 2016; Koch et al., 2018; 

Parsons et al., 2016), and will continue to be a useful tool in elucidating mechanisms of 

glutamate dysregulation in disease models.  

 

1.3.2.2 Dopamine sensors 

 Several GFP-based dopamine indicators have been created, the most established of these 

being dLight1 (Patriarchi et al., 2018) and GRABDA (Sun et al., 2018). These sensors are based 

on human dopaminergic GPCRs, in which a circularly-permuted GFP is inserted into the third 

intracellular loop of the dopamine receptor. The dopamine receptor type depends on the sensor - 

for example, GRABDA was created using a D2 receptor, whereas different versions of dLight use 

D1, D2, or D4 receptors (Patriarchi et al., 2018; Sun et al., 2018). When dopamine binds 

extracellular to the GPCR, the intracellular GFP molecule increases its fluorescence. One 

important consideration when using these sensors is that they are still sensitive to pharmacology 

targeting dopamine receptors: for example, dLight1.1 which is created from the D1 receptor was 

shown to be sensitive to D1 agonists, which caused an increase in GFP fluorescence higher than 

dopamine itself, and antagonists, which reduced fluorescence to near 0, but no change was seen 
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with D2 antagonists (Patriarchi et al., 2018). Related neurotransmitters such as norepinephrine 

can also elicit very slight fluorescent changes in both sensors, though these responses are 

significantly lower than the changes seen with dopamine (Patriarchi et al. 2018; Sun et al., 2018).  

 Both dLight1 and GRABDA have fast kinetics, with a half-rise time of 10 ms for dLight1 

and 60 ms for GRABDA, and have been shown to accurately detect dopamine in brain slice and in 

vivo in multiple organisms including fruit flies, zebrafish, and mice (Patriarchi et al., 2018; Sun 

et al., 2018). The sensors have been shown to be suitable for fiber photometry imaging in freely 

behaving animals, with imaging of dopamine dynamics successfully performed in dorsal 

striatum, nucleus accumbens, and ventral tegmental area during various behaviours (Mohebi et 

al., 2019; Patriarchi et al., 2018; Sun et al., 2018). Additionally, Patriarchi et al., (2018) were 

able to use dLight1 to image cortical dopamine release during a visuomotor association task 

using two-photon imaging. Like GCaMP and iGluSnFR, new variants are being developed for 

dopamine sensors with improved SNR and kinetics, as well as red-shifted variants (Patriarchi et 

al., 2020; Sun et al., 2020). 

 

1.3.2.3 Other neurotransmitter sensors 

 Currently, genetically-encoded indicators are being created for a wide array of 

neurotransmitters, spear-headed independently by the labs of Loren Looger and Yulong Li. Some 

notable examples include acetylcholine sensors, which come in two varieties: “iAChSnFR” 

(Borden et al., 2020), which is created in a comparable way to iGluSnFR, and GRABACh, a 

GPCR-based sensor made on the same principles as GRABDA (Jing et al., 2020). The creators of 

iGluSnFR have also made a GABA sensor, iGABASnFR (Marvin et al., 2019). Finally, imaging 

of eCB signaling has become possible with a GPCR-based eCB sensor (Dong et al., 2021). All 
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these sensors have been demonstrated to be effective in detecting neurotransmitter signaling in 

culture, acute brain slice, and in vivo. The ability to assess neurotransmitter dynamics directly 

and in real-time will allow researchers to answer questions and probe neural signaling in new 

ways previously not possible, shedding light on how neurotransmission occurs in health and 

disease.  

 

1.3.3 Techniques for in vivo fluorescence imaging 

 As fluorescent sensors have been developed and optimized over the past few decades, so 

have the imaging technologies to measure them.  

 

1.3.3.1 One- and two-photon microscopy with head-fixed animals 

 Before the advent of imaging technology that could be used in freely moving animals, 

most in vivo imaging was performed in head-fixed animals. In these preparations, animals 

usually have a glass cranial window implanted to allow imaging of the dorsal cortex, and then 

are placed in a head-fixing apparatus during experimentation to avoid motion artifacts in the 

fluorescent signal (Markicevic et al., 2021). Many behavioural paradigms have been developed 

for head-fixed animals, which often involve sensory cues and/or a response in the animal such as 

licking, reaching, or pressing a lever (Chen et al., 2013). Depending on the question being asked, 

different types of imaging tools can be used in head-fixed animals. Two-photon and confocal 

microscopy can be used in head-fixed animals to image individual neurons in the dorsal cortex, 

whereas wide-field microscopy is used in this context to image network activity over the entire 

cortex. A substantial disadvantage of these experiments is the restraint stress caused to the 

animals, as well as the restrictions on the type of behavioural testing that can be done. It is also 
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not possible to image deep brain structures, although the depth that can be reached is improving 

with the advent of red-shifted sensors and three-photon microscopy.  

  

1.3.3.2 Fiber photometry 

 As one solution to the problems raised with head-fixing animals during in vivo imaging, 

fiber photometry was developed to allow for imaging of fluorescent sensors in deep brain 

structures during freely moving behaviour. This technique uses flexible optical fibers to deliver 

excitation light to the brain and collect the emission signal. The flexible fiber allows the animal 

to perform virtually any standard behavioural tasks while fluorescent activity (usually from 

GECIs) is recorded. Sometimes, motion artifacts can be introduced through bending of the fiber, 

but this can be controlled for in a couple of ways. One way is the introduction of a second 

fluorophore as a negative control, such as a red fluorescent protein (RFP) like tdTomato 

(developed by Ed Boyden), that is not expected to show any neural activity-dependent changes. 

The other method is to use a second excitation wavelength at the fluorophore’s isosbestic point; 

in the case of GCaMP this is the wavelength at which the resultant emission is not dependent on 

calcium levels. Using either the control fluorophore signal (e.g., RFP) or the isosbestic signal, 

movement artifacts can be controlled for as they will be in both the actual signal and the control 

channel. Optical fibers are usually between 50-400 μm in diameter and collect signal from a 

three-dimensional field below the bottom of the probe, though there are tapered probes available 

that collect signals from multiple depths along the length of the fiber (Mohit et al., 2021). One 

study found that, for 200-μm diameter optical fibers, the majority of the signal is from a volume 

of 105 to 106 μm3 that extends 200 μm below the fiber (Pisanello et al., 2019). Due to the large 

volume being imaged, this technique is likely not to detect activation of only a small number of 
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neurons. Thus, it is best used to investigate how overall populations and neural circuits encode 

behaviour, rather than changes to smaller cell ensembles.  

 

1.3.3.3 Micro-endoscope imaging 

 To visualize individual cells in moving animals, micro-endoscope imaging can be used. 

These are miniature microscopes that are implanted in the brain and used to image during 

behavioural tasks. These are usually heavier and more cumbersome to the mouse than optical 

fibers, but they still allow much freer movement than imaging techniques that require the mouse 

to be head-fixed. One open-source example of these devices is the gradient refractive index 

(GRIN) lens miniscopes (Aharoni and Hoogland, 2019). The latest versions of these miniscopes 

have greatly reduced the weight of the headpiece to under 3 grams and have a field of view of 1 

mm diameter, in which individual neurons can be imaged (information at www.miniscope.org). 

This technique is ideal for detecting and following the activity of specific neural ensembles 

during behaviour, but not as well suited as photometry is for assessing population-wide neural 

activity.  

 

1.4 Dissertation overview and aims 

 As discussed throughout the introduction, extensive research has been performed using 

HD mouse models to characterize the pathophysiological changes that occur in vitro, particularly 

how striatal neurons are affected. A large body of research has focused on how cortico-striatal 

glutamate signaling is altered, including synaptic changes to glutamatergic NMDA receptor 

composition and location (Chen et al., 1999; Fan et al., 2007; Milnerwood et al., 2010; Shehadeh 

et al., 2006). Changes have also been found in presynaptic glutamate release (André, Cepeda, et 

http://www.miniscope.org/
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al., 2011; André et al., 2010; Joshi et al., 2009) using indirect measures, but little is known about 

mechanisms underlying altered glutamate release in HD. As well, HD mice show progressive 

behavioural deficits, but it is unclear how physiological changes to neural signaling in vitro 

correlate with behavioural changes in vivo. Therefore, for my PhD thesis, I aimed to investigate 

two understudied areas in HD mouse model research: how presynaptic modulation affects 

glutamate release onto the striatum, and how changes to striatal signaling correlate with 

behaviour in HD mice. My hypothesis is that alterations to cortico-striatal signaling in HD, 

including changes to presynaptic receptor modulation of glutamate release and disrupted 

synaptic plasticity at this synapse, contribute to motor learning and other behavioural 

deficits in HD mouse models. To pursue this hypothesis, I have conducted experiments under 

two main aims:  

 

AIM  1 (Chapter 2): Directly assess presynaptic modulation of glutamate using the iGluSnFR 

probe in acute brain slices from HD mice.  

 

AIM 2 (Chapter 3): Investigate how neural activity in dorsal striatum encodes motor skill 

learning and spontaneous behaviour, and how this is altered in HD mice, using fiber photometry. 



 

58 

 

Chapter 2: Presynaptic modulation of glutamate release in YAC128 HD mice 

 

2.1 Introduction 

 Several studies have indicated that presynaptic glutamate release is increased at early 

stages and reduced at late stages at cortico-striatal synapses of HD mice (André et al., 2010; 

Joshi et al., 2009). In the YAC128 transgenic mouse model of HD (which expresses the full-

length human HTT gene and all regulatory elements on a yeast artificial chromosome), cortico-

striatal presynaptic vesicle release was found to be increased in 1-month-old premanifest mice 

and decreased in 12-month-old mice manifesting HD phenotypes (Joshi et al. 2009). The early 

increase in glutamate release in HD could contribute to glutamate excitotoxicity in the striatum. 

The presynaptic side of cortico-striatal synapses has been studied far less than the postsynaptic 

side in HD, and changes to presynaptic modulation of cortical terminals could be contributing to 

aberrant glutamate release. By determining how modulation of glutamate release is altered in 

HD, we could produce targeted therapies to reduce the excessive glutamate signaling, and thus 

reduce excitotoxic effects in the striatum.  

 At the cortico-striatal synapse, various presynaptic receptors modulate glutamate 

transmission and are involved in synaptic plasticity. Many of these are inhibitory GPCRs that 

suppress glutamate release when activated, including GABAB receptors, Group II mGluRs, CB1 

receptors, and D2 receptors. CB1 receptors are important for the expression of eCB-dependent 

HFS-LTD, a form of synaptic plasticity that is impaired in HD (Sepers et al., 2018). Another 

neurotransmitter that is significantly affected in HD is dopamine, and D2 receptors on cortical 

terminals reduce glutamate release. Interestingly, the effects of D2 agonists on cortico-striatal 

vesicle release are amplified in 1-month old and reduced in 12-month-old YAC128, shown by 
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use of the FM1-43 dye to label synaptic vesicles (Joshi et al., 2009). Changes to receptor 

modulation of glutamate release could be due to changes to the number of vesicles present, 

changes to subunit composition, or changes to downstream intracellular signaling pathways. At 

the postsynaptic side, NMDAR subunit composition and cellular location have been shown to be 

altered in HD (Raymond, 2017), and it is possible that similar effects happen with other 

receptors at the pre- or post-synapse.  

Recent development of a genetically encoded intensity-based glutamate-sensing 

fluorescent reporter, iGluSnFR, has enabled direct imaging of glutamate release with millisecond 

temporal resolution (Marvin et al. 2013). Before this, the methods available to measure 

glutamate release were either indirect, had low temporal resolution, or required invasive 

stimulation protocols to be loaded into cells (Benveniste et al., 1984; Ryan et al., 1993). For 

example, the FM1-43 dye requires 10 minutes of 10 Hz stimulation to load into presynaptic 

terminals (Joshi et al., 2009), which might modulate subsequent activity. Previously, our group 

used iGluSnFR to study glutamate clearance after synaptic release in striatal brain slices and 

found no difference between YAC128 and wild-type (WT) mice (Parsons et al. 2016), in contrast 

to previous studies suggesting impaired glutamate reuptake in HD (Behrens et al. 2002; Huang et 

al. 2010; Liévens et al. 2001).  

In this study, we developed a new technique to use iGluSnFR to study presynaptic 

modulation of glutamate release. We assess the sensitivity and accuracy of iGluSnFR in 

detecting changes in cortico-striatal glutamate release by exposing mouse brain slices to 

manipulations known to alter release. We also compare responses between premanifest YAC128 

mice and age-matched control mice to investigate alterations in presynaptic signaling. We show 

reductions in glutamate release, some long-term, in response to low extracellular calcium 
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conditions, activation of GABAB receptors, mGluRs, CB1 receptors, and D2 receptors, and high-

frequency stimulation (HFS) and show alterations in YAC128 mice. Altogether, our data suggest 

that iGluSnFR is a powerful tool for directly studying modulation of presynaptic glutamate 

release and its alteration in HD and other diseases. 

 

2.2 Methods 

2.2.1 Animals 

Animals were group housed on a 12:12-h light-dark cycle and given access to food and 

water ad libitum. Two- to three-month-old male YAC128 line 55 animals were compared to age-

matched WT mice of the same background strain (FVB/N), and YAC128 line 53 animals were 

compared to FVB/N littermates. Initially YAC128 line 55 animals were used, but we later 

switched to line 53 because of its higher mHtt expression and more robust phenotype (Graham et 

al. 2006; Slow et al. 2003). Procedures were performed in accordance with the Canadian Council 

on Animal Care and were reviewed and approved by the University of British Columbia Animal 

Care Committee (UBC ACC; Protocol A15-0069). 

 

2.2.2 Virus injections 

 Four- to six-week-old mice were anesthetized with inhalant isoflurane (4%) and 

maintained at 1.5% isoflurane for surgery. A heating pad was used to maintain body temperature 

at 37 +/- 1 °C. Then, AAV1.hSyn.iGluSnFr.WPRE.SV40 (1–1.4 μm, Penn Vector Core; 

provided by Dr. Loren Looger, Janelia Farm Research Campus of the Howard Hughes Medical 

Institute) or AAV1.hSynapsin.SF-iGluSnFR.A184S (1 μm, AddGene Plasmid #106174-AAV1; 

also provided by Dr. Loren Looger) was injected directly into the dorsal striatum using a glass 
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pipette attached to a Hamilton syringe. The injection rate was controlled over a 10-min period 

using a micro-syringe pump (UMC4; World Precision Instruments). Stereotaxic coordinates (in 

mm) with respect to Bregma were: 0.75 anterior, 2.25 lateral, 2.5-3 ventral. Mice were closely 

monitored for a week after surgery. The AAV injection protocol was performed according to 

UBC ACC guidelines (Protocol B17-0083). 

 

2.2.3 Brain slice preparation 

Three to six weeks after iGluSnFR injection, mice were deeply anesthetized with 

isoflurane and decapitated and brains were promptly extracted and placed in ice-cold slicing 

solution (in mM: 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 MgCl2, 0.5 CaCl2, and 

10 glucose). We obtained 300 μm coronal or sagittal slices with a Leica VT1200S vibratome. 

After this, slices were placed in 32–35°C artificial cerebrospinal fluid (ACSF) (identical to 

slicing solution except with 1 mM MgCl2 and 2 mM CaCl2) for 30 min and then kept at room 

temperature for at least 15 min before imaging. 

 

2.2.4 iGluSnFR imaging and pharmacology 

 Slices were placed in a standard submerged recording chamber with room temperature 

oxygenated ACSF perfused at 2–3 ml/min controlled by a mini-peristaltic pump (Harvard 

Apparatus MPII). Slices were stimulated with a 0.1-M-resistance monopolar tungsten 

microelectrode (2- to 3μm tip; Microprobes) located in either dorsal striatum or corpus callosum. 

iGluSnFR fluorescence was excited by a 470-nm LED and visualized using a CCD camera 

(1M60, Pantera, Dalsa) coupled to a pair of back-to-back photographic lenses (50 mm, 1.4f; 135 

mm, 2.8f) and a 530 nm bandpass filter. Electrical stimulation was controlled by an A-M systems 
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isolated pulse stimulator (Model 2100) and a World Precision Instruments stimulus isolator 

(A385). Clampex software was used to trigger LED activation and electrical stimulation, and 

images were acquired with XCAP software (EPIX). Slices were stimulated (300 –500 μA; 0.1-

ms duration; single pulses for striatal stimulation, double pulses separated by 10 ms for corpus 

callosum stimulation) every 30 s, with every third trial a blank (no stimulation) that was used for 

subtraction of bleaching artifacts. The LED was illuminated for 1,440 ms for each trial and off 

between trials. A 15-min baseline period was established in slices before treatments, and average 

evoked iGluSnFR responses varied between slices from 1.5% to 15% increase in fluorescence 

(%F/F0). Experiments with responses lower than 1.5% F/F0 during the baseline period were 

excluded. 

 All drugs were purchased from Tocris Biosciences. LY379268 (200 nM) and baclofen 

(10 μM) were dissolved in water. CP-55,940 (CP-55; 5 M; Health Canada authorization no. 

43514.09.17) was dissolved in DMSO, and the final concentration of DMSO in experiments was 

0.1%. Picrotoxin (50 μM) was added for corpus callosum stimulation experiments, and bovine 

serum albumin (0.5 g/l) was added for CP-55 (and DMSO control experiments) as a carrier. 

 

2.2.5 Analysis and statistics 

 Evoked iGluSnFR and D-Light responses were analyzed with ImageJ with a plug-in 

(http://www.neuroscience.ubc.ca/faculty/murphy_software.html; Harrison et al., 2009). The peak 

iGluSnFR response in a 10x10-pixel (239x239 μm) region of interest was analyzed at the area of 

maximal response. Three-minute time periods were averaged, which included four stimulation 

trials and two blank trials, and the two blank trials were subtracted from the stimulation trials to 

calculate %DF/F0. The last 9 min of the baseline period was used for normalization, so the 

http://www.neuroscience.ubc.ca/faculty/murphy_software.html
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effects of drug treatments and plasticity protocols could be represented as a percentage of 

baseline responses. For CP-55 experiments, seven of eight WT mice and seven of seven 

YAC128 mice showed a reduction in iGluSnFR responses. One of the YAC128 experiments was 

interrupted because of disruptions in bath flow and was therefore not included in statistical 

analysis but was included in time course visualization. The WT experiment that did not show a 

response was excluded from analysis.  

GraphPad Prism 7 was used for statistical analysis. A linear regression analysis was used 

for control experiments to determine the slope of normalized peak responses over time. 

Repeated-measures (RM) two-way ANOVA (general linear model) with Sidak correction was 

used to analyze normalized time course results. The factors used in this analysis were genotype, 

time, and subject, and repeated measures were used to compare the genotype mean at each time 

point. Two-tailed unpaired t-test was used to compare normalized mean responses between 

genotypes after experimental manipulations where we did not expect a genotype difference, or 

the direction was unknown. For HFS-induced long-term depression (HFS-LTD) experiments, 

one-tailed unpaired t-test was used because our previous work showed a deficit in HFS-LTD in 

YAC128 mice (Sepers et al. 2018); thus, the direction of the expected effect was known. All data 

points are displayed as means +/- standard error (SE), and statistical significance was defined as 

P value<0.05. 

 

2.3 Results 

2.3.1 Assessing and comparing glutamate release with iGluSnFR 

 In our experiments, iGluSnFR was expressed under the synapsin promoter on the plasma 

membrane of striatal neurons (Figure 2.1A). We stimulated slices from 2- to 3-month-old mice 
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with a tungsten microelectrode to elicit glutamate release from cortical and/or thalamic inputs to 

the striatum. Initially, we used coronal and/or sagittal slices and stimulated intrastriatally for 

low-calcium, baclofen, and LY379268 experiments (Figure 2.1B, Figure 2). For the CP-55 and 

HFS-LTD experiments we stimulated corpus callosum in sagittal slices to isolate cortical inputs 

(Figure 2.1C, Figure 2.3). 

 The amplitude of evoked responses varied between experiments, averaging 3– 4%F/F0 

(Figure 2.1D–F). Direct comparison of responses during the 9-min baseline from all experiments 

showed no difference in peak iGluSnFR responses between genotypes (Figure 2.1F), although 

interestingly there is a trend for higher peak responses in YAC128 (unpaired t-test, P=0.095) 

with corpus callosum stimulation. Because of variation in iGluSnFR expression, electrode 

location, and stimulation intensity, comparing responses between slices is likely not an accurate 

measure of differences in glutamate release. Instead, we compared the effects of manipulations 

expected to alter glutamate release to investigate differences in presynaptic modulation between 

genotypes (the illustration in Figure 2.1A shows receptors of interest). Control experiments 

showed a small reduction in peak %F/F0 values over a 45-min period (Figure 2.1G). A linear 

regression showed these reductions to be significant for the intrastriatal stimulation control for 

both genotypes [WT (P<0.0001; n=7); YAC128 (P=0.0237; n=7)] and DMSO corpus callosum 

stimulation control for YAC128 (P=0.0287; n=5) but not WT (P=0.2774; n=5) (Figure 2.1G). 

However, this reduction is considerably smaller and slower than effects observed in response to 

our experimental manipulations and therefore does not interfere with the interpretation of our 

results. 
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Figure 2.1. Experimental setup to study modulation of cortico-striatal and thalamo-striatal 

glutamate release. A) Diagram of a cortico-striatal synapse and receptors of interest in this 
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study. Thalamo-striatal synapses are also stimulated in some experiments and express the 

receptors in the diagram except CB1. Presynaptic terminals are stimulated with a tungsten 

microelectrode, and iGluSnFR expressed on the postsynaptic cells binds to glutamate and 

increases in fluorescence in a concentration-dependent manner. mGluR, metabotropic glutamate 

receptor. B and C) example of electrode placement, field of view (large box), and 239x239-μm 

region of interest (small box) where iGluSnFR responses are measured in coronal (B) and 

sagittal (C) slices. Scale bars, 500 μm. D) example iGluSnFR response to stimulation. First panel 

is an image of a sagittal slice with iGluSnFR expression; 5 other panels show response to corpus 

callosum stimulation averaged over 4 stimulation trials with nonstimulation trials subtracted and 

normalized to calculate increase in fluorescence (%F/F). Scale bar, 500 m. E) example traces 

showing %F/F over time of a 3-min bin (4 stimulation trials and 2 nonstimulation trials) in 

response to intrastriatal stimulation (top) and corpus callosum stimulation (bottom). WT, wild 

type. F) responses averaged over 9-min baseline for WT and YAC128 from all experiments in 

this study. Top: intrastriatal stimulation (no difference). Bottom: corpus callosum stimulation (t-

test, P=0.095; not significant). Numbers over bars represent the number of slices. G) control 

experiment showing peak iGluSnFR responses normalized to baseline %F/F for intrastriatal 

stimulation experiments (top) and corpus callosum stimulation experiments (bottom). Gray area 

indicates DMSO application. Replicates are displayed as no. of slices and no. of animals in 

parentheses. Representative traces (3-min bins) show baseline (black) and end of experiment 

(gray), and genotypes are indicated. Slope was determined to be significantly different from 0 by 

linear regression analysis in WT (P<0.0001) and YAC128 (P=0.0237) for intrastriatal 

stimulation experiments and for YAC128 (P=0.0287) for the corpus callosum stimulation 

experiments. Scale bars in all representative traces: 1% F/F, 300 ms. 
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2.3.2 Low calcium conditions, GABAB receptors, and group II mGluRs suppress evoked 

glutamate release in WT and YAC128 

 We evaluated whether iGluSnFR responses were sensitive to changes in calcium levels 

by subjecting slices to a 75% reduction in ACSF calcium concentration. iGluSnFR responses 

were reduced to 31.9% ± 2.4% of baseline in WT (n=10) and 44.8% ± 4.5% in YAC128 (n=10) 

at the first time point following the manipulation (Figure 2.2A). Responses recovered to baseline 

levels comparable to control experiments in the last 6 minutes of the wash-out. Interestingly, 

there was a significant genotype effect over the course of the experiment (RM 2-way ANOVA 

p=0.011) and WT responses were lower than YAC128 at the first time-point following treatment 

(unpaired t-test, p=0.022), but this difference disappeared by the end of the wash (p=0.21) 

(Figure 2.2A,B).  

GABAB and Group II metabotropic glutamate receptors (mGluR2/3) are inhibitory Gi/o 

protein coupled receptors located presynaptically at cortico-striatal and thalamo-striatal synapses 

(Lacey et al., 2005; Kahn et al., 2001). Cortico-striatal GABAB receptors are activated by GABA 

released from SPNs and striatal interneurons (Calabresi et al., 1991; Nisenbaum et al., 1993; 

Logie et al., 2013), and Group II mGluRs act as autoreceptors to suppress glutamate release 

(Lovinger and McCool, 1995; Kahn et al., 2001). Here, we used agonists for GABAB (Baclofen) 

and mGluR2/3 (LY379268) and observed the effects on evoked glutamate release. Baclofen 

treatment reduced glutamate release to 50.1 ± 6.1% in WT (n=5) and 47.5 ± 4.7% in YAC128 

(n=5) in the 6 minutes following treatment and recovered to 72.3 ± 5.2% in WT and 73.3 ± 6.9% 

in YAC128 during the last 6 minutes of the wash (Figure 2.2C,D). Following LY379268 

(mGluR2/3 agonist) treatment, glutamate release reduced significantly and remained reduced to 
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53.3 ± 3.8 in WT (n=10) and 49.7 ± 3.3 in YAC128 (n=11) by the last 6 minutes of the wash 

(Figure 2.2E,F). There were no significant differences between genotypes with either agonist. 

These results indicate that activation of GABAB and Group II mGluRs results in long-term 

suppression of glutamate release onto the striatum, and the effects are similar between 

genotypes.  
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Figure 2.2. Changes in glutamate release in response to low calcium, baclofen, and 

LY379268. A) Low calcium conditions (0.5 mM) cause a large reduction in glutamate release 

that returns to baseline after washout. Data in time courses displayed as 3-min bins (4 stimulation 
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trials and 2 nonstimulation trials) normalized to baseline increase in fluorescence (%F/F) 

responses. Gray area indicates experimental manipulation. Replicates displayed as no. of slices 

and no. of animals in parentheses. Insets: representative traces (3-min bins) show baseline (dark 

gray), immediately after treatment (black), and end of wash (light gray). Significant genotype 

effect (P=0.011) determined by repeated-measures 2-way ANOVA. WT, wild type. B) averaged 

normalized responses of WT and YAC128 slices in the first 3 min after low Ca2 (left;*P=0.022) 

and the last 6 min of wash (right). C) baclofen (GABAB agonist, 10 M) causes a large reduction 

in glutamate release in both genotypes that partially recovers in wash. D) averaged normalized 

responses of WT and YAC128 in the first 3-min after baclofen (left) and the last 6 min of wash 

(right). E) LY379268 (metabotropic glutamate receptor 2/3 agonist, 200 nM) causes a similar 

long-term reduction in glutamate release in both genotypes. F) averaged normalized responses of 

WT and YAC128 in the first 3 min after treatment (left) and the last 6 min of wash (right). Scale 

bars in representative traces, 1% F/F, 300 ms. 

 

2.3.3 CB1-dependent HFS-LTD can be observed with iGluSnFR and is impaired in 

YAC128 

 Striatal cannabinoid receptor expression is down-regulated in symptomatic HD mouse 

models and human patients (Fernandez-Ruiz et al., 2015). Endocannabinoids synthesized by 

postsynaptic cells activate presynaptic CB1 receptors to suppress cortical glutamate release, 

typically through a Gi/o signaling pathway (Lovinger, 2010). Work from our group recently 

determined that CB1-dependent high frequency stimulation-induced long-term depression (HFS-

LTD; 100 Hz for 1 second repeated 4 times) is impaired in premanifest YAC128 and Q175/FDN 

mice; however, activation of CB1 receptors reduced excitatory postsynaptic field potential 
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amplitude similarly in YAC128 and WT (Sepers et al., 2018). To confirm and expand on these 

findings, we tested the effects of CB1 receptor activation and HFS on cortical-striatal glutamate 

release in YAC128 and WT slices. In response to the CB1 agonist CP-55, glutamate release 

decreased to 74.1% ± 6.4% in WT and 65.7% ± 6.6% in YAC128 by the last 6 minutes of the 30-

minute CP-55 treatment (Figure 2.3A,B), with no significant differences between genotypes. 

This supports the finding that CB1 receptor function and expression are intact at cortico-striatal 

synapses in premanifest YAC128 mice.  

Despite normal CB1 receptor function, CB1-dependent HFS-LTD was shown to be 

impaired in YAC128 and paired-pulse ratio measurements suggested a presynaptic mechanism 

for this (Sepers et al., 2018). Using iGluSnFR, we directly tested whether HFS-LTD is due to 

changes in presynaptic glutamate release. Compared to baseline responses, HFS caused robust 

glutamate release that reduced progressively over the 4 stimulation trials, and this was similar 

between genotypes (FigureC-E). We had previously defined LTD as 35-40 minutes following 

HFS (Sepers et al., 2018), but due to the 3-minute binning of our data, we measured responses at 

the 36-42 minute time points. Following HFS, we observed a reduction in glutamate release to 

62.0 ± 4.9 % in WT (n=9), confirming that this form of LTD has a presynaptic mechanism 

(Figure 3F, G). In YAC128, we observed a reduction to 71.8 ± 3.9 % (n=11) following HFS 

(Figure 3F, G). YAC128 showed a less profound long-term effect than WT, however this was 

not significant at the end of the experiment (unpaired t-test, p=0.065). Interestingly, over the 

duration of the experiment there was an interaction effect between time and genotype (RM 2-

way ANOVA, p=0.030), and a trend towards a genotype effect (p=0.054). We noticed that WT 

displayed a greater reduction in glutamate release during the first 20 minutes following HFS than 

YAC128, followed by convergence of the two genotypes’ responses. When averaging the time 
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points mid-way through the time course (15-21 minutes after HFS), we found that WT responses 

were significantly lower than YAC128 (unpaired t-test, p=0.014, Figure 2.3F, G).  Together, 

these data demonstrate that the effect of HFS on glutamate release is altered in YAC128.  

 

 

Figure 2.3. Changes in glutamate release in response to CP-55,940 (CP-55) and high-

frequency stimulation (HFS). A) CP-55 (5 M) activation of CB1 receptors results in a 

reduction in glutamate release with no significant difference between genotypes. Data are 

displayed as 3-min bins (4 stimulation trials and 2 nonstimulation trials) normalized to baseline 

increase in fluorescence (%F/F) responses. Gray area indicates experimental manipulation. 

Replicates displayed as no. of slices and no. of animals in parentheses. WT, wild type. Insets: 
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representative traces (3-min bins) show baseline (gray) and end of treatment (black). B) averaged 

normalized responses of WT and YAC128 slices in the last 6 min of treatment with CP-55. C) 

example responses to HFS (gray; average of all 4 stimulations) compared with 9 min of baseline 

(black). D) baseline responses and HFS responses for each replicate. HFS responses are 

significantly greater than baseline (WT: paired t-test, *P=0.027; YAC128 ***P=0.0007). E) 

responses to each individual HFS trial (4 total) normalized to baseline responses. Glutamate 

release decreased over the 4 HFS trials [2-way repeated-measures (RM) ANOVA, P  0.0001 for 

time], with no difference between genotypes. F) HFS-induced long-term depression results in a 

reduction in glutamate release in both genotypes with a significant interaction (between time and 

genotype) effect (2-way RM ANOVA, P=0.030) and a trend toward a significant difference for 

the genotype (P=0.054). Representative traces (3-min bins) show a baseline response (gray) and 

a response 36 – 42 min after HFS (black). G) averaged normalized responses of WT and 

YAC128 slices at 15–21 min after HFS (left) and the last 6 min after HFS (right). Reductions in 

glutamate release are attenuated in YAC128 at the 15–21 min time points (t-test, *P=0.014). 

Responses are not significantly different between genotypes by the end (36 – 42 min after HFS); 

however, there is a trend (t-test, P=0.065) for lower responses in WT. Scale bars in all 

representative traces, 1% F/F, 300 ms. 

 

2.3.4 Presynaptic D2 receptors suppress glutamate release with an amplified effect in 

YAC128  

 D2 dopaminergic receptors are located both presynaptically and postsynaptically on 

various projections and cell types in the striatum and activate inhibitory Gi/o signaling pathways 

(Koch and Raymond, 2019). Joshi et al., (2009) found amplified effects of D2 agonists on 
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presynaptic vesicle release in young YAC128 mice using the FM1-43 dye taken up into cortical 

terminals. Here, we tested the effects of the D2 agonist quinpirole directly on evoked cortico-

striatal glutamate release using iGluSnFR. 

 We used quinpirole at two different concentrations: 0.5 μM and 5 μM. At the higher 

concentration, we observed a long-term reduction in glutamate release to about 70% of baseline 

responses in both genotypes (Figure 2.4A). However, at 0.5 μM, glutamate release was reduced 

significantly in YAC128 and remained reduced to 71.4% ± 5.5% by the last 3 minutes of the 

wash, but WT did not show a reduction (Figure 2.4B; Mixed-effects analysis; interaction 

(genotype x time) p=0.0018; genotype p=0.0412). When comparing between concentrations 

within each group, WT showed a significantly larger reduction in response to 5 μM compared to 

0.5 μM (Mixed-effects; interaction (concentration x time) p=0.0256; genotype p=0.0555) but 

YAC128 showed no difference in response between the two concentrations (Figure 2.4C,D). 

These experiments showed that quinpirole has a long-term effect on cortico-striatal glutamate 

release, and this effect showed a shift in sensitivity to quinpirole concentration in YAC128 

compared to WT.  
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Figure 2.4. Effects of quinpirole on glutamate release. A) 5 μM quinpirole causes a long-term 

reduction in glutamate release in WT and YAC128 slices. Data are shown as 3-min bins (4 

stimulation trials and 2 non-stimulation trials) normalized to baseline increase in fluorescence 

(%F/F). Gray area indicates experimental manipulation. Replicates displayed as no. of slices and 

no. of animals in parentheses. WT, wild type. B) 0.5 μM quinpirole causes a significant 

reduction in YAC128 but not in WT. Significant genotype (P=0.0412) and interaction (genotype 

x time) (P=0.0018) effect determined by mixed-effects analysis. C) In WT mice, 5 μM 

quinpirole causes a larger reduction in glutamate release compared to 0.5 μM quinpirole 

(P=0.0563, ns). D) In YAC128, the reduction in response to both concentrations of quinpirole is 

similar.  
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2.4 Discussion 

 In these experiments, we validated iGluSnFR as an effective tool for direct, accurate and 

real-time assessment of presynaptic modulation of glutamate release. We demonstrated this by 

modifying extracellular calcium levels, activating modulatory presynaptic receptors, and 

applying a synaptic plasticity stimulation protocol. We also showed that iGluSnFR can reveal 

differences between genotypes in the long-term modulation of release, which is useful when 

studying models with aberrant glutamate signaling. Although a slight decrease in responses was 

observed in both WT and YAC128 tissue over 45 minutes (in the absence of any manipulation), 

this was negligible compared to our experimental effects. 

 We first tested the dependency of iGluSnFR responses on calcium levels, finding a 

dramatic reduction in glutamate release in low calcium ACSF, which returned to baseline upon 

wash-out. Interestingly, a greater reduction was seen in WT than YAC128. It is important to note 

that in control experiments, peak WT responses were found to diminish slightly more than 

YAC128 responses. However, this may not fully account for the difference found in low calcium 

conditions. Previous studies demonstrated that expression of exon 1 of HTT enhances calcium 

influx through N-type calcium channels (Swayne et al., 2005), and blocking these channels 

returned excessive glutamate release to WT levels in striatal synaptosomes of HD mice (Silva et 

al., 2017). Therefore, increased basal calcium influx could explain why depleting calcium had 

less of an effect in YAC128. Also, HD mouse models display a calcium leak from ER stores, that 

results in elevated store-operated calcium channel (SOCC) activity (Wu et al., 2016). Although 

both genotypes return to comparable levels upon wash-out, YAC128 appears to recover faster 
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overall, thus enhanced SOC channel activity could account for the faster recovery to baseline 

following calcium depletion.  

 Treatment with the GABAB agonist Baclofen resulted in similar reductions in glutamate 

release in WT and YAC128 and only a partial recovery upon wash-out. This differs from other 

reports on the presynaptic effects of Baclofen; in particular, Kupferschmidt and Lovinger (2015) 

showed that diminished cortical presynaptic calcium transients fully recovered after wash-out 

(Kupferschmidt and Lovinger, 2015). This difference suggests that presynaptic calcium activity 

may not always correspond directly with the volume of neurotransmitter release. GABAB 

receptors have previously been shown to recruit both calcium-dependent and -independent 

mechanisms to reduce neurotransmitter release (Dittman and Regehr, 1996; Misgeld et al., 

1995). One calcium-independent mechanism is by increasing K+ conductance through G-protein 

activated inward rectifying K+ channels, which occurs upon activation of postsynaptic GABAB 

receptors in various brain regions (Misgeld et al., 1995; Padgett and Slesinger, 2010). If this 

GABAB-induced change is more sustained than the reduction in presynaptic calcium, it could 

contribute to differences between our results and measures of presynaptic calcium transients. 

Additionally, Scanziani et al. (1992) suggest that GABAB receptors could mediate presynaptic 

protein phosphorylation by protein kinases, such as CaMKII phosphorylation of synapsin (Lin et 

al., 1990; Scanziani et al., 1992), to alter release probability downstream of calcium influx. 

Further studies are necessary to elucidate the cause of the sustained effect on glutamate release in 

striatum, long after baclofen wash-out. 

 We also observed a long-term reduction in iGluSnFR responses following activation of 

Group II mGluRs in both genotypes. This complements previous studies showing long-term 

depression induced by Group II mGluR agonists (Kahn et al., 2001; Kupferschmidt and 



 

78 

 

Lovinger, 2015). Additionally, we previously demonstrated that presynaptic thalamo-striatal and 

cortico-striatal mGluR2/3-dependent moderate frequency LTD is intact in YAC128 slices 

(Sepers et al., 2018). Altogether, these findings suggest no alterations in cortico-striatal or 

thalamo-striatal mGluR2/3-mediated modulation of glutamate release and plasticity in 

premanifest YAC128. 

 CB1 activation resulted in decreased iGluSnFR responses with no difference between 

WT and YAC128 mice. This is consistent with previous results, where we found no genotype 

differences in striatal field recordings following application of CB1 agonists, and no change in 

CB1 expression at cortico-striatal terminals (Sepers et al., 2018). These new data confirm that 

the effect of presynaptic CB1 receptors at cortico-striatal terminals is unaltered at this stage. 

Further experiments can explore the effects of CB1 antagonists on glutamate release as well, 

which we would expect to have similar effects in YAC128 and WT mice. However, we 

previously observed impaired CB1-dependent HFS-LTD in YAC128 (Sepers et al., 2018). Using 

iGluSnFR, we observed a reduction in glutamate release following HFS in WT that was 

attenuated in YAC128 mice at early stages. HFS-LTD depends on the postsynaptic production of 

endocannabinoids which then diffuse to the presynaptic terminal to activate CB1 (Lovinger, 

2010). Previous studies suggest that HFS-LTD only requires endocannabinoids for the first few 

minutes, and is subsequently maintained by other mechanisms which may include protein 

phosphorylation and translation (Lovinger, 2010). Interestingly, we observed the largest 

difference between genotypes in the first 20 minutes. The fact that YAC128 slices show a 

striking response to direct CB1 activation, but the genotype difference in HFS-LTD was during 

the likely CB1-dependent stage, supports the hypothesis of a deficit in endocannabinoid 

production in YAC128. In fact, we previously determined that elevating levels of the 
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endocannabinoid 2-arachidonoylglycerol (2-AG) rescues LTD in YAC128 (Sepers et al., 2018).  

Additionally, previous work showed that the YAC128 deficit in HFS-LTD was restricted to 

cortical inputs onto D2-type dopamine receptor-expressing SPNs (Sepers et al., 2018); therefore, 

a similar level of suppression of glutamate release at cortical-dSPN synapses could obscure 

differences between genotypes. This may account for the smaller difference found here 

compared with our previous study. Importantly, in addition to showing genotype differences, our 

results provide the first direct evidence for a presynaptic mechanism of cortico-striatal HFS-

LTD. 

 We observed a larger reduction in glutamate release in response to a 0.5 μM 

concentration of the D2 agonist, quinpirole, in YAC128 slices compared to WT. At 5 μM, 

YAC128 slices showed a similar reduction in glutamate release to WT. There was also no 

significant difference between the response to 0.5 and 5 μM in YAC128, indicating that the 

maximal response was already reached at the lower concentration. These results suggest that 

YAC128 mice are more sensitive to effects of the D2 agonist. This matches results from Joshi et 

al., (2009), showing enhanced effects of quinpirole on presynaptic vesicle release in HD mice. A 

study using in vivo microdialysis revealed that extracellular dopamine levels and amphetamine-

stimulated dopamine release is reduced in YAC128 mice at 7 months (Callahan and 

Abercrombie, 2011), therefore an increase in presynaptic D2 receptor number or affinity for 

dopamine could be occurring in response to reduced dopamine tone in the striatum. Bamford et 

al., (2004) showed that in conditions of dopamine depletion, presynaptic D2 receptors become 

hypersensitive to dopamine (Bamford, Robinson, et al., 2004). It is not known if dopamine tone 

is reduced at 2-3 months, the age used in this study, as some other rodent models have shown 

increased dopamine tone at early stages (Jahanshahi et al., 2010; Smith et al., 2014). Therefore, 
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analysis of dopamine levels at this earlier age in YAC128 would shed light on whether reduced 

dopamine tone has caused upregulation of presynaptic D2 receptors.  

It is also possible that the effects of quinpirole on glutamate release are due to its effects 

postsynaptically. D2 receptors expressed on iSPNs participate in the induction of HFS-LTD, thus 

agonizing these receptors could lead to eCB production, which then inhibits glutamate release 

from the presynaptic terminal. However, this type of LTD has been shown to be impaired in 

YAC128 slices (Sepers et al., 2018), so it seems unlikely that activating postsynaptic D2 

receptors would have an amplified effect on glutamate release in YAC128. Also, Andre, Cepeda 

et al., (2011) showed that quinpirole had no effect on sEPSC frequency in iSPNs from YAC128 

mice, even though it reduced these in WT, and they proposed that this was actually due to 

increased dopamine tone at this age.  This provides more evidence that the results we are seeing 

in response to D2 agonism are directly due to presynaptic D2 receptor signaling at cortical 

terminals, not the effect of postsynaptic D2 receptors on SPNs.  

 In summary, we used iGluSnFR to study short- and long-term modulation of glutamate 

release in striatal slices from healthy and HD mice. Using this technique, we were able to 

confirm that various presynaptic neurotransmitter receptors reduce cortico-striatal glutamate 

release. We also confirmed a deficit in cortico-striatal HFS-LTD in HD YAC128 mice, and 

found that these mice show a greater reduction in glutamate release in response to D2 receptor 

agonism. Optogenetic tools like iGluSnFR, and others that have been developed for various 

neurotransmitters, promise to facilitate our understanding of presynaptic mechanisms shaping 

neurotransmitter release and synaptic plasticity in the healthy and pathological brain.  
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Chapter 3: Changes to striatal activity in vivo and motor kinematics in 

YAC128 HD mice 

 

3.1 Introduction 

 The dorsal striatum plays an important role in action selection and motor learning, 

among other behaviours (Kreitzer and Malenka, 2008b). Studies conducted in both humans and 

animals highlight the importance of cortico-striatal signaling in motor learning (Balleine and 

O’Doherty, 2010; Dayan and Cohen, 2011; Kreitzer and Malenka, 2008b; Yin et al., 2009). A 

few studies have shown plastic changes in the motor cortex and dorsal striatum in response to 

learning of the accelerating rotarod in normal animals (Benthall et al., 2021; Costa et al., 2004; 

Yin et al., 2009). Using fiber photometry, Kupferschmidt et al., (2017) showed that projections 

from the cortex to the striatum are activated during rotarod performance and the pattern of 

activity changes throughout learning (Kupferschmidt et al., 2017). 

YAC128 HD mice exhibit slower learning on the fixed speed rotarod task at 2 months, 

and overt motor incoordination and impaired ability to stay on the accelerating rotarod by 6 

months (Van Raamsdonk et al., 2005; Slow et al., 2003). Deficits in synaptic plasticity at the 

cortico-striatal synapse, which start as early as 6 weeks of age in these mice (Sepers et al., 2018), 

could be contributing to rotarod deficits in these mice. As well, changes to cortico-striatal 

glutamate signaling and nigro-striatal dopamine transmission could be influencing this 

behaviour. The majority of research into the changes to striatal signaling in HD models has been 

determined in vitro, so it is unclear how these changes correlate with key behavioural deficits 
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like the accelerating rotarod. New tools to explore neural activity during behaviour provide an 

avenue to explore this. 

Here, we used fiber photometry to measure GCAMP7f activity in the dorsal striatum of 

YAC128 mice and their WT littermates during motor learning and open field exploration. This 

work provides insights into the striatal encoding of motor learning and action selection, reveals 

early-stage deficits in paw kinematics in YAC128 mice, and uncovers aberrant striatal signaling 

and its relationship with behaviour at different disease stages.  

 

3.2 Methods 

3.2.1 Experimental animals 

Animals were group-housed on a 12:12 hour light-dark cycle with access to food and 

water ad libitum. Mice were provided with wood chip bedding, shredded paper for nesting 

material, one plastic tube and one cardboard refuge hut. 2-3 month and 6–7-month-old YAC128 

Line 53 animals were compared to age-matched FVB/N littermates. All procedures were 

performed in accordance with the Canadian Council on Animal Care and were approved by the 

University of British Columbia Animal Care Committee (UBC ACC; Protocol A19-0076).  

 

3.2.2 Stereotaxic injections and fiber implantation 

Mice were anesthetized with inhalant isoflurane (4%) and maintained at 1.5% isoflurane 

for surgery. Stereotaxic viral injections were conducted as described in section 2.2.2. Mice were 

injected with AAV9.syn.jGCaMP7f.WPRE (1 uL, AddGene, provided by Douglas Kim, Janelia 

Farm Research Campus) into the dorsal striatum (A/P +0.7, M/L +2.25, D/V -3.0). Following 

this, a 400 μm core 0.57 NA optical fiber (Doric) was implanted in the same location. Dental 
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cement was applied to secure the fiber to the skull. Mice were returned to group-housing and 

monitored for a week after surgery, and experiments were performed at least two weeks 

following surgery. Histological assessment was used to confirm correct fiber placement and 

GCAMP7f expression in the dorsal striatum. For this, mice were decapitated, and the brain was 

sliced using a vibratome (VT1000 Leica) and then preserved in 4% paraformaldehyde. Slices 

were mounted on microscope slides and imaged with an epifluorescence microscope (Zeiss). 

 

3.2.3 In vivo fiber photometry apparatus 

The fiber photometry system consists of a RZ5P processor (Tucker-Davis Technologies) 

which provides the interface for the fiber photometry experiments. The RZ5P is connected to a 

computer and Synapse software is used to control experiments. The RZ5P is equipped with real-

time lock-in amplification which enables modulation of the carrier frequency of each of the 

LEDs to separate the calcium-dependent and calcium-independent GCAMP7f signals. All other 

fiber photometry equipment was purchased from Doric Neuroscience. The RZ5P processor 

connects via a mono-fiber optic patch cord to the LED Driver (LEDD_2, Doric), which powers 

the 465 nm LED for calcium-dependent GCAMP7f excitation, and the 405nm LED for 

excitation of GCAMP7f near its isosbestic point, the wavelength at which the consequent 

emission wavelength is not dependent on calcium levels. This is used to control for overall 

differences in GCAMP7f expression between animals and days of training, bleaching over the 

course of recording, and motion artifacts. It is important to note that this is not a perfect control, 

and in rare cases when there is a very large increase in calcium-dependent GCAMP7f 

fluorescence, a relatively small dip in fluorescence occurs in the isosbestic signal. The lights 

from the LEDs are each sent through attenuating mono fiber-optic patch cords to a mini filter 
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cube (Doric). Within the filter cube, the 465nm excitation light passes through a 460-490nm 

bandpass filter, and the 405nm excitation light passes through a 400-410nm bandpass filter, and 

both are sent to the animal through a fiber-optic patch cord connected via a mating sleeve (Doric, 

ThorLabs) to the fiber-optic cannula. The emission wavelengths then pass back through the patch 

cord to the filter cube, where the emissions are bandpass filtered at 500-540nm. From here, the 

light travels through a patch cord to a photoreceiver (Newport Visible Femtowatt Photoreceiver 

Module) which connects directly to the RZ5P. The resultant signals are then demodulated by the 

RZ5P and separated into the two channels.  

 

3.2.4 Habituation and behaviour experiments 

 Mice were habituated to the experimenter, experimental room, and being attached to the 

fiber-optic patch cord ahead of experiments. This occurred over three days. On the first day, 

mice were placed in the experimental room and handled three times by the experimenter before 

being attached to the patch cord for one minute while being placed in an empty cage. On the 

second day, the time attached to the patch cord gradually increased over three habituation trials, 

with the last trial being 15 minutes. On the third day, mice underwent three more habituation 

trials for 20 minutes each, and were also habituated to the rotarod in these trials by being briefly 

placed on the stationary rod.  

In the accelerating rotarod task, mice learn to run when placed on a rotating rod to avoid 

falling or rotating around the rod. When they fall off, a sensor underneath the rod stops the 

rotarod, or the rotarod is stopped manually by the experimenter. We used an accelerating 

protocol where the rotarod (Ugo Basile, Comerio, Italy) accelerated from 5 to 40 rotations per 

minute (rpm) over 300s. The mice performed 3 trials per day for 4 days with this protocol. The 
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rotarod was connected to the RZ5P through a parallel port that detected when the rotarod starts 

and stops so this could be aligned with GCAMP7f signals during the recording. Before each trial, 

we recorded 5 minutes of baseline GCAMP7f activity while mice freely moved around an empty 

cage (17x28 cm). Then, mice were placed on the rotarod. Some mice would attempt to turn 

around while performing the task; we used a pen to prevent this or turn them back around if 

needed. The rotarod was stopped immediately after the mouse fell or rotated around the rod, and 

the mouse was placed back into the empty cage for another 5-minute photometry recording. A 

webcam (Logitech) was placed behind the rotarod to record video of the mouse’s paws during 

the rotarod trial, and a second webcam (Logitech) was placed above the empty cage to record the 

mouse’s behaviour. Following the 5-minute recording after the trial, mice were detached from 

the fiber-optic patch cord and placed back into their homecage. There was a 1.5-2-hour inter-trial 

interval between trials for each mouse.  

Mice explored a 12 x 15-inch empty cage for 10 minutes over 4 days for the open field 

behavioural assay while attached to the fiber photometry patch cord. This assay was used to 

assess locomotor activity, center time (anxiety-like behaviour), open field habituation (memory), 

and specific behavioural patterns (rest, activity, grooming). A webcam was placed above the 

open field to record the animal’s behaviour, and the fiber-optic patch cord was suspended over 

the open field to allow the mouse to explore the open field unimpeded by the patch cord.  

 

3.2.5 Fiber photometry analysis 

Photometry GCaMP7f data was analyzed with a variety of MATLAB analysis scripts and 

functions (obtained from Tucker-Davis Technologies and in-house). To calculate the percentage 

change in fluorescence, first the isosbestic signal was linearly fitted to the calcium dependent 
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signal. The fitted isosbestic signal (F0) was then subtracted from the calcium dependent signal 

(F), and both were used to calculate percentage change in fluorescence of the calcium dependent 

GCaMP7f signal ((F-F0/F0) x 100). Trials that had excessively noisy data or motion artifacts that 

could not be corrected for were excluded from analysis. Because of differences in expression 

levels and signal quality between animals, animals with better expression usually show larger 

peaks in GCaMP7f activity. Therefore, to control for these differences between animals, a Z 

score was calculated using the baseline GCaMP7f activity before rotarod performance. During 

the 5-minute baseline period before mice were put on the rotarod, the mean and standard 

deviation of GCaMP7f activity were calculated, and the entire GCaMP7f %F/F0 signal over the 

rotarod trial was divided by the standard deviation of the baseline period to calculate the Z score. 

Mean activity (Z Score), slope, and peak characteristics were calculated using MATLAB. 

MATLAB scripts can be found at https://github.com/orgs/ubcbraincircuits/repositories. 

  

3.2.6 Behaviour video analysis 

DeepLabCut markerless tracking software (Mathis et al., 2018) was used to track the 

position of paws and top and bottom of the rotarod for the accelerating rotarod task, and the 

position of body parts during the open field task. A small number of trials had missing or 

disrupted video data and were not used in the analysis. Following this, data files generated by 

DeepLabCut were further analyzed in MATLAB. Paw height, standard deviation and paw slip 

frequency were calculated for accelerating rotarod, and for open field, total distance traveled, and 

center time were calculated in MATLAB. MATLAB was also used to line up the occurrence of 

specific behaviours with photometry data. MATLAB scripts can be found at 

https://github.com/orgs/ubcbraincircuits/repositories.  

https://github.com/orgs/ubcbraincircuits/repositories
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3.2.7 Statistics 

 All statistical analysis was conducted using GraphPad Prism. Repeated-measures 2-way 

ANOVA (general linear model) with Tukey’s multiple comparisons test, and one- or two-tailed 

unpaired t-tests were used to make comparisons between group data. For the 2-way ANOVA, the 

factors were genotype, time, and subject, and repeated measures were used to compare the 

genotype mean at each trial or day of training. Pearson r correlation test was used to analyze 

correlations between behaviour and photometry measures, and Fisher’s Z test of correlations was 

used to compare between correlation results. 

 

3.3 Results 

3.3.1 Characterization of the striatal calcium signal 

We stereotaxically injected YAC128 and their WT littermates with an AAV9 containing 

a GCaMP7f plasmid under the synapsin promoter (AddGene) into the dorsal striatum and 

implanted a 400μm core fiber-optic cannula (Doric) to detect GCaMP7f fluorescence (Figure 

3.1A-C; Figure 3.2). At least two weeks post-recovery, mice showed extensive expression of 

GCAMP7f in the dorsal striatum (Figure 3.1B). For photometry experiments, GCaMP7f was 

excited with 465nm light to induce emission of calcium-dependent fluorescence, and 405nm 

light for calcium-independent fluorescence (isosbestic signal) as a control for motion artifacts 

and bleaching (Figure 3.1D). During open field exploration, mice showed peaks in GCAMP7f 

activity in response to 465nm excitation, but very little activity in response to 405nm excitation 

(Figure 3.1D), providing us with confidence that this is a reliable control channel for basal 

GCAMP7f fluorescence and motion artifacts. The percentage change in fluorescence (%ΔF/F) 
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and Z Score were calculated as described in the Methods. Green fluorescent protein (GFP) 

controls were conducted in three animals and showed minimal peak activity during the open field 

(Figure 3.1D) and accelerating rotarod (not shown).  

For the accelerating rotarod task, we observed a large elevation in GCaMP7f activity over 

the course of the rotarod trial during early training in 2–3-month-old WT (FVB) mice (i.e. Day 1, 

Figure 3.1E) which returned to baseline (or lower) levels following the task. By Day 4, 

GCaMP7f activity still increased at the start of the trial, but this quickly diminished, and the 

mean Z score during rotarod was significantly reduced compared to early stages (Figure 3.1E). In 

WT animals, we consistently observed that as mice learn the task, overall striatal activity 

diminishes.  
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Figure 3.1. Characterization of the striatal GCaMP7f signal. A) Cartoon showing the 

approximate location of the GCaMP7f injection and fiber-optic cannula implant (dotted line) in 

the dorsal striatum. B) Brain slice with GCaMP7f expression and fiber tract from an 

experimental animal. C) FVB/N mouse with a fiber-optic cannula implanted in dorsal striatum. 

Dental cement is used to adhere the fiber to the skull. D) Example fiber photometry signal from 

WT mouse during open field exploration. Top left: Image of mouse in the open field. Top right: 

Raw GCaMP7f signal excited at 465nm to detect calcium-dependent signals. Second row: Raw 

isosbestic control signals excited at 405nm to detect calcium-independent signals. Third row: 

Fitted GCAMP7f signal showing percentage change in fluorescence. Bottom row: Fitted GFP 
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signal (negative control) showing percentage change in fluorescence. E) Example WT fiber 

photometry signal during rotarod. Top left: image of mouse performing the rotarod task. Top 

middle: Example GCaMP7f change in fluorescence from a trial on day 1. Black vertical lines 

denote when mouse is picked up from and returned to empty cage before and after trial. Grey 

area represents when mouse is on the accelerating rotarod. Top right: Quantification of mean 

GCaMP7f data during phases of trial. Bottom: Example GCaMP7f change in fluorescence from a 

trial on day 4 and the quantification of this data during phases of trial.  
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Figure 3.2 Approximate location of fibers in the dorsal striatum for (A) 2–3-month WT, (B) 2-3 

month YAC128, (C) 6-7 month WT, and (D) 6-7 month YAC128. Fibers were estimated to be 

located between +0.6 to 1.0 relative to bregma. Fiber locations were verified post-mortem for 

83% of animals.   

 

3.3.2 Pre-manifest YAC128 mice show disrupted correlation between rotarod 

performance and striatal activity 

We aimed to determine how striatal neural activity is affected in YAC128 mice in vivo, 

and how this correlates with behaviour, in two age groups: 2-3 months (pre-manifest), and 6-7 

months (manifest). Pre-manifest YAC128 mice had no impairment in latency to fall from the 

rotarod, and both WT and YAC128 groups significantly improved over training (Figure 3.3A). 

Interestingly, pre-manifest YAC128 mice were less likely to rotate than fall from the rotarod and 

turned around to face the opposite direction more often during trials than WT littermates (Figure 
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3.3B, C). Mean calcium activity (Z score) during rotarod significantly diminished over training 

in both genotypes (Figure 3.3D, E); however, YAC128 mice showed lower mean calcium 

activity than WT (Figure 3.3D,E).  In WT animals, we found a strong inverse correlation 

between latency to fall and Z score (r= -0.8057, Figure 2F), indicating that as mice improve on 

the task, overall neuronal activity diminishes. In YAC128, this correlation (r= -0.4852, Figure 

3.3G) was significantly weaker than WT (Fisher’s Z test p<0.001***). Thus, although pre-

manifest YAC128 mice remain on the rotarod for a similar duration to WT, the underlying 

striatal activity is altered.  
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Figure 3.3. Changes to rotarod performance and striatal activity on the rotarod in pre-

manifest YAC128 mice. A) Latency to fall over days of training (3 trials averaged per day) 
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(Day effect, p<0.0001, 2-way ANOVA). B) Percentage of trials that ended by falling, rotating, or 

completing full trial. C) Mean number of turn-arounds per trial over days of training (day effect 

p<0.0001, genotype effect, p=0.0038, 2-way ANOVA). D) Mean Z score on rotarod over days of 

training (day effect, p<0.0001, genotype effect p=0.0029, and genotype difference on day 1, 

p=0.0010, 2-way ANOVA with multiple comparisons). E) GCaMP7f traces from 2 example 

animals of each genotype. Each trace is the average of 3 trials for day 1 (left) and day 4 (right). 

Gray area denotes average latency to fall that day for WT (black dotted-line) and YAC128 (red 

dotted-line). F-G) Left: Latency to fall plotted against mean Z Score per trial for WT (F) and 

YAC128 (G). Right: Scatterplot of Latency to Fall compared to Z Score for each trial (WT, 

Pearson’s r = -0.8057, p<0.0001, YAC128 Pearson’s r = -0.4852, p<0.0001).  

 

 

3.3.3 Pre-manifest YAC128 mice display aberrant paw kinematics and striatal activity 

on the rotarod 

 We tracked the vertical position of the hindpaws, and defined paw slips as instances 

when one or both hindpaws fell below the bottom of the rotarod (Figure 3.4A). We found that 

paw slips decreased over training in both genotypes, but YAC128 mice showed a higher 

frequency of paw slips (Figure 3.4B) especially on day 3 (Figure 3.4C).  

 Next, calcium activity was aligned to each paw slip and averaged per animal. We used a 

minimum threshold for paw slips of 1.5 cm below the rotarod. For most WT animals, striatal 

activity ramped up prior to the slip, followed by a larger increase in activity during and/or 

following the slips. This effect was more robust for left paw slips than right (Figure 3.4D), 

consistent with recording from the right striatum, where responses are expected to better 
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correlate with movement of the left side of the body (Cui et al., 2013). We separated paw slips 

into early (days 1 and 2) and late training (days 3 and 4). During early training, striatal activity 

did not show the same increase in WT animals as we see for paw slips over all days; however, in 

late training, we found a large ramping up of activity 1 second before the paw slip which then 

slowly declined (Figure 3.4E). In contrast, pre-manifest YAC128 showed higher striatal activity 

associated with paw slips in early training, and strikingly, no increase in activity for paw slips in 

late training, instead showing a modest reduction in activity immediately following the slip 

(Figure 3.4E).  

Because the rotarod is accelerating throughout the trial, the animals’ steps become faster 

and paw slips become larger and more frequent as the trial progresses. Based on this observation, 

we classified paw slips as early/slow (0-150s of trial) or late/fast (150s-end). The number of paw 

slips during the early/slow portion decreased between days 1 and 3 in both genotypes (Figure 

3.5A, B). Late/fast paw slips were more frequent on day 3 than day 1 owing to increased time on 

the rotarod in both groups, but YAC128 had a greater number of paw slips on day 3 than WT 

(Figure 3.5C). We observed a larger increase in activity before and after the late/fast paw slips, 

compared to early/slow paw slips, for 2-3 month WT animals (Figure 3.5B, D). However, similar 

to our observations during late training, YAC128 showed a dip in activity following late/fast 

slips (Figure 3.5D). In addition, both genotypes showed increased paw height with training 

(Figure 3.4F, G) and decreased paw height variability (Figure 3.4H), but YAC128 mice had 

enhanced variability in paw height on day 3 compared to WT (Figure 3.4H). 
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Figure 3.4. Paw kinematics and striatal activity during paw slips in pre-manifest YAC128 

mice. A) Mouse on rotarod with labeled hind paws, and WT and YAC128 representative 

examples of vertical paw position over time. Blue arrows indicate some paw slips. B) Paw slips 

per minute over days of training (Genotype effect, p=0.0071, genotype difference on day 3, 

p=0.0114, 2-way ANOVA multiple comparisons).C) Left: Cumulative paw slips over time 
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during rotarod trials on day 3 (Mixed-effects analysis, genotype, p=0.0073; time, p<0.0001) 3 

YAC128 trials were excluded due to missing or disrupted video data. Right: Day 3 Mean paw 

slips/trial. (unpaired t-test, p=0.0013). D) Example of normalized GCaMP7f Z Score data from 

WT animal for all paw slips on rotarod. Z Score (Z) is normalized by subtracting baseline period 

(Z0) of 3 to 1 second before the paw slips (Z - Z0). Vertical line represents paw slip or random 

time that data was aligned with. E) Left: Normalized Z score was calculated for each animal and 

averaged per genotype. Middle Left: Normalized Z score for paw slips on days 1 and 2. Two 

YAC128 animals were excluded because of insufficient number of paw slips (<3 paw slips total 

for days 1 and 2 combined). Middle Right: Normalized Z score for paw slips on days 3 and 4. 

Right: Mean normalized Z score from -1 to +3 second time points around paw slips (interaction 

(genotype x days), p=0.0001, genotype, p=0.0872, genotype comparison on days 1/2, p=0.0009, 

WT days comparison, p=0.0069, YAC128 days comparison, p=0.0503). F) Paw height (both 

paws) over trial duration for day 1 (top) and day 4 (bottom; number of trials shown with number 

of animals in brackets; time effect, p<0.0001, 2-way ANOVA). G) Mean paw height over days 

of training (time effect, p<0.0001, interaction (genotype x days), p=0.0225, genotype day 1, 

p=0.0461). H) Left: Standard deviation of paw height over days of training (time effect, 

p<0.0001). Right: Standard deviation of paw height per trial (both paws averaged) on day 3 

(p=0.0037, unpaired t-test).  

 



 

98 

 

 

Figure 3.5. Paw slips in early vs. late segments of rotarod trials in WT and pre-manifest 

YAC128 mice. A) Left: Cumulative paw slips over time for the first 150s of rotarod trials 

(early/slow) on day 1. Middle: Cumulative paw slips for early/slow segment on day 3. Right: 

Total number of paw slips during early/slow segment of trial on day 1 vs. 3 (time, p=0.0059, 

genotype, p=0.0874 (ns)). B) Normalized GCaMP7f Z score during early/slow slips across all 

days. C) Left: Cumulative paw slips over time for 150s to end (late/fast) of rotarod trials on day 

1. Middle: Cumulative paw slips for late/fast segment on day 3. Right: Total number of paw slips 

during late/fast segment on day 1 vs. 3 (time, p<0.0001, genotype, p=0.0657 (ns), interaction 

(genotype x day), p=0.0481, genotype comparison for day 3, p=0.0098). D) Normalized 

GCaMP7f Z Score during late/fast slips across all days.  

 

3.3.4 Manifest YAC128 mice exhibit rotarod deficits and elevated striatal activity 

 We also tested YAC128 mice at 6-7 months of age, an age when this model shows 

behavioural impairments including performance deficits on the rotarod. Our cohort of manifest 
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YAC128 mice had a severe impairment on the rotarod, performing worse than expected based on 

previous research (Van Raamsdonk et al., 2005; Slow et al., 2003).  This surprisingly severe 

phenotype may be due to the added difficulty of being connected to the fiber-optic patch cord 

during the task, which could exacerbate existing motor coordination deficits. Overall, both WT 

and YAC128 at this age failed the trials by falling more often than rotating (Figure 3.6B), and 

YAC128 mice displayed an increased number of paw slips on the rotarod (Figure 3.6C). For paw 

slip analysis, we focused on the first 10 seconds on the rotarod because of the very short latency 

to fall in many YAC128 mice (Figure 3.6C).  Paw height and standard deviation were also 

markedly altered in YAC128 (Figure 3.6D, E).  

We separated the YAC128 mice into 2 groups: “good performers” (GP), whose median 

time on the rotarod was over 20 seconds on average, and “poor performers” (PP), whose median 

time on the rotarod was under 20 seconds, to assess striatal activity associated with sufficient 

performance on the task. The GP YAC128 mice were still significantly impaired for latency to 

fall compared to the age-matched WT animals (Figure 3.6F). Additionally, mean GCaMP7f 

activity on the rotarod was significantly increased for the YAC128 good performers group 

compared to WT (Figure 3.6G).  
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Figure 3.6. Manifest YAC128 mice: performance and striatal activity during rotarod. A) 

Latency to fall over days of training for manifest YAC128 compared to WT (genotype, 

p<0.0001, time, p<0.0001, multiple comparisons: day 1, p=0.0072; day 2, p<0.0001; day 3, 

p=0.0001; day 4, p<0.0001). B) Percentage of trials where mice fell, rotated, or completed the 

full duration. C) Paw slips during the first 10 seconds for WT and manifest YAC128 over days 

of training (genotype, p<0.0001, day, p=0.0021, multiple comparisons: day 1, p=0.0335, day 2, 
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p=0.0034). D) Right and left paw heights over days of training (genotype, p<0.0001 both paws; 

day: right paw, p=0.0035; left paw, p<0.0001; multiple comparisons day 1: right, p=0.0118, left, 

p=0.0271; day 3: right, p=0.0486)  E) Standard deviation of right and left paw height (genotype, 

p<0.0001 both paws; day: right paw, p=0.0104; left paw, p<0.0128; multiple comparisons day 1: 

right, p=0.0194, left, p=0.0001; day 2: right, p=0.0034, left, p=0.0255; day 3, right, p=0.0342, 

left, p=0.0028; day 4: left, p=0.0233). F) Latency to fall for WT, and YAC128 good performers 

(GP) and poor performers (PP) (group, p<0.0001; day, p<0.0001; interaction (genotype x days), 

p=0.0030). G) Left: Mean Z score on rotarod over days of training in WT and GP YAC128 

(genotype, p=0.0079; day, p<0.0001). Right: Examples from one WT and one GP YAC128 

showing GCaMP7f traces (3 trials averaged) on day 1 (top) and day 4 (bottom). Grey areas 

denote approximate times when mice are on the rotarod based on daily mean latency to fall 

(YAC128 dark gray; WT light gray). Dotted lines indicate mean latency to fall of the 3 trials 

(YAC128, red; WT, black).  

 

3.3.5 YAC128 mice have disrupted striatal activity during open field 

For the open field task, mice explored an empty cage (12x15 inches) for 10 minutes per 

day over 3 or 4 days. We did not see any difference in center time or total distance traveled 

compared to WT littermates in either age group of YAC128 mice (Figure 3.7A, C). However, 

there was a deficit in open field habituation, indicating memory impairments, in the 6–7-month-

old mice (Figure 3.7C) but not in pre-manifest mice (Figure 3.7A). Next, we investigated how 

striatal activity was affected during this task by analyzing the properties of calcium events 

(peaks). We did not see any overall differences in calcium peak frequency, amplitude, or width 

between the genotypes (Figure A.1), however we did find differences when we looked at the 
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correlation between peak frequency and behaviour for individual mice. In WT animals, there was 

a significant correlation between peak frequency and total distance traveled in the open field 

(r=0.46, p<0.0001 (2-3 months); r=0.80, p<0.0001 (6-7 months); Figure 3.7B, D). Strikingly, this 

correlation was absent in YAC128 animals for both age groups (Figure 3.7B, D). Thus, the 

relationship between striatal activity and behaviour in the open field is disrupted in pre-manifest 

and manifest YAC128 mice.  

To investigate this further, we categorized behaviour into three types: active (locomotion 

and rearing at the wall), grooming, and rest, and explored how these behaviours and the 

underlying striatal activity differ between genotypes (Figure 3.7E, F). On Day 1, mice were 

active for the majority of time (60-80%) and grooming only accounted for 1-10% of total time in 

the open field for most mice (Figure 3.7E). Mice were also active for longer durations of time 

compared to grooming and rest, for all groups except manifest YAC128, which did not show a 

significant difference for duration between active, grooming, and rest bouts (Figure 3.7E). 

We next investigated how the average GCaMP7f Z score and calcium peak dynamics were 

affected during these behaviours. calcium event (peak) frequency was highest when mice were 

active for both age groups of WT animals and for pre-manifest YAC128, but no significant 

differences were seen in manifest YAC128 (Figure 3.7F). Interestingly, we found a significantly 

higher peak frequency when mice were at rest in pre-manifest YAC128 compared to WT, and a 

trend for this in manifest YAC128 (Figure 3.7F, unpaired t-test). In summary, we found a 

disrupted correlation between peak frequency and total distance traveled in the open field, and 

this seems to be due in part to an overall increase in calcium activity as shown by the increased 

calcium peak frequency at rest in YAC128 mice, particularly pre-manifest mice.  
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For manifest YAC128 animals, we also investigated behaviour frequency and duration 

for Day 3 of training. This age group showed a deficit in open field habituation (Figure 3.7C), so 

we wanted to see if this was reflected in the types of behaviours, they engaged in. Compared to 

Day 1, by Day 3 WT animals reduced the percentage of time spent being active, and increased 

rest, consistent with what we expected to see with habituation to the open field (Figure 3.8A, B). 

In YAC128 mice we did not see this difference, with the behaviours mice engaged in on day 3 

being similar to those on day 1 (Figure 3.8A, B). When looking at the change in the percentage 

of time between day 1 and day 3, we found that WT reduced the percentage of time being active 

by almost 30% and increased rest by about ~20%, whereas YAC128 did not show these changes 

(Figure 3.8C). We found similar changes for the duration of time spent in each behaviour as well 

between days 1 and 3 and between genotypes (Figure 3.8D-F). These results show that WT mice 

modulated their behaviour in the open field by increasing the amount of rest and decreasing 

active bouts, and manifest YAC128 failed to make these changes.  
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Figure 3.7. Behaviour and striatal activity during open field in WT and YAC128 mice. A) 

Total distance traveled (left) and change in distance traveled from day 1 (right) in pre-manifest 

YAC128 and their WT littermates. 3 pre-manifest YAC128 mice were excluded from change in 

total distance analysis due to missing or disrupted behaviour videos on day 1. B) Scatterplots of 

calcium peak frequency and total distance traveled for each open field trial in WT (left, 

r=0.4368, p=0.0227) and YAC128 (right, no significant correlation). 25% (9) of WT trials and 

27% (10) of YAC128 trials were excluded from correlation analysis due to disruptions to 

behaviour video data or photometry data. C) Total distance traveled (left) and change in distance 
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traveled from day 1 (right) in manifest YAC128 and their WT littermates. Significant genotype 

effect for change in distance traveled (p=0.0393, 2-way ANOVA). D) Scatterplots of calcium 

peak frequency and total distance traveled for each open field trial in WT (left, r=0.7942, 

p<0.0001) and YAC128 (right, no significant correlation). 10% (2) of WT trials and 3% (1) of 

YAC128 trials were excluded from correlation analysis due to disruptions to video data or 

photometry data. E) Top: Example GCaMP7f activity trace from an open field trial (2-3 month 

old WT) showing periods of active behaviour (green), grooming behaviour (blue), and the other 

periods are rest behaviour. Bottom left: Percentage of time spent in the active, grooming, or rest 

behaviour for pre-manifest and manifest YAC128 and WT littermates (behaviour, p<0.0001). All 

groups showed a significantly higher percentage of time spent active compared to grooming or 

rest behaviour (p<0.0001 for comparisons between behaviours for all 4 groups). Bottom right: 

Average duration per bout of each behaviour for pre-manifest and manifest YAC128 and WT 

littermates (behaviour, p<0.0001). All groups except manifest YAC128 showed a significantly 

higher bout duration for active vs. grooming and rest behaviours (pre-manifest WT: p<0.0001 

Active vs. Rest and Active vs. Grooming; pre-manifest YAC128: p=0.0004 Active vs. 

Grooming, p=0.0002 Active vs. Rest; manifest WT: p=0.0325 Active vs. Grooming, p=0.0082 

Active vs. Rest). F) Left: Calcium peak frequency (per second) during different behaviours 

(behaviour, p=0.0003; genotype, p=0.0818). Middle: Peak frequency at rest for pre-manifest 

YAC128 and WT (p=0.0341, unpaired t-test). Right: Peak frequency at rest for manifest 

YAC128 and WT (p=0.1268, unpaired t-test).  
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Figure 3.8. Behaviours in the open field for manifest YAC128 and WT littermates on day 3. 

A) Percentage of time for different behaviours (behaviour, p<0.0001; interaction (genotype x 

behaviour), p=0.0285). B) Percentage of time active (left) and at rest (right) on day 1 compared 

to day 3 for individual mice. C) Change in percentage of time active (left) or at rest (right) on 

day 3 compared with day 1 (active, p=0.0236; rest, p=0.0065, unpaired t-test). D) Mean duration 

per bout of different behaviours (behaviour, p=0.0093; interaction (genotype x behaviour), 

p=0.0243). E) Mean duration of active bouts (left) and rest bouts (right) on day 1 compared to 

day 3 for individual mice. F) Change in bout duration for active (left) or rest (right) bouts on day 

3 compared with day 1 (active, p=0.0220; rest, p=0.1047). 
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3.4 Discussion 

In these experiments, we uncovered multiple ways striatal activity is aberrant during 

behaviour in YAC128 mice, as well as previously unknown deficits in paw kinematics in these 

animals starting as early as 2-3 months of age.  

 

3.4.1 Rotarod deficits and paw kinematics in pre-manifest and manifest YAC128 

At 2-3 months, YAC128 mice only show some mild behavioural deficits (Van 

Raamsdonk et al., 2005). This is similar to the prodromal phase for HD patients, when subtle 

motor impairments start to appear (McGarry and Biglan, 2017a; Tabrizi et al., 2013b; Zhang et 

al., 2021). Our pre-manifest YAC128 cohort did not show any difference compared to WT 

littermates in latency to fall on the accelerating rotarod task, which mirrors results from previous 

work. Interestingly, we found that pre-manifest YAC128 mice were more likely to fall off than 

make a full rotation around the rotarod. This difference could reflect a motor deficit; using the 

paws to grip the rotarod and make a full rotation may require better motor control than falling 

off. This difference also could be explained by impaired strength, as deficits in grip strength have 

been shown in HD models (Menalled et al., 2012). Turn-around behaviour decreased with days 

of training, however YAC128 mice displayed a higher number of turn-arounds on days 2 and 3 

compared to WT. The increased turn-arounds in YAC128 could reflect a deficit in learning the 

correct strategy for the task. Alternatively, the excessive turn-arounds could reflect hyperactivity, 

which has been reported in early-stage YAC128 mice in other behavioural tests (Van 

Raamsdonk et al., 2005; Slow et al., 2003).  

We also showed that pre-manifest YAC128 had an increased frequency of paw slips 

below the bottom of the rotarod and increased variability in paw height. In C57/B6 mice, 
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previous studies have shown an increase in paw height and a decrease in paw height variability 

over training on the rotarod task (Cao et al., 2015; Kupferschmidt et al., 2017), indicating that 

these kinematic features are refined with learning. We found that initial paw slip frequency and 

height variability are similar to WT in pre-manifest YAC128, but diverge by day 3, suggesting a 

deficit in the refinement of paw movements in these mice, even though they are able to remain 

on the rotarod for a similar duration of time.  

By 6-7 months, YAC128 showed severe kinematic deficits, including increased paw slip 

frequency, reduced paw height and exacerbated variability, accompanied by a marked deficit in 

latency to fall. Impaired motor refinement has been shown in HD models for other behavioural 

tasks, including research from our group showing that 10-11 month old Q175/FDN HD mice 

were significantly impaired at learning a forelimb lever pulling task (Woodard et al., 2021). In 

sum, our behavioural results here show progressive deficits in paw kinematics and motor 

refinement on the accelerating rotarod in YAC128 mice. 

 

3.4.2 Striatal activity during rotarod performance 

For both WT and YAC128 animals, the mean GCaMP7f activity while on the rotarod 

decreased significantly over the course of training, though it still showed an increase above 

baseline at the start of each trial. Kupferschmidt et al. (2017) found a similar increase above 

baseline which was reduced with rotarod training in cortical inputs to the striatum. In particular, 

inputs from mPFC to DMS were transiently active early on in training, while inputs from M1 to 

DLS were active starting at naive stages of training and diminished by later training. There are 

two key differences between our studies: 1) in this study we measured bulk activity of the dorsal 

striatum, while Kupferschmidt et al., (2017) measured activity of cortical inputs to the DMS and 
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DLS; 2) our training protocol is shorter – by the end of 4 days of training our mice have 

completed 12 trials, whereas their study consisted of 10 trials per day for 5 days.  

Kupferschmidt et al. (2017) propose that the reduction in input to the DLS is 

accompanied by postsynaptic potentiation of DLS neurons. Extensive work in human and animal 

models has suggested that over the course of skill learning, the DMS is initially involved at early 

stages, and the DLS is more involved during later stages and habit formation (Balleine and 

O’Doherty, 2010; Floyer-Lea and Matthews, 2005; Kelly and Garavan, 2005; Lehéricy et al., 

2006; Miyachi et al., 2002; Thorn et al., 2010; Yin et al., 2009). Using in vivo single unit 

recordings during rotarod performance followed by slice electrophysiology, Yin et al. (2009) 

found potentiation of DMS neurons during early rotarod training, and DLS neurons at late 

training. However, at each stage of learning they found heterogeneity in the direction of 

modulation for specific neurons from in vivo recordings. In our study we are capturing activity of 

both DMS and DLS neurons together, and we see a strong reduction in overall striatal activity by 

day 4 of training. There is evidence that with learning, the striatum recruits task-specific 

neuronal ensembles like those observed in motor cortices (Bariselli et al., 2019). During rotarod 

training, this would mean that neurons important for refining movement to stay on the rotarod 

would be potentiated, whereas those that are not important for the task would be inhibited, 

resulting in only those ensembles important for rotarod performance remaining active by late 

training. This may explain the much lower overall striatal activity we observe on day 4 compared 

to day 1 during rotarod training. Additionally, Costa et al. (2004) showed that the number of 

newly recruited neurons decreased over 3 days of rotarod training, and the number of neurons 

dismissed, meaning they were no longer activated during the task, increased. Cao et al. (2015) 

found that specific ensembles of neurons are reactivated throughout rotarod training in secondary 
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motor cortices (Cao et al., 2015). Future studies using techniques to visualize individual neurons 

involved in this task, such as activity-dependent protein expression, or miniscope recordings 

(Stamatakis et al., 2021), could shed light on whether specific neuronal ensembles in the striatum 

are consolidated during rotarod learning.  

 

3.4.3 YAC128 mice display changes to striatal activity during rotarod performance 

 In YAC128 mice, we found changes to striatal activity during rotarod performance. Pre-

manifest YAC128 animals showed a weaker inverse correlation between striatal activity and 

latency to fall compared to WT. While 2–3-month-old WT mice had a strong inverse correlation 

between learning and striatal activity, YAC128 mice at this age did show a correlation but it was 

significantly weaker. This result points to a disconnect between the neural activity of the 

striatum, and performance – measured by latency to fall – on the rotarod task in YAC128 mice. 

Even though mice remain on the rotarod for a similar length of time on average, aberrant motor 

coordination may be associated with fluctuations in striatal activity that are not present in WT 

animals. Another possibility is that other areas of the brain, such as the motor cortex, compensate 

for the disrupted activity in the striatum to control this behaviour. 

We found striking differences in the striatal activity associated with paw slips between 

pre-manifest YAC128 and WT mice. In early training, WT animals show a reduction in striatal 

activity following paw slip events, whereas by late training they display an increase in activity 

immediately prior to the paw slip that steadily declines after the slip. YAC128 mice exhibit a 

different pattern: increased striatal activity following early training paw slips, and little change in 

averaged activity following the paw slips for late training. The absence of this increase in striatal 

activity associated with paw slips in late training may indicate a deficit in synaptic plasticity in 
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YAC128 mice, resulting in an impaired ability of these mice to refine their behaviour, as shown 

by the increased frequency of paw slips and increased standard deviation of paw position. 

Dopamine signaling in the striatum has a large impact on glutamate transmission, 

synaptic plasticity and motor behaviour, all of which have been shown to be altered in HD 

models (Koch and Raymond, 2019; Rangel-Barajas and Rebec, 2016). HD mouse models 

including YAC128 have been shown to have increased glutamate release probability and 

spontaneous EPSCs in dSPNs starting at early stages (André, Cepeda, et al., 2011; André, Fisher, 

et al., 2011). D1 receptors have been shown to be necessary for correct learning of a wheel-

running task (Willuhn and Steiner, 2008), therefore higher baseline dSPN activity could occlude 

dopamine-facilitated synaptic plasticity in YAC128 mice, thus leading to the lack of increase in 

activity associated with paw slips we observe in late training. In line with this, a D1 agonist had 

no effect on spontaneous EPSC frequency in young BACHD mice, while it increased sEPSC 

frequency in WT animals, as expected (André, Cepeda, et al., 2011).  

However, other studies also implicate plasticity in iSPNs to be involved in motor 

learning. Deficits in both activity dependent eCB-mediated (HFS)-LTD and LTP have been 

shown in iSPNs in slices from HD mouse models (Plotkin et al., 2014; Sepers et al., 2018b), and 

could be contributing to motor learning deficits in vivo. Notably, CB1 receptors in the 

dorsolateral striatum have been shown to be necessary in a T-maze learning task (Rueda-Orozco 

et al., 2008), providing further evidence that cortico-striatal LTD may play a key role in learning. 

Interestingly, conditional deletion of a gene associated with the neurodevelopmental disorder 

Tuberous sclerosis complex in dSPNs resulted in impaired HFS-LTD on these neurons, and 

improved rotarod performance (Benthall et al., 2021). Deletion of this gene in iSPNs did not 

have any effect on LTD or learning. HD mice show intact LTD at dSPN synapses, but impaired 
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LTD at iSPNs (Benthall et al., 2021). Because of the opposing nature of the direct and indirect 

pathways, it could be that LTD at dSPNs inhibits motor learning and LTD at iSPNs facilitates 

motor learning, thus the loss of LTD at iSPNs in HD mice would lead to rotarod deficits. Also, 

Kreitzer and Malenka (2007) found that a mouse model of Parkinson’s disease had impaired 

LTD at iSPNs, and both LTD and motor behaviour could be rescued with D2 receptor agonists 

or by the inhibition of endocannabinoid degradation (Kreitzer and Malenka, 2007). In all, we 

suspect that synaptic plasticity in the direct and/or indirect pathways is contributing to our 

observed differences between WT and YAC128 animals.  

In our experiments, manifest YAC128 mice performed worse on rotarod than previously 

reported in other studies at fully manifest ages (Van Raamsdonk et al., 2005; Slow et al., 2003), 

likely due to the increased difficulty of performing the task while attached to the fiber-optic 

patch cord. After categorizing mice as either “good performers” or “poor performers”, the 5 

YAC128 animals that were “good performers” showed significantly higher striatal activity 

during rotarod performance and still performed worse than their WT littermates. The elevated 

striatal activity could be caused by altered glutamatergic signaling, disrupting the balance of SPN 

activity and leading to motor control deficits. In normal mice, reducing levels of the NMDA 

receptor subunit GluN1 in striatal SPNs led to rotarod deficits and impaired LTP (Dang et al., 

2006). YAC128 mice show increased extrasynaptic NMDAR expression and currents 

(Milnerwood et al., 2010) and blocking extrasynaptic NMDARs rescued rotarod deficits in 

YAC128 mice. In addition, André, Fisher et al. (2011) showed reduced synaptic glutamate 

currents and lower spontaneous activity of dSPNs in slices from manifest YAC128 mice. 

Antagonism of D1 receptors has been shown to disrupt rotarod learning (Yin et al., 2009), so the 
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lower activity of dSPNs at manifest stages, perhaps in conjunction with other changes to 

glutamate transmission mentioned above, could lead to impairments on the rotarod.  

 

3.4.4 YAC128 show increased striatal activity at rest during open field 

 In the open field task, we found a disrupted correlation between GCaMP7f activity and 

behaviour in YAC128 mice. As we expected, WT mice showed a positive correlation between 

frequency of calcium events during the 10-minute trial and total distance traveled. However, 

there was no correlation between these two measures in pre-manifest or manifest YAC128. 

Manifest YAC128 mice also showed a deficit in open field habituation. This is in line with 

previous work showing decreased intra-session habituation in 8-month old YAC128 (Van 

Raamsdonk et al., 2005). 

 When we investigated incidence of different types of behaviour, we found that all our 

groups displayed active behaviour most often and grooming behaviour least often on day 1 of 

experiments. Intriguingly, pre-manifest YAC128 had a significantly higher calcium peak 

frequency at rest compared to WT. Manifest YAC128 showed a trend for this as well, but it was 

not significant. The increased peak frequency we observe at rest could be leading to the disrupted 

correlation between distance traveled and peak frequency in YAC128 mice.  Other studies have 

shown elevated activity in the striatum and other structures at rest in HD mice. In one study, 

R6/2 mice showed higher frequency local field potential oscillations in striatum during rest and 

grooming (Hong et al., 2012). SPN firing rate has also been shown to be elevated in freely 

behaving R6/2 mice, and correlated firing between pairs of striatal neurons was shown to be 

reduced in these mice (Miller et al., 2010). An imbalance in activity of dSPNs and iSPNs could 

be at play here, particularly increased activity of dSPNs that is seen at early stages in YAC128 
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mice (André, Cepeda, et al., 2011; André, Fisher, et al., 2011). We have begun to investigate this 

by imaging both dSPNs and iSPNs during behaviour, using green and red calcium sensors, to 

determine the role of these two pathways in elevated striatal activity (Figure A.2).  

 

3.4.5 Summary of results 

 Through this work we found that YAC128 mice show behavioural impairments on the 

accelerating rotarod and open field tasks which correlate with aberrant striatal neural activity. At 

pre-manifest ages, latency to fall was not affected in YAC128 mice, but the correlation between 

latency to fall and striatal activity was disrupted compared to WT animals. Pre-manifest 

YAC128 mice displayed increased paw slip events on the rotarod and altered striatal activity 

surrounding paw slips. Changes to paw height and variability progressed with severe deficits in 

these measures in manifest YAC128 mice. We also showed significant deficits in latency to fall 

and elevated striatal activity during rotarod performance in the manifest YAC128 mice. In the 

open field, manifest YAC128 mice showed impaired open field habituation, and both age groups 

had a disrupted correlation between total distance traveled and calcium peak frequency in the 

striatum. The increased calcium peak frequency was especially evident when mice were at rest, 

with pre-manifest YAC128 mice exhibiting increased peak frequency at rest compared to WT. 

This work contributes to our understanding of striatal signaling in HD mouse models, and how it 

relates to behavioural deficits. It spurs new hypotheses on the synaptic mechanisms underlying 

altered striatal signaling in HD mice (discussed in the preceding sections), which can be 

evaluated further in future experiments in vivo and in vitro.  
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Chapter 4: Conclusions 

4.1 Overall summary of findings 

 This thesis explored how striatal signaling is affected in YAC128 HD mice and how this 

correlates with behavioural changes. Using optogenetic sensors, we assessed presynaptic 

modulation of glutamate transmission in brain slices, and overall striatal signaling during motor 

learning and spontaneous behaviour in vivo with fiber photometry. This revealed changes to 

cortical glutamate release modulation by presynaptic receptors as well as a variety of alterations 

to striatal signaling in vivo during the accelerating rotarod and open field behavioural assays.  

 We designed a protocol using the glutamate-sensing probe, iGluSnFR, to measure how 

evoked cortico-striatal glutamate release changes in response to drug application or plasticity-

inducing protocols. Through this work, we validated that iGluSnFR is sensitive to changes in 

glutamate release in acute brain slice, caused by direct activation of inhibitory presynaptic 

receptors as well as changes to calcium levels. Additionally, this work confirmed an impairment 

in HFS-LTD in slices from young YAC128 mice (Sepers et al., 2018), a form of LTD that is 

expressed as a reduction in glutamate release. This LTD deficit was previously shown using 

electrophysiology, and our iGluSnFR experiments confirm that this HFS protocol does indeed 

cause a reduction in glutamate release that is impaired in YAC128. Finally, slices from 2-3-

month-old YAC128 mice also showed amplified D2-receptor mediated suppression of glutamate 

release, indicating that the effects of these receptors are aberrantly increased in HD mice.  

 Using fiber photometry, we found striking differences between WT and YAC128 mice in 

striatal activity (measured using GCaMP7f) during rotarod motor learning. In pre-motor manifest 

mice (2–3-month-old YAC128), we found that the correlation between striatal activity and 

rotarod learning was significantly weaker than in WT animals, indicating a disconnect between 
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striatal signaling and behaviour. This was despite YAC128 mice performing equally well to WT 

at this age, in terms of latency to fall. Van Raamsdonk et al., (2005) found rotarod deficits in 

YAC128 mice as early as 2 months of age, however this was using a more challenging fixed-

speed version of the task, not the accelerating rotarod. However, when we looked closer at 

behaviour in pre-manifest YAC128, we discovered significant kinematic deficits on the rotarod, 

including an increased frequency of paw slips below the bottom of the rod. How striatal activity 

correlated with these paw slips differed greatly between genotypes. One striking difference was 

that by late stages of learning, when mice stay on the rotarod for longer periods of time, we 

observed a significant rise in activity in the striatum immediately (~1 second) before paw slips 

occurred in WT mice, which slowly reduced after the slip. This rise in activity was absent in 

YAC128 mice. This lack of neural activation in response to paw slips in YAC128 could reflect a 

deficit in synaptic potentiation that prevents them from learning to refine their behaviour to avoid 

future paw slips. Our results in older, motor-manifest mice (6–7-month-old YAC128) were 

interesting as well – here, we found that mice performed very poorly on rotarod, and were highly 

uncoordinated as measured by paw slips and other kinematic paw measures, and this was 

correlated with a substantial increase in striatal activity above WT animals. One hypothesis for 

the elevated striatal activity is excessive NMDAR activation (Milnerwood et al., 2010), leading 

to increased striatal neuron activity causing motor coordination and learning deficits.  

 For the open field task, we found a disconnect between behaviour and striatal activity 

similar to our findings in pre-manifest mice for the rotarod – there was a positive correlation 

between distance traveled in the open field and striatal calcium event frequency in WT, but this 

correlation was nonexistent in YAC128 at both pre-manifest and manifest stages. Further 

examination of behaviour revealed that YAC128 mice had an increase in calcium events when 
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they were at rest in the open field, which was significantly different for pre-manifest animals 

compared to WT. Manifest YAC128 also exhibited interesting behavioural differences: Although 

WT animals reduced the amount of “active” behaviour they engaged in over days of open field, 

and increased the amount of “rest” behaviour, YAC128 did not show this change, and they 

showed an impairment in open field habituation.  

 Altogether, this work represents the first direct assessment of glutamate release 

modulation in brain slice, as well as the first study assessing neural activity during the 

accelerating rotarod in HD mice. We also examined rotarod behaviour in detail, revealing paw 

kinematic impairments that were previously unknown in HD mice, and striatal activity changes 

related to these impairments. This is important, as early markers of motor decline are useful in 

characterizing the progressive phenotype in these mice, and these can be useful outcome 

measures for therapeutic interventions.  

 

4.2 Analysis of paw kinematics with photometry data 

One development from this thesis that has wide-ranging applications in motor behaviour 

research is the analysis of paw kinematics during rotarod performance, as well as the alignment 

of this behaviour with GCaMP7f recordings. I have developed MATLAB analysis scripts that 

can easily be used to analyze data from paw coordinates to extract data on paw height, 

variability, and paw slips over time, as well as lining up neural activity data to paw slip events 

(available at https://github.com/orgs/ubcbraincircuits/repositories). Rotarod is one of the most 

common assays of motor dysfunction used with HD mice, and yet to my knowledge, paw 

kinematics during rotarod performance had never been analyzed in HD mice prior to this thesis. 

Our pre-manifest YAC128 cohort did not show any deficit in latency to fall, but did show 
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impaired paw kinematics, indicating that paw kinematic changes appear before the onset of 

rotarod learning deficits. In our manifest YAC128 cohort, paw kinematics worsened 

significantly, along with latency to fall. This is a useful read-out of motor coordination and 

learning that can be used to monitor the progression of motor deficits in HD mice, and this would 

also be a useful behavioural outcome for assessing the efficacy of drug treatments. A power 

analysis (https://clincalc.com) revealed that a sample size of 15 per group would yield a 

statistical power of 0.8 for the comparison between the effects of placebo and a drug treatment 

on paw slip frequency for day 3 of training in pre-manifest YAC128 mice. This suggests that 

paw slip frequency at later stages of rotarod training could be used as an endpoint for preclinical 

studies, if a sufficient sample size is achieved. Some of the deficits we observed in YAC128, 

including the increased variability in paw height at both ages, have similarities to the gait deficits 

that HD patients experience, like variability in step time and stride length (Rao et al., 2009; 

Tabrizi et al., 2009). Beyond HD research, rotarod is used as an assay for motor impairments in 

many other rodent models, and the analysis tools that I have created could be used to assess 

rotarod behaviour (and the underlying neural activity) in more detailed ways for those models as 

well. Finally, the compelling changes in striatal activity surrounding paw slips in WT animals, 

and the robust difference between genotypes, indicate that paw slips are likely a striatum-

dependent behaviour, making it relevant to the study of striatum dysfunction in HD and other 

diseases.  

 

4.3 Limitations 

Some limitations of this work are due to qualities inherent to calcium imaging. The 

GCaMP7f probe has slow kinetics compared to the speed at which most neuronal 
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communication occurs (e.g. action potentials). This is a limitation in any research using GCaMP 

sensors, although the kinetics are always being improved upon with new generations of sensors 

(e.g. Dana et al., 2019). We are using calcium activity measured by GCaMP as a proxy for 

overall striatal signaling, but other factors could be influencing calcium levels in cells. For 

example, there is evidence for a calcium leak from the ER in HD mice, which would raise basal 

intracellular calcium levels (Suzuki et al., 2012). If baseline calcium levels are higher in HD 

mice, this may affect the amplitude of behaviour-correlated calcium events observed with fiber 

photometry. GCaMP has also been associated with negative effects in neurons, including 

accumulation of GCaMP in the cell nucleus, sometimes leading to neural damage or cell 

apoptosis (Yang et al., 2018). Also, negative effects may stem from the CaM protein that is 

contained within the GCaMP construct. The endogenous version of CaM is an important second 

messenger protein that binds with calcium. In GCaMP constructs, CaM is often mutated, which 

could lead to GCaMP mimicking CaM in the cell but with aberrant interactions with other 

proteins. Some possible detrimental effects that have been observed include perturbations to L-

type calcium channel gating and changes to excitation-transcription coupling (Yang et al., 2018). 

We assume that these potential negative effects in cells do not have significant effects on the 

cortico-striatal dynamics underlying rotarod learning and behaviour in the open field, or that any 

detrimental effects equally affect both WT and YAC128 HD mice, but there remains the 

possibility that GCaMP expression itself modulated neuronal calcium signaling.  

For our photometry experiments, we expressed GCaMP7f in the dorsal striatum under a 

synapsin promoter, leading to expression of GCaMP7f non-specifically in all neurons. This 

includes SPNs, interneurons, and presynaptic inputs to the striatum. Theoretically, because SPNs 

make up the vast majority of cells in the striatum, the impact of presynaptic inputs and 
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interneurons to the overall striatal signal should be negligible. However, it is possible that these 

other sources account for a larger proportion of the signal than we expect. To overcome this 

issue, we can express calcium indicators in specific cell types, such as dSPNs and iSPNs using 

cre-dependent transgenic mouse lines, which will be discussed in the next section.  

The experiments in this thesis only used one mouse model of HD, YAC128. This model 

has many benefits, such as the progressive behavioural and neuropathological phenotype they 

present. However, it is good practice to perform experiments in more than one model due to each 

models’ strengths and weaknesses in modeling the human disorder. For example, one 

disadvantage of transgenic models like YAC128 is the overexpression of HTT protein, leading to 

weight gain and other side effects (Pouladi et al., 2013). Knock-in mouse models such as zQ175 

do not have this disadvantage. Another drawback is that only male mice were used for the 

experiments in this thesis. HD affects males and females equally, and subtle differences in 

behaviour have been shown between sexes in HD mouse models (Pouladi et al., 2013) although 

not for YAC128 in the behavioural tasks tested in this thesis. In follow-up experiments, 

described in the next section, experiments are being performed on two models of HD (YAC128 

and zQ175) and in both male and female animals.  

 

4.4 Future directions 

4.4.1 Presynaptic modulation of neurotransmitter release in HD 

 The iGluSnFR probe provided a straight-forward means to assess presynaptic modulation 

of glutamate release, and there is still much to explore in this realm. In this thesis, I tested the 

effects of modulators that reduce presynaptic glutamate release. However, it would be interesting 

to test whether presynaptic receptors that potentiate glutamate release are affected in HD. One 
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such example is presynaptic NMDARs (pre-NMDARs) (Bouvier et al., 2015; Van Oostrom et 

al., 2009). These receptors have been found to be expressed presynaptically on inputs to striatum 

(Wang and Pickel, 2000), and are necessary for cortico-striatal theta-burst-stimulation LTP (H. 

Park et al., 2014). It is well-established that increased extrasynaptic NMDAR expression is 

present in HD (Raymond, 2017), contributing to glutamate excitotoxicity, so it is possible that 

pre-NMDARs are also aberrantly elevated, leading to increased cortico-striatal glutamate 

transmission. This is an interesting hypothesis that could be evaluated using our iGluSnFR 

protocol. 

 The dopaminergic system is also highly altered in HD (Koch and Raymond, 2019), and 

fluorescent dopamine sensors (reviewed in chapter 1.3.2.2) are now widely available. Using the 

dopamine sensor, dLight1.2, I have already collected preliminary data in slice testing the effects 

of the D2 agonist, quinpirole, on dopamine release in striatum. The agonist caused a large 

reduction in dopamine release for WT animals in my experiments. I am curious to find out how 

D2-dependent inhibition of dopamine release is affected in HD, as there is tremendous evidence 

for changes to dopamine tone and dopamine receptor expression in HD patients and animal 

models (Koch and Raymond, 2019). Thus, experiments studying the modulation of dopamine 

signaling using probes like dLight will help elucidate the mechanisms involved in changes to 

dopaminergic transmission in HD.  

  

4.4.2 Investigating striatal neurotransmission during behaviour in HD  

Changes to glutamate and dopamine signaling likely contribute to behavioural deficits in 

HD, therefore another important research avenue is the study of neurotransmitter signaling in 

vivo during behaviour. We hypothesized that some of the changes observed in YAC128 mice 
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during rotarod performance and open field could be caused by altered glutamatergic signaling. 

We could assess this directly by measuring iGluSnFR in vivo using fiber photometry. As well, 

we are in the process of completing experiments imaging dSPNs and iSPNs in vivo, using Cre-

dependent expression of the GCaMP7f and RCaMP1b in dSPNs and iSPNs, respectively. These 

experiments will be completed in two models of HD, and in males and females. This will provide 

insight into how signaling of these two SPN populations encode behaviour on the rotarod and in 

the open field, and how this signaling is affected in vivo in HD mice. 

Another striatum-dependent behavioural test that shows deficits in HD models, including 

new data from zQ175 mice in our lab (manuscript in preparation), is the T-maze (Van 

Raamsdonk et al., 2005). In this test, mice must learn to choose the correct arm out of two 

choices. It would be intriguing to explore how activity in the striatum is modulated during this 

task, and how this correlates with behavioural deficits in HD mice. Thorn et al., (2010) showed 

during a T-maze task that involved various sensory cues, that DLS and DMS showed different 

patterns of activation across stages of the task, which changed with learning. For example, DLS 

was most active at the onset of locomotion, during turning, and when the goal arm was reached, 

whereas DMS was most active in the middle of the task, when the animal was engaging in 

turning behaviour in response to a cue (Thorn et al., 2010). Based on this, photometry 

experiments should differentiate between DMS and DLS, due to their differing roles in 

behaviour. HD mice show deficits during initial training in T-maze, and more robust deficits 

during a reversal phase which requires the animal to choose the opposite arm to get a reward 

(Van Raamsdonk et al., 2005), therefore it would be interesting to determine if impairments on 

this task are correlated with changes to signaling of DMS, DLS, or both.  
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 Fiber photometry is also a valuable platform for assessing potential therapies for HD or 

other diseases in animal models. Using photometry, both behaviour and the underlying neural 

activity can be assessed in response to a drug treatment, and due to the relatively small fiber-

optic implant, animals can be kept for many months and remain healthy, allowing long-term 

testing.  

 

4.4.3 Assessing behaviour and paw kinematics in the open field 

 We used the open field assay to investigate how spontaneous behaviour correlates with 

striatal activity. This included categorizing behaviour broadly into “active,” “rest,” and 

“grooming” periods. However, new machine-learning based analysis tools allow for more 

detailed analysis of behaviour. B-SOiD (Behavioural Segmentation of Open field in 

DeepLabCut) is one example of software created for this purpose (Hsu and Yttri, 2021). Using 

body part coordinates (usually snout, paws, and base of the tail) from DeepLabCut or other 

tracking software, B-SOiD can identify behavioural clusters based on the relative positions, 

angles, velocity, and other features of the body parts. Hsu and Yttri (2021) report that they were 

able to identify behaviours like locomotion, different types of rearing (at the wall vs. not at the 

wall), several types of grooming (head grooming, back grooming, face grooming), stationary 

sniffing behaviours, and more, using B-SOiD. In addition to identifying the behaviours, B-SOiD 

can extract kinematic features of all of the labeled body parts during each behavioural bout. For 

example, an “A2A caspase” mouse model, which has a specific lesion to iSPNs, showed a 

significant shift towards faster paw movements and stroke distance during facial grooming (Hsu 

and Yttri, 2021). This is a finding that is impossible to detect without looking at paw kinematics, 

and due to the preferential targeting of iSPNs in early HD, HD mice might also show similar 



 

124 

 

changes to paw movements during behaviour. In conjunction with fiber photometry, B-SOiD can 

be used to determine how iSPN and dSPN signaling correlates with the performance of specific 

behaviours, and with changes to paw kinematics in HD mice.  

 Together, new imaging tools to assess neural activity and transmitter signaling, along 

with machine-learning tools to analyze behaviour, have opened doors for researchers to 

investigate neural circuitry in more advanced ways than previously possible. These innovations 

will make it easier for us to decipher the changes to neurotransmission in diseases like HD, and 

the role these changes play in behaviour.  
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Appendix  

Figure A1. Mean peak frequency and amplitude during the open field task in pre-manifest 

and manifest YAC128 mice. A) Mean peak frequency (peaks/min) per day in pre-manifest 

YAC128 and their WT littermates (left panel), and manifest YAC128 and their WT littermates 

(right panel). Mice explored the open field for 10 minutes per trial. No significant differences 

between genotypes. B) Mean peak amplitude (Z score) per day in pre-manifest YAC128 and 

their WT littermates (left panel), and manifest YAC128 and their WT-littermates (right panel). 

No significant differences between genotypes.  
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Figure A2. Preliminary imaging data of dSPNs (GCaMP6s) and iSPNs (RCaMP1b) in striatum using fiber photometry. All 

data in figure was obtained from a female 10-month-old WT mouse. A) Example dSPN GCaMP6s signals from a trial on day 1. Black 
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lines denote start and end of trial. B) Average GCaMP6s Z score during phases of trial on day 1 (left panel) and day 4 (right panel). C) 

Example iSPN RCaMP1b signals from a trial on day 1. D) Average RCaMP1b Z score during phases of trial on day 1 (left panel) and 

day 4 (right panel). E) Average dSPN and iSPN activity (Z score) during rotarod performance over all 12 trials. Average dSPN 

activity is highly elevated at early stages of training and reduces over training. iSPN activity is more variable, and is generally lower 

than dSPN activity during rotarod performance. F) Latency to fall over 12 trials. 


