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Abstract 

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder characterized by 

progressive loss of striatal medium spiny projection neurons (MSN), some striatal interneuron 

subpopulations, and degeneration of striatal afferent systems. HD manifestations include 

choreiform movements, dystonia, cognitive and emotional problems, often leading to premature 

death. Many genetic mouse models have been created to reproduce different aspects of this disease. 

The R6/2 model shows a rapidly progressive phenotype and reproduces much of the cell loss and 

protein deficits seen in HD patients. In order to determine how afferent striatal afferent systems 

impact the vulnerability of striatal neurons in HD, we determined whether a major source of striatal 

afferents arising from the thalamic parafascicular nucleus degenerates in the R6/2 model, whether 

thalamostriatal afferents provide a sustaining influence for striatal neurons in R6/2 mice, and 

whether motor symptoms are modified with lesions of the parafascicular nucleus. We found that 

the parafascicular nucleus degenerates in R6/2 mice and that striatal cholinergic interneurons are 

especially vulnerable to thalamostriatal deafferentation. We also demonstrated that both 

thalamostriatal and cholinergic degeneration play an important role in the development of dystonic 

pathology in R6/2 mice. Our results add to the growing body of evidence that dystonia in HD and 

other movement disorders is generated by multiple hits to the motor network. These findings 

suggest that new treatments aimed at preserving the thalamostriatal circuit may improve motor 

symptoms in HD. 
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Résumé 

La maladie de Huntington est une maladie neurodégénérative autosomique dominante qui entraîne 

une perte sévère des neurones épineux moyens du noyau strié et une dégénérescence des systèmes 

afférents de ce dernier. Les symptômes de cette maladie incluent les mouvements choréiformes, 

la dystonie, les problèmes cognitifs et émotionnels, et entraine souvent une mort précoce. Plusieurs 

modèles murins ont été créées pour reproduire divers aspects de cette maladie. La souris R6/2 a 

un phénotype moteur qui progresse rapidement et reproduit les pertes cellulaires et les déficits 

protéiques de cette maladie. Pour mieux comprendre l’impact des afférences sur la dégénérescence 

des neurones du noyau strié dans la maladie de Huntington, nous avons caractérisé le noyau 

parafasciculaire (PF), une source importante d’afférences, dans la souris R6/2. Par la suite, nous 

avons étudié le soutien trophique qu’apporte les afférences thalamiques aux neurones du noyau 

strié ainsi que la progression phénotypique motrice dans la souris R6/2 à la suite d’une lésion du 

PF. Nous avons trouvé que le PF dégénère dans la souris R6/2 et que les neurones cholinergiques 

sont particulièrement vulnérables à la désafférentation thalamique. De plus, nous avons montré 

que la dégénérescence des afférences thalamostriées ou des neurones cholinergiques contribue au 

développement de la dystonie dans la souris R6/2. Ces expériences ont ajouté à la connaissance 

actuelle qui démontre que la dystonie dans la maladie de Huntington, entre autres, est générée à la 

suite d’impacts multiples au réseau moteur. Ces résultats suggèrent que de nouveaux traitements 

qui visent à préserver le circuit thalamostrié pourraient améliorer les symptômes moteurs de la 

maladie de Huntington. 
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Huntington’s Disease (HD) is an autosomal dominant highly penetrant trinucleotide repeat 

disorder that is caused by an abnormal expansion of CAG repeats (generally >35) of the huntingtin 

gene (mhtt) on chromosome 4 with larger numbers of repeats leading to earlier age of onset and 

more severe symptoms (1993). Motor disturbances in this disorder are characterized by choreiform 

movements and dystonia (Louis et al., 1999; Vonsattel and DiFiglia, 1998). Early cognitive and 

emotional manifestations such as deficits in executive function, anxiety, obsessive compulsive 

disorder, depression and suicidal ideation may precede overt motor manifestations (Anderson et 

al., 2001; Epping and Paulsen, 2011; Fiedorowicz et al., 2011; Waldvogel et al., 2012). In late 

stages, hypokinetic symptoms including difficulty swallowing predominate leading to death 

(Paulsen, 2011; Vonsattel et al., 1985).  

Neuronal loss and atrophy of striatal MSNs is well known but degeneration of striatal 

afferents as well as striatal interneuron sub-populations also occurs (Aylward et al., 2011; Cicchetti 

and Parent, 1996; Heinsen et al., 1996; Kassubek et al., 2005; Massouh et al., 2008; Matsui et al., 

2014; Reiner et al., 1988; Reiner et al., 2013; Rosas et al., 2008; Rub et al., 2015; Smith et al., 

2006; Spokes, 1980; Suzuki et al., 2001; Vonsattel and DiFiglia, 1998). Contextualizing these 

phenotypic and morphological changes requires knowledge of striatal microcircuit anatomy, and 

its connections with the rest of the brain, as well as knowledge of HD pathophysiology. 

1.1 Organization of Afferents to Striatal Neurons and Their Intrinsic Connectivity 

The basal ganglia are a group of subcortical nuclei composed of the dorsal striatum 

(caudate-putamen in primates), the ventral striatum or nucleus accumbens, the internal and 

external segments of the globus pallidus (GPi, GPe), the subthalamic nucleus (STN) and the 

substantia nigra. The main input structure of the basal ganglia is the dorsal striatum whereas the 

main output structure is the GPi/SNr in primates or entopeduncular nucleus/SNr in rodents (Chang 
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et al., 1981; DeVito and Anderson, 1982; DeVito et al., 1980; Gerfen, 1985; Parent, 1990; Parent 

and De Bellefeuille, 1982; Sidibé et al., 1997; Smith and Bolam, 1989; Van Der Kooy and Carter, 

1981). The neostriatum receives glutamatergic inputs from the entire cerebral cortex, and thalamic 

subnuclei as well as a dense dopaminergic input from the substantia nigra pars compacta (SNc) 

(Kemp and Powell, 1971c; Parent, 1990; Parent et al., 1983; Sadikot et al., 1992a; Sadikot et al., 

1992b; Szabo, 1980; Voorn et al., 2004). These afferent systems converge to innervate medium 

spiny neurons (MSNs), the projection neurons of the striatum (Calabresi et al., 2014; Cowan and 

Wilson, 1994; Huerta-Ocampo et al., 2014; Ramanathan et al., 2002a; Smith et al., 1998). Other 

striatal afferents include the dorsal raphe nuclei, the pedunculopontine nucleus and hypothalamic 

histaminergic neurons (Airaksinen and Panula, 1988; Bolam and Ellender, 2016; Kuhar et al., 

1971; Nakano et al., 1990; Priestley et al., 1981; Steinbusch et al., 1980).   

MSNs are GABAergic and make up approximately 95% of all striatal neurons. Classically, 

MSNs are divided into direct and indirect pathways (Albin et al., 1989; Bolam et al., 2000; Smith 

et al., 1998; Surmeier et al., 2007). These two populations are intermixed in the striatum and are 

differentiated by their expression of substance P/dopamine receptor D1 (DrD1) or 

enkephalin/DrD2 (Albin et al., 1989; Bolam et al., 2000; Gerfen et al., 1990; Gerfen, 1992; Smith 

et al., 1998; Surmeier et al., 2007). Each MSN  innervates a different target, with direct pathway 

neurons projecting heavily to the GPi/SNr and the indirect pathway projecting mainly to the GPe 

(Bolam et al., 2000; Gerfen et al., 1990; Gerfen, 1992; Surmeier et al., 2007).  

Another histochemical compartmentalization of the striatum that overlays the direct and 

indirect pathways are the patch (also known as striosome) and matrix compartments. This division 

was originally defined as islands of mu-opioid receptor (MOR) positive patches in a sea of 

acetylcholinesterase positive matrix (Gerfen, 1984; Herkenham and Pert, 1981). The patches make 
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up approximately 10-20% of the striatal volume in mammals (Johnston et al., 1990; Nakamura et 

al., 2009). Interestingly, the patch and matrix MSNs confine their axonal and dendritic processes 

to their own compartments (Bolam et al., 1988; Graybiel et al., 1986; Kawaguchi et al., 1989; 

Lopez-Huerta et al., 2015; Penny et al., 1988). Given that patch and matrix neurons are also direct 

and indirect pathway MSNs, it is no surprise that the patch/matrix compartments project heavily 

to the pallidal segments and SNr (Fujiyama et al., 2011; Kawaguchi et al., 1990; Levesque and 

Parent, 2005). There is some evidence of a direct connection from the patch MSNs to the SNc in 

rodents (Fujiyama et al., 2011; McGregor et al., 2019; Watabe-Uchida et al., 2012) and cats 

(Jimenez-Castellanos and Graybiel, 1989), but this has been difficult to reproduce in monkeys 

(Levesque and Parent, 2005; Parent and Parent, 2016). Patches are preferentially innervated by the 

limbic cortex but also receive synapses from other cortical areas (Eblen and Graybiel, 1995; 

Jimenez-Castellanos and Graybiel, 1987; Kincaid and Wilson, 1996). Matrix neurons receive 

synapses from most cortical areas (Donoghue and Herkenham, 1986; Flaherty and Graybiel, 1994; 

Kincaid and Wilson, 1996; Malach and Graybiel, 1986). The centromedian-parafascicular nucleus 

(CM-PF) or just parafascicular nucleus (PF) in rodents, is the main source of thalamostriatal 

afferents to the striatum, and projects almost exclusively to the matrix component (Guo et al., 

2015; Lacey et al., 2007; Raju et al., 2006; Sadikot et al., 1992a; Sadikot et al., 1992b). 

Interestingly, PF afferents to the striatum project preferentially on MSN dendrites while other 

glutamatergic afferents have predominantly axospinous synapses (Dube et al., 1988; Kemp and 

Powell, 1971a, b; Lacey et al., 2007; Raju et al., 2006; Sadikot et al., 1992a; Sidibe and Smith, 

1999; Smith et al., 2014b). Both direct and indirect pathway MSNs of the matrix compartment 

receive PF innervation (Doig et al., 2010; Ellender et al., 2013; Huerta-Ocampo et al., 2014; Lei 

et al., 2013; Wall et al., 2013). Other thalamic nuclei that project to the striatum include the central 
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lateral, paracentral, central medial, mediodorsal and lateral posterior nuclei, the ventroposterior 

medial nucleus, the pulvinar, and the VA-VL complex. However, these nuclei appear to organize 

their projections along functional territories rather than a specific patch or matrix predominance 

(Alloway et al., 2014; Beckstead, 1984; Berendse and Groenewegen, 1990, 1991; Fenelon et al., 

1991; Francois et al., 1991; Groenewegen and Berendse, 1994; Guo et al., 2015; McFarland and 

Haber, 2000, 2001; Smith and Parent, 1986).  

Interneurons make up five percent of all striatal neurons and can be GABAergic 

characterized by somatostatin, parvalbumin, or calretinin expression, or they can be cholinergic 

(Aosaki et al., 1995; Bolam et al., 2000; Kawaguchi, 1993). Striatal interneurons synapse locally 

with MSNs across patch and matrix borders and onto both direct and indirect pathway neurons 

(Bernacer et al., 2012; Chesselet and Graybiel, 1986; Cowan et al., 1990; Kawaguchi, 1992; Penny 

et al., 1988; Prensa et al., 1999; Rushlow et al., 1996; Walker et al., 1993; Walker and Graybiel, 

1993). Parvalbumin interneurons receive synapses from cerebral cortex, and thalamic nuclei 

including the PF, and the ventralanterior-ventrolateral (VA-VL) nucleus. They also receive 

synapses from local MSNs and cholinergic interneurons (Bracci et al., 2002; Centonze et al., 2003; 

Koos and Tepper, 2002; Nakano et al.; Ramanathan et al., 2002b; Rudkin and Sadikot, 1999). 

Some evidence suggests that PV+ interneurons preferentially form synapses with direct pathway 

MSNs (Gittis et al., 2010). Somatostatin positive interneurons receive cortical afferents. However, 

there is some controversy as to whether they receive thalamic afferents with some suggesting that 

they do not receive thalamic inputs in rats (Kachidian et al., 1996), and others indicating they do 

receive inputs from the thalamus in monkeys (Sidibe and Smith, 1999). Calretinin positive 

interneurons receive both glutamatergic and non-glutamatergic synapses but their specific 
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afferents are not known in rodents (Bennett and Bolam, 1993); see (Petryszyn et al., 2017) for 

review.  

Cholinergic interneurons make up 1-2% of all striatal neurons. They exert their effects on 

other striatal neurons through muscarinic (M 1-5) and nicotinic receptors (α4, β2) (Goldberg and 

Wilson, 2017). M1-type muscarinic receptors can directly depolarize cells while M2-type 

receptors can hyperpolarize cells. Cholinergic interneurons synapse onto most MSNs, cholinergic 

interneurons and parvalbumin positive interneurons, as well as onto the presynaptic axons of 

nigrostriatal and corticostriatal afferents (Gonzales and Smith, 2015). Pre-synaptically, the action 

of acetylcholine on nicotinic receptors promotes increased dopamine, glutamate and acetylcholine 

release and can lead to long-term potentiation of corticostriatal and nigrostriatal synapses 

(Calabresi et al., 2000; Calabresi et al., 1998; Ding et al., 2006; Pisani et al., 2007; Rice and Cragg, 

2004; Threlfell et al., 2012; Zhang et al., 2002). On the other hand, inhibition of muscarinic 

receptors in slice preparations abolished long-term depression following low frequency 

stimulation of MSNs suggesting that these receptors play an important role in depotentiating MSNs 

following low frequency stimulation in slice preparations (Picconi et al., 2006).  

Cholinergic interneurons activity is modulated by glutamatergic afferents from the PF in 

rodents and monkeys (Bennett and Bolam, 1994; Bolam et al., 1984; Lapper et al., 1992; Sidibe 

and Smith, 1999), and a smaller proportion of synapses from the secondary motor cortex and 

central lateral nucleus of the thalamus (Guo et al., 2015). Cholinergic interneurons co-express 

DrD2 and DrD1-like receptors and receive dopaminergic synapses (Pisani et al., 2007; Pisani et 

al., 2000). Lastly, inhibitory inputs to cholinergic interneurons include MSNs (Bolam et al., 1986), 

as well as somatostatin and cholinergic (M2-receptor mediated inhibition) interneurons (Gonzales 

and Smith, 2015; Holley et al., 2015). 
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In summary, the neostriatal microcircuit is complex. It receives inputs from the entire 

cerebral cortex, several thalamic nuclei, the substantia nigra as well as serotonergic and other 

pontine nuclei, and histaminergic populations. It has four main interneuron populations and two 

broad classes of projection neurons which are further divided into patch and matrix compartments. 

Subsequent sections will build on these concepts to explore how striatal afferent systems may 

affect cell survival and loss in the striatum and symptom progression in HD. 

1.2 Possible Role of Afferents in Survival of Striatal Neurons in Development and Disease 

The disease process in HD is complicated by loss of striatal afferents systems (Rub et al., 

2016; Rub et al., 2015) and loss of striatal cell groups (Gomez-Tortosa et al., 2001; Massouh et 

al., 2008; Myers et al., 1985; Reiner et al., 1988; Reiner et al., 2013; Vonsattel and DiFiglia, 1998; 

Vonsattel et al., 1985). This generates several important questions: what is the effect of 

deafferentation from afferent degeneration on striatal neurons, does deafferentation promote 

striatal degeneration, and if so what mediates the protective role of afferents. In order to explore 

these questions, previous in utero experiments on developing striatal populations as well as lesion 

studies in adult animals are reviewed in an attempt summarize how afferents may affect survival 

of striatal cells.  

The progenitor cells of the mammalian telencephalon develop in two germinal zones within 

the lateral ganglionic eminence: the dorsal zone which produces the glutamatergic cortical neurons 

and the ventral zone which produces GABAergic neurons of the basal ganglia, cortical GABAergic 

interneurons, striatal cholinergic and somatostatinergic interneurons as well as septal cholinergic 

interneurons (Chen et al., 2010; Marıń et al., 2000; Olsson et al., 1998; Rymar and Sadikot, 2007; 

Rymar et al., 2004; Sadikot and Sasseville, 1997). There is a large body of evidence that amino 

acid neurotransmitter systems, especially glutamatergic, GABAergic and dopaminergic systems, 
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and their associated trophic factors promote proliferation, differentiation, migration and survival 

of developing neuronal populations. This pro-survival effect has been shown in the progenitor cells 

of the cerebral cortex, hippocampus and striatum  (Behar et al., 1999; Canudas et al., 2005; 

Chakraborty et al., 2017; Hetman and Kharebava, 2006; Krammer, 1980; Leveille et al., 2010; 

Linden, 1994; Luk et al., 2003; Luk and Sadikot, 2001; Ohtani et al., 2003; Popolo et al., 2004; 

Reiprich et al., 2005; Sadikot et al., 1998; Suzuki et al., 2006) for review see (Jansson and 

Akerman, 2014). Dopaminergic and serotonergic afferents are also important for striatal and 

cortical progenitor cell development as they project to the lateral ganglionic eminence during the 

peak of striatal proliferation (Ohtani et al., 2003; Popolo et al., 2004; Vitalis and Parnavelas, 2003; 

Wallace and Lauder, 1983). Afferents contribute to many aspects of lateral ganglion cell 

development including proliferation, survival and differentiation  (Brezun and Daszuta, 1999; 

Dooley et al., 1997; Vitalis and Parnavelas, 2003).  

Glutamate is the main excitatory neurotransmitter in the brain and exerts a depolarising 

effect on neurons and neural progenitors expressing them through two main types of receptors: the 

ionotropic receptors (AMPA-KA or NMDA receptors) responsible for fast synaptic transmission 

or the metabotropic receptors (mGLUR 1-8) (Jansson and Akerman, 2014; Suzuki et al., 2006). 

AMPA/KA receptors provide important proliferative cues to neurons of the dorsal zone which 

become the cortical neurons (Brazel et al., 2005; LoTurco et al., 1995). However, AMPA receptor 

blockade in utero does not lead to a reduction of mature striatal cells (Luk et al., 2003; Sadikot et 

al., 1998). On the other hand,  NMDA receptors exert proliferative effects on developing striatal 

neurons, and in utero exposure to NMDA receptor blockade leads to a reduction in the number of 

striatal cells and total striatal volume (Luk et al., 2003; Sadikot et al., 1998). In the dorsal germinal 

zone, NMDA blockade has the opposite effect and stimulates neural precursor production and 
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leads to a greater density of adult dentate gyrus neurons (Cameron et al., 1995). Finally, mGLUR 

5 blockade was found to negatively affect the survival of striatal precursor cells but did not have 

the same effect on cortical neural precursors (Gandhi et al., 2008). In summary, these findings 

suggest a differential regulation of cortical and striatal progenitor proliferation and survival in 

response to stimulation of specific ionotropic and metabotropic glutamate receptor subtypes. 

The striatum is composed of GABAergic cells and is devoid of glutamatergic cells (Acklin 

and van der Kooy, 1993; Fishell et al., 1993; Halliday and Cepko, 1992; Krushel et al., 1993). The 

striatal precursors receive glutamatergic inputs from thalamostriatal afferents on E 11-13 in rats; 

just before the phase of neuronal proliferation (E15-18) (Métin and Godement, 1996; Polleux et 

al., 1996). The other main source of glutamatergic afferents, the cerebral cortex, only begins to 

innervate the striatum after the proliferative phase on post-natal day (P) 3-4 and until P14 when 

adult levels of corticostriatal afferents are established (McGeorge and Faull, 1987, 1989; Sohur et 

al., 2014). PF lesions in neonatal rats, before major cortical innervation, led to an increase in 

activated caspace-3, and a 30% reduction in the number of neostriatal neurons in the post-apoptotic 

period (Sadikot et al., 2005). This suggests that thalamostriatal inputs may contribute to 

proliferative and antiapoptotic effects of glutamate receptors in the early phase of striatal 

development at least until cortical afferents reach these targets.  

Neurotrophins are another class of molecules which strongly influence neural 

development. They are co-released with monoamine neurotransmitters from afferent connections 

and locally from developing lateral ganglionic eminence cells (Abiru et al., 1996a; Baydyuk et al., 

2013; Obrietan et al., 2002). They act in concert with neurotransmitters to promote proliferation, 

differentiation and survival of developing cortical and striatal neurons (Abiru et al., 1996b; 

Baydyuk et al., 2013; Causing et al., 1997; Ghosh et al., 1994; Jung and Bennett, 1996; 
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Kirschenbaum and Goldman, 1995; Maisonpierre et al., 1990; Mamounas et al., 1995; Obrietan et 

al., 2002). There are several different types of neurotrophins. The main ones in the developing 

forebrain are brain derived neurotrophic factor (BDNF), nerve growth factor (NGF), neurotrophin-

3 (NT3) and neurotrophin 4/5 (NT4/5) (Bartkowska et al., 2010; Chao, 2003). These exert their 

effects by binding to specific tyrosine kinase (trk) receptors. NGF binds to trkA, BDNF and NT4/5 

bind to the trkB, and NT3 binds to the trkC receptors. Another receptor, p75, binds neurotrophins 

in a less specific manner and is a part of the tumor necrosis factor receptor family (Bartkowska et 

al., 2010; Baydyuk and Xu, 2014; Chao, 2003; Zuccato and Cattaneo, 2009). Neurotrophins, 

particularly BDNF and NT-3, are transported across synaptic membranes in an anterograde fashion 

from thalamic and nigral afferents and contribute to high neurotrophin concentrations found in 

developing cortical and striatal progenitor zones. They promote afferent axonal sprouting and 

survival of their afferent neural targets (Baydyuk et al., 2013; Baydyuk and Xu, 2014; Causing et 

al., 1997; Dehay et al., 2001; Fawcett et al., 1998; Jung and Bennett, 1996). Striatal progenitor 

cells including striatal cholinergic cells are responsive to BDNF, NT3 and NT4 but only become 

responsive to NGF later in development (Fryer et al., 1996; Jung and Bennett, 1996). BDNF 

promotes the post-differentiation survival of striatal cholinergic neurons as well as striatal MSN 

progenitor cells (Abiru et al., 1996b). Forebrain knock-out of BDNF during embryogenesis leads 

to a decreased survival and atrophy of cortical and striatal cells in adulthood (Baquet et al., 2004). 

Developmental knock out of genes which are involved in the transcription of BDNF like huntingtin 

also causes striatal atrophy and cortical neuron pathology (Baydyuk and Xu, 2014; Cattaneo et al., 

2005; Dragatsis et al., 2000). In the postnatal period, thalamostriatal inputs to striatal neurons 

undergoing apoptosis are essential to their survival, and this response is mediated in part by both 

glutamate and BDNF (Sadikot et al., 2005). 
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In the adult mammalian brain, less is known about how striatal afferents modulate the 

survival of target neurons. Studies in cats and in rats have shown that hemidecortication in adult 

animals leads to atrophy of the ipsilateral striatum and thalamus (Kolb et al., 1992; Loopuijt et al., 

1997a; Loopuijt et al., 1998; Loopuijt et al., 1997b; Schmanke et al., 1998; Villablance et al., 

1986). Both anterograde degeneration as well as retrograde degeneration from axonal disruption 

may explain these findings. In the striatum, anterograde degeneration likely predominates as it 

does not send output to the cerebral cortex.  

Decreased glutamatergic stimulation is a proposed mechanism of anterograde striatal 

degeneration following cortical deafferentation. In keeping with this, NMDA receptor blockade in 

injury models leads to increased striatal neuron loss including cholinergic interneurons. These 

injury models include exposure to the mitochondrial toxin 3-nitroproprionic acid (NP-3), ischemia 

models and mild traumatic brain injury (Hardingham, 2009; Hetman and Kharebava, 2006; 

Ikonomidou et al., 2000). Synaptic NMDA receptor activation leads to a host of downstream 

cellular processes that are pro-survival including: increased anti-apoptotic gene expression, 

reduced pro-apoptotic gene expression, and increased oxidant scavenging systems (Hardingham, 

2009; Hardingham and Bading, 2010; Hetman and Kharebava, 2006; Ikonomidou et al., 2000).  

Mature striatal cells produce no endogenous BDNF and thus also rely entirely on 

anterograde signaling from afferents (Baydyuk and Xu, 2014; Maisonpierre et al., 1990). Loss of 

BDNF-mediated trkB stimulation is therefore another possible mechanism for the subsequent 

striatal atrophy observed after hemidecortication. In keeping with this, BDNF and other 

neurotrophins promote the survival of cortical and striatal projection neurons, striatal cholinergic 

interneurons and medial septal cholinergic cells both in vitro and in vivo in response to ischemia, 

axotomy and other insults (Abiru et al., 1996b; Baquet et al., 2004; Baydyuk and Xu, 2014; Ghosh 
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et al., 1994; Hammond et al., 1999; Morse et al., 1993; Shulga et al., 2009; Xu et al., 2000; Zuccato 

et al., 2001). Overall this evidence suggests that the striatum is dependent on glutamatergic 

afferents for sustaining NMDA receptor stimulation through synaptic glutamate release as well as 

BDNF-mediated trkB receptor activation (Baquet et al., 2004; Baydyuk and Xu, 2014; 

Hardingham, 2009; Hardingham and Bading, 2010; Hetman and Kharebava, 2006; Ikonomidou et 

al., 2000; Lu et al., 2001; Morse et al., 1993). 

Afferent systems also degenerate in other neurodegenerative diseases such as Alzheimer’s 

Disease (AD), progressive supranuclear palsy (PSP) and Parkinson’s Disease (PD), and may 

contribute to significantly to the neurodegenerative process. For example in AD the medial septal 

cholinergic neurons atrophy and undergo cell loss (Coyle et al., 1983). This atrophy precedes the 

characteristic entorhinal or hippocampal atrophy (Mesulam et al., 2004; Schmitz et al., 2016) and 

predicts downstream hippocampal atrophy (Schmitz et al., 2016) and cognitive decline (Teipel et 

al., 2018). In PD and PSP, brainstem atrophy of large cholinergic cell groups that provide afferents 

to dopaminergic midbrain cells precedes dopaminergic cell loss (Hirsch et al., 1987). Furthermore, 

noradrenergic inputs to dopaminergic neurons protect vulnerable dopaminergic neurons from toxic 

injury, and noradrenergic cell loss may also precede dopaminergic cell loss in PD (Del Tredici and 

Braak, 2013; Hassani et al., 2020). 

The posterior intralaminar nuclei provide important glutamatergic inputs to the striatum 

and are severely affected in PD, PSP and HD (Halliday, 2009; Heinsen et al., 1996). In PD, loss 

of the CM-PF complex occurs early in the progression of motor symptoms (Brooks and Halliday, 

2009), is associated with a loss of dendritic spines on MSNs (Zaja-Milatovic et al., 2005) and 

correlates with worse alpha synuclein deposition (Halliday, 2009). CM-PF loss is also present in 

presymptomatic MPTP-treated monkeys suggesting that degeneration occurs early in the disease 
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process (Villalba et al., 2014). Furthermore, work on toxin-induced models of PD suggests that 

glutamatergic afferents to the substantia nigra are protective during the degenerative process 

(Bezard et al., 1997). Contrary to these findings, evidence in MPTP treated rats suggests that 

posterior intralaminar lesions prevent some neurochemical changes due to dopaminergic 

denervation (Kerkerian-Le Goff et al., 2009). However, the neurochemical effects of PF lesion 

seen in rats were not reproduced in MPTP-treated monkeys (Lanciego et al., 2008). As a result of 

this contradictory evidence, CM-PF neuromodulation is likely to be of little benefit in PD 

(Lanciego et al., 2008; Smith et al., 2014b). In HD, the CM-PF undergoes significant degeneration 

(Heinsen et al., 1996). Work in mouse models suggests that thalamostriatal deafferentation occurs 

early in the disease process (Deng et al., 2013; Deng et al., 2014) and is associated with concurrent 

pathological changes in striatal cholinergic interneurons (Deng and Reiner, 2016). Overall, these 

findings suggest that the CM-PF is an early and important target of cell loss in several 

neurodegenerative diseases. The concurrent pathological changes observed in thalamostriatal 

afferents as a result of that cell loss are likely to have important ramifications for disease 

progression and the development of motor symptoms in PD, PSP, and HD.  

In summary, experiments in both developing and mature striatal populations suggest that 

afferents are important for the survival of vulnerable striatal cells. Mechanisms mediating this 

protective role include: glutamatergic mGLUR 5 and NMDA receptors, serotonergic and 

dopaminergic innervation, and from neurotrophins. Furthermore, research suggests that 

deafferentation may play a key role in downstream pathology in many neurodegenerative diseases. 

More specifically, the deafferentation of vulnerable striatal neurons may lead to dysfunction and 

cell loss of those neurons in HD.  
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1.3 Proposed Pathophysiology of Huntington’s Disease  

 Huntingtin (htt) protein is water soluble and ubiquitously expressed but is enriched in the 

brain and testis. It is found anywhere within neurons from the nucleus to the cytoplasm to clathrin-

coated vesicles (DiFiglia et al., 1995; Ferrante et al., 1997; Velier et al., 1998). It is necessary for 

life as evidenced by the preservation of its homologue across diverse phyla and interacts with over 

50 proteins; reviewed by (Reiner et al., 2011). Abnormal expansion of CAG repeats (generally 

>35) of exon 1 of the huntingtin gene (mhtt) on chromosome 4 leads to HD (1993). At the protein 

level, two possible pathophysiologic processes may be at play; the first being that mhtt may have 

gained a cytotoxic function and or that normal htt function has been impaired by the polyglutamine 

expansion. Initial studies suggested that people heterozygous or homozygous for the mutation have 

the same illness course (Myers et al., 1989; Wexler et al., 1987) but more recent studies have 

shown that homozygous individuals have an earlier onset and display more symptoms then 

heterozygous counterparts (Squitieri et al., 2003). On the other hand, transgenic models such as 

R6/2 animals have severe deficits despite having two intact copies of the htt gene (Mangiarini et 

al., 1996), humans and mice with only one functioning copy of the htt gene are asymptomatic and 

individuals heterozygous for a mutated gene express both good and bad copies (Ambrose et al., 

1994; Duyao et al., 1995a). This seemingly contradictory evidence suggests that both processes 

likely contribute to the pathogenesis of the disease. 

Early experiments using glutamate analogs or glutamate receptor agonists to generate 

lesional models of Huntington’s disease has led to the proposal of a hyper-excitatory 

neurotransmitter hypothesis of HD pathophysiology (Beal et al., 1991; Beal et al., 1986; Coyle 

and Schwarcz, 1976; Ferrante et al., 1993). These lesion models recreated the striatal cell loss of 

HD and produced a dystonic “clasping” phenotype. In vitro experiments then showed that over 
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stimulation of NMDA receptors led to imbalance of calcium homeostasis in neurons leading to the 

activation of apoptotic pathways, including mitochondrial membrane destabilization and 

eventually cell death (Milnerwood and Raymond, 2007, 2010; Raymond et al., 2011; Sepers and 

Raymond, 2014; Zeron et al., 2002). The interaction between mhtt protein and NMDA receptor 

subunits has been linked to pathological intracellular calcium signaling in vitro in some HD models 

(Ali and Levine, 2006; Song et al., 2003; VanDongen, 2008). Indeed, Stack et al. described 

increased survival following cortical and nigral lesions in R6/2 mice as well as increased neuronal 

volume in the striatum following cortical lesions (Stack et al., 2007). Other evidence suggests that 

NMDA receptor mediated toxicity is a more nuanced story as blockade of NMDA receptors leads 

to increased striatal apoptosis in the NP-3 model—a lesional model of Huntington’s disease 

(Ikonomidou et al., 2000). Furthermore, it is likely that extra-synaptic NMDAr are responsible for 

the induction of apoptotic pathways while synaptic activation is protective and induces anti-

apoptotic proteins, promotes anti-oxidant generation, and leads to cell survival (Hardingham, 

2009; Hardingham and Bading, 2010; Hetman and Kharebava, 2006). In keeping with the former, 

NMDA receptors have been shown to be downregulated in the striatum of HD patients suggesting 

a loss of their neurotrophic role even in presymptomatic stages of the disease (Albin et al., 1990a; 

Albin et al., 1990b; Young et al., 1988).  

Another proposed mechanism of cell loss and degeneration in HD involves neurotrophic 

factor reduction, particularly BDNF, which has been shown to play an important role in the 

function, and survival of mature neurons (Baydyuk and Xu, 2014). This protein and its receptor, 

trk B has been found to be reduced in multiple brain areas including the striatum of HD models 

and in the CSF of HD patients (Baydyuk and Xu, 2014; Nguyen et al., 2016; Samadi et al., 2013; 

Zuccato and Cattaneo, 2007, 2009; Zuccato et al., 2001; Zuccato et al., 2005; Zuccato et al., 2008). 
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At the cellular level, normal htt positively regulates the transcription of BDNF among other genes 

through its interaction with repressor proteins; a function which is lost in the mutated protein 

(Reilly, 2001; Zuccato et al., 2007; Zuccato et al., 2003).  Moreover, mice who have conditional 

forebrain BDNF knockout have similar delayed cortical and striatal atrophy as well as a dystonic 

phenotype and decreased survival seen in mouse models of HD (Baquet et al., 2004). Many others 

have demonstrated that inducing the transcription of BDNF protein in the striatum and striatal 

afferents or exogenous administration of BDNF rescues HD models both phenotypically and at 

the neuronal level further linking BDNF dysfunction to HD pathogenesis (Bemelmans et al., 1999; 

Giampà et al., 2013; Silva et al., 2015; Xie et al., 2010; Zuccato et al., 2005). BDNF helps promote 

survival among neurons during embryogenesis and axonal sprouting of early afferent systems 

(Mamounas et al., 1995) so BDNF reduction which was previously noted in HD models (Baydyuk 

and Xu, 2014; Zuccato and Cattaneo, 2007, 2009) may lead to inappropriate wiring of the brain. 

In keeping with this notion, recent evidence in the Q140 mouse model demonstrates an early deficit 

in thalamostriatal synapses long before neuronal atrophy, loss of cortical synapses or behavioural 

changes are seen (Deng and Reiner, 2016; Deng et al., 2013; Deng et al., 2014).  

Other pathogenic mechanisms which likely contribute to neurodegeneration in HD include: 

cytoskeletal abnormalities (Fernandez-Nogales et al., 2016), slowed and inappropriate axonal 

transport (Goldstein, 2012; Smith et al., 2014a; Weiss and Littleton, 2016), prion-like effects of 

Huntington aggregates (Cicchetti et al., 2014; Cicchetti et al., 2009; Pearce et al., 2015) and, 

importantly, excessive immune activation and microglia mediated release of inflammatory factors 

(Crotti et al., 2014; Franciosi et al., 2012; Giampa et al., 2009; Pavese et al., 2006; Pearce et al., 

2015; Politis et al., 2011; Stack et al., 2006; Tai et al., 2007). The multiple proposed pathogenic 

mechanisms likely work in synchrony to create a perfect storm, and lead to impressive striatal but 
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also cortical, thalamic and cerebellar cell loss which is associated with the debilitating symptoms 

of this disease. 

1.4 Animal Models of Huntington’s Disease 

Before the advent of genetic models of HD or indeed the discovery of the htt gene, striatal 

lesion models in both rodents and non-human primates had been used to model the disease as these 

could create striatal lesions. Various substances have been used to create these lesions including: 

kainic acid, quinolinic acid and 3-nitroproprionic acid (NP-3) (Beal et al., 1991; Beal et al., 1986; 

Coyle and Schwarcz, 1976; Ferrante et al., 1993). The main limitation of these models is that they 

do not reproduce the progressive neurodegenerative process which occurs in HD and that 

pathology is restricted to the lesioned areas, usually the striatum. In HD, pathological changes can 

be found throughout the brain and also in other organ systems including, but not limited to, the 

immune and endocrine systems (Crotti et al., 2014; Saleh et al., 2009; Vonsattel and DiFiglia, 

1998). 

With the advent of modern genetics, Huntington’s disease was found to be a highly 

penetrant, monogenetic disorder (1993). This characteristic has allowed for the development of a 

plethora of animal models to study the neuropathological changes of this disease. These include 

fly and worm models as well as  rodent, porcine and non-human primate models (Jackson et al., 

1998; Menalled et al., 2009; Yang et al., 2010; Yang et al., 2008) see (Pouladi et al., 2013) for 

review. Rodent models are the most studied as they allow for large scale breeding experiments, 

and complex phenotypical characterization while providing in situ evidence into the 

neuropathology brought on by mhtt (Baydyuk and Xu, 2014; Hickey et al., 2008; Menalled et al., 

2009; Menalled, 2005; Menalled et al., 2002b; Petrasch-Parwez et al., 2007; Samadi et al., 2013; 

Tallaksen-Greene et al., 2005; Yu-Taeger et al., 2012). 
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There exist two broad categories of genetic mouse models: transgenic mouse models and 

knock-in models. To create the transgenic models, the N-terminal portion of the human mhtt gene 

was randomly inserted into the mouse genome (R6 and N-171 lines) (Mangiarini et al., 1996; 

Schilling et al., 1999). In the R6/1 and R6/2 lines, the untranslated human mhtt exon 1 sequence is 

under control of the human htt promoter (Mangiarini et al., 1996) while in the N-171 model, a 

truncated cDNA mhtt sequence corresponding to the first 802 base pairs of exon 1 and containing 

82 CAG repeats was inserted into the mouse genome under control of the mouse prion protein 

promoter (Schilling et al., 1999). The second type of genetic HD mouse models are the knock-in 

models in which one or both of the normal mouse htt genes have been replaced with either: exon 

1 of the human mhtt gene added to a normal mouse htt gene (Hdh and Q140 models) often referred 

to as “chimeric” models or the entire human mhtt gene including promoter and intron regions  

(YAC, BACHD lines) (Gray et al., 2008; Hickey et al., 2008; Hodgson et al., 1999; Menalled et 

al., 2002a; Pouladi et al., 2013; Slow et al., 2003; Wheeler et al., 2000). These models have been 

summarized in Table 1.0 below.  

Each of these models has different advantages and disadvantages. While the full length 

knock-in lines (YAC and BACHD) may have a good construct validity, they have a milder 

phenotype then expected for the large number of repeats. These mice have normal survival and 

exhibit only mild neurodegenerative changes such as synaptic deficits, striatal and cortical atrophy, 

mild striatal cell loss as well as protein deficits including mhtt aggregation (Gray et al., 2008; 

Hickey et al., 2008; Hodgson et al., 1999; Menalled et al., 2002a; Pouladi et al., 2013; Pouladi et 

al., 2012; Slow et al., 2003; Teo et al., 2016; Van Raamsdonk et al., 2005; Wheeler et al., 2000). 
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Table 1.0: Genetic and Phenotypical Characteristics of HD Mouse Lines 

 Transgenic Mouse Lines Knock in Mouse Lines 

R6 N-171 Hdh HD Q YAC128 BACHD 

Repeat 

Number 

R6/1: 75-90 

R6/2: 115-125 

82 Several 

strains 

available. 

Most 

common: 

Hdh150 

Several 

strains 

available. 

Most 

common: 

Q140 or Q175 

100-128 97-98 

Construct 

Type 

Human htt 

promoter; Human 

mhtt exon 1 

Mouse prion 

protein 

promoter; 

Human mhtt 

exon 1 

Mouse htt 

promoter; 

CAG 

expansion in 

exon 1 of 

mouse htt 

Mouse htt 

promoter; 

Chimeric 

human mhtt 

exon1//mouse 

htt 

Full length 

Human mhtt 

genomic 

construct 

including 

promoter 

Full length 

Human mhtt 

genomic 

construct 

including 

promoter 

Motor 

Phenotype 

R6/2: 6-9 wk – 

rotarod deficits, 

clasping, 

decreased grip 

strength, 

hypoactivity, 

weight loss 

R6/1: 16-20 wk 

milder phenotype  

16-20 wk: 

rotarod 

deficits, 

clasping, 

hypoactivity 

20-40 wks: 

rotarod 

deficits, 

clasping, 

hypoactivity, 

weight loss 

1 mo: 

hyperactivity, 

4mo: 

hypoactivity. 

12 mo rotarod 

deficits 

> 12 mo: 

rotarod 

deficits 

24 wks: 

rotarod 

deficits 

Terminal 

Timepoint 

R6/2: 13-15wk 

R6/1: 40-50wk 

24-30 wk Hdh150: 

~52wk 

unaffected unaffected unaffected 

 

On the other hand, the transgenic and chimeric knock-in mouse lines, particularly the R6/2 

model, reproduce severe juvenile HD, developing an early and severe dystonic phenotype, 

choreiform movements, seizures, cognitive impairment, decreased spontaneous locomotion, and 

decreased survival (Bailey and Johnson, 2005, 2006; Carter et al., 1999; Dedeoglu et al., 2002; 

Hickey et al., 2005; Hockly et al., 2002; Menalled et al., 2009; Phillips et al., 2005; Sawiak et al., 

2016; Sawiak et al., 2009; Stack et al., 2005; Wood et al., 2010; Wood et al., 2011; Wood et al., 

2008; Wood and Morton, 2015; Wood et al., 2007). The R6/2 line, in particular, has prominent 

striatal and cortical deficits including mhtt aggregates, protein derangements, decreased trophic 

factor mRNA, abnormal trophic factor receptor activation, striatal MSN loss, striatal volume 

reduction, and reduction of MSN soma size (Baydyuk and Xu, 2014; Nguyen et al., 2016; Rattray 
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et al., 2013; Samadi et al., 2013). Furthermore, this model has a stereotyped phenotypical 

progression which is advantageous when assessing concurrent behavioural and pathological 

changes at discreet timepoints (Menalled et al., 2009; Samadi et al., 2013). In our experiments, 

ovarian transplanted female mice were crossbred with B6CBA males to generate R6/2 mice as 

R6/2 females are infertile. The mice used in these experiments had approximately 120 CAG 

repeats and this was verified for each experimental animal.  

1.5 Proposed Pathophysiology of Dystonia in HD and Other Movement Disorders 

Dystonia is defined as sustained or intermittent muscle contractions causing twisting or 

repetitive movements and abnormal postures (Klein and Fahn, 2013; Marsden, 1976). It is the 

second most common motor symptom in HD after chorea and is present in 95% of patients (Louis 

et al., 1999). Dystonia also occurs in over a dozen primary dystonic syndromes, as a complication 

of Parkinson’s treatment, after chronic neuroleptic use, and in other neurodegenerative diseases 

(D’Abreu et al., 2011; Goto et al., 2005; Kanovsky et al., 2015; Marálek, 2000; Marsden, 1976; 

Phukan et al., 2011; Steele et al., 1964; Tinazzi et al., 2003; Tolosa and Compta, 2006; van Harten 

et al., 1997; Wilson and Hess, 2013).  

Several primary dystonia syndromes and their causative genetic mutations have been 

elucidated. These genes are involved in a myriad of cellular processes including: nuclear 

membrane integrity (Goodchild et al.), processing of secretory proteins and synaptic vesicle 

machinery (Granata and Warner, 2010; Hewett et al., 2007), TATAbox binding genes responsible 

for broad regulation of gene transcription (Herzfeld et al., 2013; Sako et al., 2011), detoxification 

and stress response proteins (Lee et al., 2004), cytoskeletal protein misfolding (Esapa et al., 2007; 

Klein et al., 2002), Na/K ATPases (de Carvalho Aguiar et al., 2004), co-factor production for 

dopamine synthesis (Ichinose et al., 1994), BDNF polymorphisms  (Cramer et al., 2010; Sako et 



30 
 

  

al.) and calcium channel signaling (Breakefield et al., 2008; Hess and Jinnah, 2015; Kanovsky et 

al., 2015). It is not surprising, given the high prevalence of dystonia in HD, that many these cellular 

processes are also affected in HD (Anborgh et al., 2005; Fernandez-Nogales et al., 2016; Goldstein, 

2012; Hardingham, 2009; Hardingham and Bading, 2010; Hetman and Kharebava, 2006; 

Ikonomidou et al., 2000; Mao et al., 2005; Raymond et al., 2011; Ribeiro et al., 2010; Rong et al., 

2003; Smith et al., 2014a; Vanhoutte and Bading, 2003; Weiss and Littleton, 2016; Zuccato et al., 

2001; Zuccato et al., 2003). 

At the circuit level, in vivo imaging and neuronal recordings in dystonia patients 

demonstrate that the putamen is hyperactive, while the GPi is hypoactive and abnormally locked 

to cortical beta oscillations (Galardi et al., 1996; Neumann et al., 2015; Zeuner et al., 2015). Other 

studies show increased pallidal activation in response to repeated tasks (Lenz et al., 1998).  Deep 

brain stimulation of the globus pallidus improves symptoms further suggesting that abnormal basal 

ganglia plasticity is important to its pathogenesis (Mink, 2018; Ostrem and Starr, 2008). In vivo 

imaging also suggests that sensory and motor integration in the cerebellum is abnormal in various 

dystonia syndromes and can normalize after treatment (Avanzino and Fiorio, 2014; Dresel et al., 

2014; Hutchinson et al., 2000; Koch et al., 2014; Lehericy et al., 2013; Niethammer et al., 2011). 

On the other hand, patients with DYT1, the most common primary dystonia, have no major atrophy 

of the basal ganglia, substantia nigra, thalamus or cerebellum at autopsy although detailed 

stereological analyses are lacking (de Carvalho Aguiar and Ozelius, 2002; Furukawa et al., 2000; 

Hedreen et al., 1988; Holton et al., 2008; Kanovsky et al., 2015). This possibly reflects a difference 

in pathogenic process between progressive neurodegenerative diseases with dystonia compared to 

some of the primary dystonic syndromes. 
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Lesional pathology such as strokes or tumours can also cause dystonia. Dystonia occurring 

after an acquired lesion is referred to as secondary dystonia and can occur many months after 

discreet lesions in the basal ganglia (Bhatia and Marsden, 1994; Demierre and Rondot, 1983; 

Marsden et al., 1985). Cerebellar lesions occasionally also present as dystonia rather than ataxia 

or dysmetria (LeDoux and Brady, 2003; Lee and Marsden, 1994; Marsden et al., 1985; Meissner 

et al., 1987; Rantamäki et al., 2001; Rumbach et al., 1995; Zadro et al., 2008). Lastly, thalamic 

lesions have been linked to hemidystonia, hand dystonia, and cervical dystonia. In most of those 

cases, the lesions affected the paramedian or posterolateral thalamus but in a handful of cases 

dystonia began after midbrain infarct or ventroanterior/ventrolateral thalamotomy (Lee and 

Marsden, 1994; Marsden et al., 1985; Meissner et al., 1987; Rantamäki et al., 2001). Indeed, 

neurodegeneration in all three of these brain regions occurs in HD (GOEBEL et al., 1978; Heinsen 

et al., 1996; Rees et al., 2014; Reiner et al., 1988; Rub et al., 2013; Rub et al., 2015; Vonsattel and 

DiFiglia, 1998; Waldvogel et al., 2012) and is at least conceptually similar to what occurs in 

secondary dystonia syndromes. 

1.6 Animal Models of Dystonia 

Many genetic syndromes causing primary dystonia and various genetic mutations have 

been linked to them. However, few are highly penetrant and many are seen in only a handful of 

individuals (Breakefield et al., 2008; Kanovsky et al., 2015). This has led to much difficulty in 

developing animal models to study these syndromes as they often lack a robust dystonic phenotype 

upon which interventions can be tested (Breakefield et al., 2008). The first models arose 

spontaneously from animal colonies around the world although their phenotype may be more 

ataxic then dystonic (Duchen, 1976; Duchen et al., 1964; Messer and Strominger, 1980). With the 

advent of modern genetics, mouse models displaying a more convincing dystonic phenotype have 
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been created. The most commonly described dystonic phenotype in these models is “clasping” 

behaviour in which rodents have sustained or repetitive limb contractions towards the midline after 

being lifted in the air by their tail. This has good face validity as a surrogate for dystonia and is 

commonly accepted as such (Gernert et al., 2000; Jardim et al., 2001; Lalonde and Strazielle, 2011; 

Menalled et al., 2009; Neychev et al., 2011; Pappas et al., 2015; Samadi et al., 2013; Wilson and 

Hess, 2013). Furthermore, it is easily and reliably elicited in R6/2 and worsens throughout their 

lifespan making it is a useful behavioural phenotype to study in those animals.  

DYT 1 is the most common primary dystonia and is caused by a loss of function mutation 

in exon 5 of the TOR1A gene coding for the Torsin A protein (Kanovsky et al., 2015; Ozelius et 

al., 1997). Transgenic mice with mutations found in primary dystonic syndromes have good 

construct validity. Transgenic mice which express human or mouse mutated TorsinA are mildly 

hyperactive and have a dystonic clasping phenotype (Bao et al., 2010; Hewett et al., 2010; Hewett 

et al., 2007; Lange et al., 2011; Richter and Richter, 2014; Shashidharan et al., 2005; Song et al., 

2012; Uluğ et al., 2011). They also have decreased fractional anisotropy in 

cerebellothalamocortical and thalamostriatal connections suggesting disrupted network 

connectivity affecting those circuits (Ramdhani et al., 2014; Yang et al., 2014).  

Striatal microcircuitry in dystonia has been interrogated by several groups. Dystonia 

models have abnormal cholinergic interneuron excitation to thalamostriatal stimulation, 

paradoxical D2 receptor excitation of cholinergic neurons, decreased intrastriatal dopamine release 

secondary to altered cholinergic tone, inability of striatal neurons to undergo long-term depression 

and increased corticostriatal synaptic potentiation (Bao et al., 2010; Hewett et al., 2010; Hewett et 

al., 2007; Lange et al., 2011; Martella et al., 2014; Pisani et al., 2006; Richter and Richter, 2014; 

Sciamanna et al., 2012a; Sciamanna et al., 2012b; Shashidharan et al., 2005; Song et al., 2012; 
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Uluğ et al., 2011). The protein mutated in DYT 1, TorsinA, is enriched in normal striatal 

cholinergic neurons (Konakova et al., 2001). Other work indicates that thalamostriatal afferents 

also produce abnormal responses in DYT1 cholinergic neurons (Sciamanna et al., 2012b). These 

synaptic deficits may be a product of abnormal brain development as selective Torsin A forebrain 

knock out models have an early post-natal loss of cholinergic striatal interneurons and decreased 

striatal acetylcholine release and a clasping phenotype (Pappas et al., 2015). Although DYT1 

models have a good construct validity, they do not capture the breadth of motor pathology in 

dystonic syndromes and so may not provide a universal mechanistic understanding for this 

movement disorder.  

Many other models with a prominent dystonic clasping phenotype have been developed 

and recently reviewed (Eskow Jaunarajs et al., 2015; Hess and Jinnah, 2015; Lalonde and 

Strazielle, 2011; Lehericy et al., 2013; Neychev et al., 2011; Wilson and Hess, 2013). Some 

examples include : NP-3 striatal lesion models, transgenic HD models including R6/2, Hdh mice, 

BDNF forebrain knock out models, and mice with mutations in various cerebellar proteins (Baquet 

et al., 2004; Fernagut et al., 2002; Gernert et al., 2000; Hess and Jinnah, 2015; Jardim et al., 2001; 

Lalonde and Strazielle, 2007, 2011; Menalled et al., 2009; Neychev et al., 2011; Pappas et al., 

2015; Samadi et al., 2013; Wilson and Hess, 2013). These studies echo the pathophysiologic 

changes described in DYT 1 models such as: abnormal network connectivity, striatal synaptic 

plasticity, abnormal cholinergic responses to thalamostriatal afferents, dysregulated BDNF 

signaling and cerebellar pathology (Baquet et al., 2004; Nguyen et al., 2016; Picconi et al., 2006; 

Samadi et al., 2013; Tanimura et al., 2016).  

In summary, knock-in DYT 1 mice, HD models, and many other mouse models provide 

converging lines of evidence that aberrant cerebellar, thalamic and basal ganglia connectivity as 
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well as intrinsic striatal microcircuit pathology play a role in the development of a dystonic 

phenotype. These parts of the motor circuit namely the basal ganglia, thalamus and cerebellum 

have also been shown to be abnormal on in vivo imaging and in intraoperative recordings in 

patients suffering from dystonia (Avanzino and Fiorio, 2014; Blood et al., 2012; Dresel et al., 

2014; Galardi et al., 1996; Hutchinson et al., 2000; Koch et al., 2014; Lehericy et al., 2013; Mink, 

2018; Neumann et al., 2015; Niethammer et al., 2011; Ostrem and Starr, 2008; Semenova et al., 

2016).  

1.7 Hypotheses and Experimental Plan 

Afferent systems provide trophic support to both mature and immature striatal neurons 

through glutamatergic stimulation and anterograde trophic factor release (Baydyuk and Xu, 2014; 

Sadikot et al., 2005). Previous work has demonstrated that PF lesions in neonatal rats led to an 

increase in activated caspace-3, decreased BDNF on immunoblots and a 30% reduction in the 

number of neostriatal neurons in the post-apoptotic period (Sadikot et al., 2005). These findings 

are in keeping with the neurotrophic hypothesis of neural development whereby cell death due to 

limited concentrations of trophic factors at targets allows for the survival of the appropriate number 

of neurons (Luk et al., 2003; Luk and Sadikot, 2001, 2004; Sadikot et al., 1998). In the mature 

striatum, the neurotrophic effects of TS afferents are less well studied although no striatal cell loss 

has been reported in wildtype rodents undergoing PF lesions (Bacci et al., 2002; Bradfield and 

Balleine, 2017; Bradfield et al., 2013; Brown et al., 2010). However, this resistance to 

deafferentation may not apply to mature striatal neurons undergoing degeneration which may once 

again be dependent on afferents for survival (Hardingham, 2009; Hetman and Kharebava, 2006; 

Ikonomidou et al., 2000). 
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The CM-PF in primates or the parafascicular (PF) in rodents is a major source of 

glutamatergic afferents to the matrix sub-compartment of the neostriatal mosaic (Fujiyama et al., 

2006; Raju et al., 2006; Sadikot et al., 1992b). The PF also provides input to two major striatal 

interneuron subtypes implicated in HD: the cholinergic and PV positive interneurons (Lapper and 

Bolam, 1992; Rudkin and Sadikot, 1999; Sidibe and Smith, 1999). Ultrastructural studies in the 

heterozygous Q140 mouse model of HD suggest that early pathology of the thalamostriatal (TS) 

projection occurs prior to corticostriatal degeneration (Deng and Reiner, 2016; Deng et al., 2013). 

This early TS pathology is coexistent with degenerative changes in striatal cholinergic 

interneurons (Deng and Reiner, 2016).  

Early pathological changes in TS circuitry may have important implications for motor 

symptoms of HD. In particular, the pathogenesis of dystonia, a common symptom of HD (Louis 

et al., 2000; Louis et al., 1999), has been linked to thalamostriatal and striatal cholinergic 

interneuron dysfunction in various dystonia and HD models (Deng and Reiner, 2016; Heinsen et 

al., 1996; Pappas et al., 2015; Picconi et al., 2006; Tanimura et al., 2016).  

The R6/2 model, a transgenic mouse with approximately 125 CAG repeats in the N-

terminal portion of the mhtt gene (Mangiarini et al., 1996) is a well-studied model of HD (Menalled 

et al., 2009; Samadi et al., 2013). This model was used to test our hypotheses on the effects of 

thalamostriatal deafferentation in HD because of its progressive and stereotypical motor phenotype 

and because it reproduces many of the morphological and biochemical changes of HD including 

striatal degeneration (Menalled et al., 2009; Samadi et al., 2013).  

First Hypothesis 

The PF of R6/2 mice undergoes degeneration as was demonstrated in post-mortem studies 

of the CM-PF in HD (Heinsen et al., 1996). To test this hypothesis, we quantified the number of 
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PF neurons in in R6/2 and WT mice at different timepoints throughout the R6/2 lifespan using 

unbiased cell counting techniques on immunohistochemically stained brain slices.  

Second Hypothesis  

Thalamostriatal (TS) inputs provide trophic support to vulnerable striatal neurons in R6/2 

mice. To determine whether thalamic inputs to the striatum play a role in survival of striatal 

neurons, we assessed the effects of early TS lesions on striatal neurons in the R6/2 model by 

performing an unbiased stereological analysis of neuronal subpopulations at different timepoints 

after lesioning.  

Third Hypothesis 

Thalamostriatal-cholinergic interactions contribute to motor learning and action selection 

in the basal ganglia and dysfunction of either of these pathways will affect the motor phenotype of 

R6/2 mice. To test this hypothesis, a battery of behavioural assays which interrogated different 

aspects of motor function was performed in R6/2 and WT mice undergoing early unilateral PF 

lesions or early unilateral striatal cholinergic ablation using a cell-specific immunotoxin. The 

results of the experiments outlined in this section are presented in the following chapter.  
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2.1 Abstract 

Huntington’s disease (HD) is an autosomal dominant trinucleotide repeat disorder characterized 

by choreiform movements, dystonia and striatal neuronal loss. Amongst multiple cellular 

processes, abnormal neurotransmitter signalling and decreased trophic support from glutamatergic 

cortical afferents are major mechanisms underlying striatal degeneration. Recent work suggests 

that the thalamostriatal (TS) system, another major source of glutamatergic input, is abnormal in 

HD although its phenotypical significance is unknown. We hypothesized that TS dysfunction plays 

an important role in generating motor symptoms and contributes to degeneration of striatal 

neuronal subtypes. Our results using the R6/2   mouse model of HD indicate that neurons of the 

parafascicular nucleus (PF), the main source of TS afferents, degenerate at an early stage. PF 

lesions performed prior to motor dysfunction or striatal degeneration result in an accelerated 

dystonic phenotype and are associated with premature loss of cholinergic interneurons. The 

progressive loss of striatal medium spiny neurons and parvalbumin-positive interneurons observed 

in R6/2 mice is unaltered by PF lesions. Early striatal cholinergic ablation using a mitochondrial 

immunotoxin provides evidence for increased cholinergic vulnerability to cellular energy failure 

in R6/2 mice, and worsens the dystonic phenotype. The TS system therefore contributes to trophic 

support of striatal interneuron subtypes in the presence of neurodegenerative stress, and TS 

deafferentation may be a novel cell non-autonomous mechanism contributing to the pathogenesis 

of HD. Furthermore, behavioural experiments demonstrate that the TS system and striatal 

cholinergic interneurons are key motor-network structures involved in the pathogenesis of 

dystonia. This work suggests that treatments aimed at rescuing the TS system may preserve 

important elements of striatal structure and function and provide symptomatic relief in HD. 
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2.2 Introduction 

Huntington’s disease (HD) is a progressive autosomal dominant neurodegenerative 

disorder characterized by choreiform movements, dystonia and psychiatric symptoms (Louis et 

al., 1999; Vonsattel and DiFiglia, 1998). HD is caused by an abnormal expansion of CAG 

trinucleotides in exon 1 of the huntingtin gene (mhtt) with larger numbers of repeats leading to 

earlier age of onset and more severe symptoms (1993). Despite ubiquitous expression of mhtt, 

medium spiny projection neurons (MSNs) of the striatum are a major target for degeneration 

(Vonsattel and DiFiglia, 1998). Interneurons, which comprise a small proportion of all striatal 

neurons, were initially thought to be spared in HD (Ferrante et al., 1987a).  However recent work 

suggests that the density of GABAergic parvalbumin (PV) positive (Reiner et al., 2013) and 

cholinergic interneuron subtypes are reduced in HD (Massouh et al., 2008) with relative sparing 

of other interneuron groups (Cicchetti and Parent, 1996; Massouh et al., 2008; Reiner et al., 2013). 

Multiple pathophysiological mechanisms may explain the predilection for striatal neuronal loss 

including: hyperexcitability, loss of afferent-derived trophic support, immune cell activation, and 

diverse intracellular signaling abnormalities (Crotti et al., 2014; Dau et al., 2014; Fernandes et al., 

2007; Gladding et al., 2012; Li et al., 2003; Nguyen et al., 2016; Stack et al., 2007; Zhang et al., 

2008b; Zuccato et al., 2005).  

Loss of afferent-mediated trophic support contributes to neuronal loss in common 

neurodegenerative diseases, including Alzheimer’s disease (Coyle et al., 1983; Teipel et al., 2018) 

and Parkinson’s disease (Braak et al., 2003; Halliday et al., 1990). Trophic support from the major 

glutamatergic striatal afferent systems may also play an important role in HD.  In vivo imaging 

and autopsy studies suggest that the cerebral cortex atrophies in prodromal HD along with the 

striatum, and this atrophy is severe by late stages (Rosas et al., 2008; Vonsattel and DiFiglia, 1998). 
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Recent MRI studies indicate that the thalamus also undergoes significant atrophy in early disease 

(Kassubek et al., 2005). Post-mortem analysis indicates that the posterior intralaminar thalamus, 

or centromedian-parafascicular (CM-PF) complex, is an important target for degeneration in HD 

(Heinsen et al., 1996).  

The CM-PF in primates or the parafascicular (PF) in rodents is a major source of 

glutamatergic afferents to the striatum, specifically targeting MSNs of the matrix sub-compartment 

of the neostriatal mosaic (Fujiyama et al., 2006; Raju et al., 2006; Sadikot et al., 1992b). The PF 

also provides dense input to two major striatal interneuron subtypes implicated in HD: the 

cholinergic and PV positive interneurons (Lapper and Bolam, 1992; Rudkin and Sadikot, 1999; 

Sidibe and Smith, 1999). Recent ultrastructural studies in the heterozygous Q140 mouse model of 

HD suggest early pathology in the thalamostriatal (TS) projection prior to corticostriatal 

degeneration (Deng and Reiner, 2016; Deng et al., 2013). Further experiments show coexistent 

ultrastructural pathology of striatal cholinergic interneurons at early time-points in Q140 mice 

(Deng and Reiner, 2016). 

In order to determine whether thalamic inputs to the striatum play a critical role in survival 

of striatal neurons and in development of motor dysfunction in HD, we assessed the structural and 

functional effects of early PF lesions in an animal model of HD.  We used the R6/2 model, a 

transgenic mouse with approximately 125 CAG repeats in the N-terminal portion of the mhtt gene 

(Mangiarini et al., 1996). The R6/2 mouse is a well-studied model and reproduces many of the 

motor and morphological features of HD (Samadi et al., 2013).  Our results provide evidence for 

early degeneration of PF neurons prior to striatal neuron loss in the R6/2 model.  Early lesions of 

the TS in R6/2 mice result in an acceleration of clasping movements suggesting worsened dystonic 

behaviour.  PF lesions do not accelerate the time course of progressive loss of spontaneous 
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locomotion in an open field during the R6/2 lifespan. PF lesioned mice regardless of genotype 

show decreased exploration using the contralateral forelimb. Morphological analysis indicates that 

PF lesions do not alter the extent of degeneration of striatal projection neurons and PV neurons in 

R6/2 mice. In contrast, TS lesions in R6/2 mice lead to early degeneration of striatal cholinergic 

neurons. Finally, early unilateral striatal cholinergic ablation in R6/2 mice using cell-specific 

immunotoxins also leads to an increase in clasping suggesting an important link between TS inputs 

to cholinergic neurons and dystonia in HD.  

2.3 Materials and Methods 

2.3.1 Animals 

The behavioural experiments were performed using R6/2 mice and WT littermate mice 

from a colony maintained at the Facility for Neurological Disease Models of the Montreal 

Neurological Institute. Ovarian transplanted R6/2 females were obtained from a line maintained 

at The Jackson Laboratory and were crossed with males of the C6CBA background. CAG repeat 

lengths were sequenced and found to be between 119-125 for R6/2 mice and normal for WT 

littermates. 

2.3.2 Surgery and Lesion Verification 

All surgical procedures were performed in accordance with the Standard Operating 

Procedures (SOPs) for stereotaxic mouse surgery at McGill University. Twenty-eight day-old mice 

were anaesthetized using a ketamine and xylazine (Rompun, Bayer, USA) cocktail. Stereotactic 

lesions were made at coordinates corresponding to the PF (Bregma -2.20 mm, -3.3mm below the 

cortical surface, and 0.6 mm lateral to midline) (Franklin and Paxinos, 2008). A loop-shaped 

retractable leucotome (Sadikot et al., 2005) was inserted to the level of the PF, deployed to a radius 
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of 0.5 mm, rotated twice, closed and then retracted. Sham-lesioned animals underwent the same 

procedure except the leucotome was inserted 2.5 mm beneath the cortical surface but not deployed. 

Lesions were verified on Nissl stain or Nissl-NeuN using the 4X objective and the extent of each 

lesion was analyzed on images captured on tiled images (StereoInvestigator (v10, 

Microbrightfield, USA). Mice with lesions that either crossed the midline or with large lesions 

extending beyond the PF into the ventral thalamus were excluded. 

2.3.3 Saporin Injection and Verification of Striatal Effects 

Use of anti-ChAT  conjugated saporin toxins are well-described for selectively ablating 

cholinergic interneurons in the rodent striatum (Aoki et al., 2015). Using the same stereotactic 

techniques mentioned above, 28-day-old R6/2 and WT mice underwent unilateral, striatal 

injections with either anti-ChAT-saporin or anti-Rabbit IgG-saporin (ATS BIO, USA). The total 

volume and concentration of either saporin construct was the same (0.7 µL of 0.6 µg/µL solution). 

The approximate center of mass of the neostriatum was targeted (0.65 mm from Bregma, 2.6 mm 

from the cortical surface  and 2.15 mm lateral to midline)(Franklin and Paxinos, 2008). The toxin 

was infused at a rate of 0.1 µL /minute using an automated system (Pump 11 Elite, Harvard 

Apparatus, USA) through a 5 µL syringe (Hamilton 700 series, USA). Histological sections were 

immunostained for ChAT  protein and counterstained with cresyl violet allowing visualization of 

the needle tract, confirming injection placement in the neostriatum, and allowing unbiased 

stereological analysis of striatal cholinergic cell morphology. 

2.3.4 Behavioural Studies 

 All behavioural testing was performed during the first five hours of the light phase in a 

standard 12-h light–dark cycle (Wahlsten, 2011). Tests were performed at 4, 6, 9 and 11 wks ± 1 
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day (Appendix, Experimental Timeline), with  the open field and cylinder test at day 1, and the 

clasping test at day 2 (Wahlsten, 2011). 

Spontaneous Locomotion in Open Field 

Mice were placed in a four arena 50X50cm open field with infrared backlighting for one-

hour  (Samadi et al., 2013), and movements were videotaped using an overhead camera (Bailoo et 

al., 2010) and later analyzed using VideoTrack (Viewpoint, Montreal, Canada). Spontaneous 

voluntary locomotor activity was categorized as follows: inactivity or non-ambulatory movements 

(<1 cm/second), moderate speed (between 1 and 5 cm/second) or fast speed (>5 cm/second).  

Vertical exploratory behaviour 

Mice were placed in a plexiglass cylinder (diameter 20cm, height 30 cm) with two mirrors 

positioned behind the cylinder in order to ensure a 360-degree view of the animal’s forelimb wall 

touches. The session was video-recorded and the number of vertical contacts on the cylinder wall 

with the right paw, left paw or both paws simultaneously were scored on frame by frame analysis 

with the viewer blind to operative status and genotype.  

Clasping Score  

A tail suspension or clasping test was used to assess the development of dystonic forelimb 

contractions previously documented in the R6/2 mouse (Samadi et al., 2013; Stack et al., 2007). 

Mice were suspended by the tail at a height of at least 30 cm, for three trials lasting 30-seconds 

each, while limb movements were videotaped. Clasping was defined as a retraction of a limb 

toward the body. In order to provide a semi-quantitative index of abnormal involuntary 

movements, clasping at each limb was graded as: none=0, mild=0.25, moderate= 0.5, severe = 

0.75 by an observer blind to genotype. Clasping was rated as: “none” if the mouse did not retract 



44 
 

  

the limb towards the midline and “mild” if partial retraction of a limb occurred toward the midline 

but did not reach the midline, and the contraction was not sustained. “Moderate” clasping was a 

high-amplitude limb retraction to or beyond the midline that was not sustained, or partial limb 

retraction that was sustained for >5 consecutive seconds. “Severe” clasping was a high-amplitude 

limb retraction to  or beyond the midline sustained for >5 seconds. The score for the forelimbs and 

hindlimbs was summed making the maximum score 3. The average value of all three clasping 

trials was analyzed. 

2.3.5 Tissue Processing  

R6/2 mice and WT mice were deeply anesthetized and perfused transcardially with 0.9% 

heparinized saline followed by 4% paraformaldehyde in phosphate buffer (4% PFA) (0.1M, pH 

7.4) both at 4°C. Brains were removed, fixed in 4% PFA for 24 h then transferred to a phosphate 

buffered 30% sucrose solution for 24-48 hours. Brains were sectioned at 40 μm in the coronal 

plane with a freezing microtome. Free-floating sections were collected serially in six vials 

containing phosphate-buffered saline (PBS, 0.1M, pH 7.4). One set of sections was mounted out 

of distilled water onto glass slides, stained in 0.1% cresyl violet (Nissl stain) and coverslipped 

using Permount (Fisher Scientific, Whitby, ON, Canada). The remaining vials were immediately 

placed in buffered anti-freeze solution and stored at -20°C.  

2.3.6 Immunohistochemistry 

The following primary antibodies were used in these experiments: mouse anti- NeuN 

(Millipore, Etobicoke, Canada; MAB377, 1:1000), Rabbit anti-µ-opioid receptor (Immunostar, 

Hudson, USA; #24216; 1:8000), mouse anti-parvalbumin (Swant, Fribourg, Switzerland; #235; 

1:5000) and rabbit anti-ChAT  (Millipore; AB143; 1:600). Sections were removed from antifreeze, 
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rinsed six  times in PBS, and then incubated for one hour in a blocking solution (10% bovine serum 

albumin (BSA),  0.3 % Triton-X, 0.1M PBS, pH 7.4). Next the sections were incubated in primary 

antibody in PBS containing 0.1% Triton-X and either 2% BSA or 5% NGS for 24-48 hours at 4°C. 

After washes in PBS, sections were incubated in the following biotinylated secondary antibodies: 

horse anti-mouse IgG (Vector Laboratories, Burlingame, California, USA; BA-2000; 1:200), goat 

anti-rabbit IgG (Vector Laboratories; BA-1000; 1:200). Sections were washed once more in PBS 

and then incubated for 1 hour in 1:100 ABC elite kit (PK6100, Vector Laboratories). Antibody 

binding was revealed using 0.05% 3,3’-diaminobenzidsine (D5905, Sigma-Aldrich, Oakville, ON, 

Canada) in TBS (pH 7.6) and hydrogen peroxide (0.01%). All slices were then mounted out of 

distilled water onto slides, counterstained with 0.1% cresyl violet and coverslipped using 

Permount (SP15, Fisher Scientific). 

2.3.7 Unbiased Stereology 

An unbiased stereological probe, the optical fractionator (Gundersen et al., 1999), was used 

to estimate the number of neurons in the areas of interest. The stereology apparatus consisted of a 

light microscope (BX40, Olympus, Japan) coupled with a video camera (DC200, DAGE, USA), 

motorized X–Y stage (BioPoint XYZ, LEP, USA), Z-axis indicator (MT12 microcator, Germany), 

and a computer running Stereo Investigator software (v11.06.2, Microbrightfield, USA). The 

neostriatum was delineated according to previously defined boundaries (Samadi et al., 2013) using 

the mouse brain atlas of Paxinos and Franklin (Franklin and Paxinos, 2008) and a 4X objective. 

Rostral and caudal limits were determined by the first and last coronal sections with visible 

caudate–putamen (Bregma 1.7 mm to -2.0 mm) (Franklin and Paxinos, 2008). Every sixth serial 

histological section within this zone was examined (240 μm intervals). The dorsal, medial and 

lateral limits of the neostriatum are well defined in the mouse brain atlas (Franklin and Paxinos, 
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2008). The ventral limit of the striatum at the post-commissural part is well delineated on Nissl 

stains. At the pre-commissural levels, we delimit the dorsal striatum from the nucleus accumbens 

with a line that extends from above the ventral most part of the lateral ventricle medially, to the 

tapered external capsule laterally, at an angle of 25–30◦ below the axial plane (Sadikot and 

Sasseville, 1997; Samadi et al., 2013). The PF was delineated using the same mouse brain atlas 

(Franklin and Paxinos, 2008) using a 10X objective. All sections with a clearly distinguishable PF 

were delineated (Bregma -2.0mm to -2.5 mm) (Franklin and Paxinos, 2008). Every other section 

within the PF reference range was examined (80 μm intervals).  

Systematic random sampling of neurons was performed by randomly translating a grid onto 

the section of interest. At each intersection of grid lines an optical fractionator counting frame with 

exclusion lines was applied. A 150X150 μm grid size and a 60X60 μm counting frame was used 

for the PF neuron optical fractionator analysis (Gunderson CE (m=1) = 0.038 ± 0.001). A 300X300 

μm grid size and a 25X25 μm counting frame was used for optical fractionator analysis in the 

neostriatum (Gunderson CE (m=1) = 0.029± 0.001). A 250X250 μm grid size and a 70X90 μm 

counting frame was used for the parvalbumin interneuron optical fractionator analysis (Gunderson 

CE (m=1) = 0.064± 0.001). A 175X175 μm grid size and a 70X90 μm counting frame was used 

for the cholinergic interneuron optical fractionator analysis (Gunderson CE (m=1) = 0.080 ± 

0.003). All randomly assigned sample sites were then examined using a 100X objective (oil; 

numerical aperture, 1.3). Section thickness was assessed every ten counting sites using the Z-axis 

indicator (MT12 microcator, Germany). The top of the neuron was used as a unique identifier in 

all analyses. Neurons falling in the counting frame were counted only if they came into focus 

within a predetermined 8-μm-thick optical dissector positioned 1-μm above and below the surface 

of the mounted section as indicated by the Z-axis indicator. For the neostriatal mosaic analysis, 
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neurons were distinguished Nissl-stains based on cell diameter (>7 μm), and a lighter cytoplasm 

containing a dense nucleus (Samadi et al., 2013). 

Neuron soma area and volume of the PF and striatum were estimated using four-ray 

nucleator probe (Moller et al., 1990) or the Cavalieri probe (Gundersen et al., 1999) respectively. 

For the Cavalieri probe, a grid of 40X40 μm squares was randomly translated over the delineated 

structures of interest and markers were placed at the intersection of grid lines that fell within the 

delineated structure. Estimates of the total number of neurons, soma area and Cavalieri volume 

were calculated by the Stereo Investigator software (v10, Microbrightfield, USA). 

2.3.8 Statistical Analyses 

Normality was assessed prior to performing comparative tests using the Shapiro-Wilks test. 

An analysis of variance (ANOVA) was performed on normal data using the aov function in R 

(Team, 2018). Post hoc analysis of normal data consisted of a two-tailed, paired or unpaired t-test 

based on whether the samples were dependent or independent respectively. Post hoc tests on 

normal data were corrected for multiple comparisons using Tukey’s Honestly Significant 

Difference test (HSD). A non-parametric ANOVA was performed on non-normally distributed 

data or ordinal data using the art function from the ‘ARTool’ package (Wobbrock et al., 2011) in 

R. Post hoc analysis for non-parametric data included a two-tailed Mann-Whitney U-test or a 

Wilcoxon signed-rank test for independent and dependent samples respectively. Non-parametric 

post hoc tests were corrected for multiple comparisons using the Bonferroni correction. For 

behavioural tests, the main factors of the ANOVA were time as a within-subject factor, and 

genotype and lesion status as between-subject factors. The main ANOVA factors for 

morphological studies, genotype and lesion status were analyzed as independent groups. All data 
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are expressed as averages ± standard error of the mean (SEM). The SEM is represented graphically 

as error bars. P-values ≤0.05 were considered significant.  

2.4 Results 

2.4.1 The PF Degenerates in the R6/2 Model of HD 

 

To determine if the PF is susceptible to degeneration in HD, we quantified neuron numbers 

and soma size in the PF throughout the lifespan of the R6/2 mouse model using unbiased 

stereology. Application of the nucleator probe demonstrated that soma size of PF neurons was 

reduced in R6/2 mice compared to WT at 9 and 13 weeks (wks) (Fig. 1a, w (43) = 0.954, p = 0.086, 
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F(GenotypeXTime)4,33 = 1.45, p = 0.24, F(Time)4,33 = 3.85, p = 0.01, F(Genotype)1,33 = 8.46, 

p = 0.006, post hoc comparison: 9 wks p = 0.03 and 13 wks p = 0.01). Analysis using the optical 

fractionator probe revealed a significant 29% decrease in the number of PF neurons in R6/2 mice 

at 11 wks com- pared to WT (Fig. 1b, w (43) = 0.972, p = 0.37, F(GenotypeXTime)4,33 = 7.65, p 

= 0.00018, post hoc: 11 wks p = 0.00014; 13 wks p = 0.00015). Neuronal degeneration progressed 

at later timepoints, and by 13 wks the Cavalieri volume estimate of the PF was 31% smaller in 

R6/2 mice compared to WT at 13 wks (Fig. 1c-e, w (43) = .948, p = 0.05, F(GenotypeXTime)4,33 

= 3.34,  p = 0.021;  post hoc p = 0.0007). In summary, the main source of TS projections, the PF, 

shows an early reduction in neuronal size in R6/2 mice at 9 wks, followed by progressive neuronal 

loss at 11 and 13 wks of age. 
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2.4.2 The Effect of PF Lesions on Motor Behavior in R6/2 and WT Mice 

 

The open field test assesses spontaneous voluntary loco- motor activity [39]. To determine 

the  effect  of PF lesions on locomotor activity, R6/2 and WT mice were  placed  in an open field 

for one hour at 4, 6, 9 and 11 wks. In keeping with previous studies [34], we found a progressive 

increase in inactivity time over the R6/2 mouse lifespan starting at 6 wks in both sham-lesioned 

and lesioned groups compared   to their respective WT groups (Fig. 2a, f 

(TimeXGenotypeXLesion)3201 = 2.82, p = 0.04, post hoc all p < 0.02 for sham R6/2 mice vs. WT 

sham as of the 6-week time-  point). Lesioned R6/2 mice spent significantly less time resting at 6 
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wks compared to sham R6/2 mice  (p = 0.01), but not at later time-points. Periods of fast movement 

time reflected inactivity time, with progressive decrease in loco- motion in R6/2 compared to WT 

mice. There was a non- significant (p = 0.07) trend to increased locomotion  at  6 wks in lesioned 

compared to sham-lesioned R6/2 mice (Fig. 2b, f (TimeXGenotypeXLesion)3201 = 4.64, p = 

0.004). Thus, PF lesioned R6/2 mice progress to the same hypokinetic state with poverty of 

spontaneous voluntary movement as sham-lesioned counterparts. 

The cylinder test assesses exploratory vertical paw reaching limb asymmetry, a complex 

voluntary behav- iour requiring spatial sensorimotor coordination [45]. The number of paw 

touches on the walls of a cylinder were quantified during a five-minute session in PF lesioned and 

sham-lesioned WT and R6/2 mice at 4, 6, 9 and 11 wks. A significant reduction in the percent of 

contralateral limb touches occurs at all post-operative  ages after PF lesions in both WT and R6/2 

mice com- pared to sham counterparts (Fig. 2c, f (TimeXGenotypeXlesion)3167 = 0.43, p = 0.73, 

F(TimeXLesion)3167 = 13.4, p < 0.00001; F(TimeXGenotype)3167 = 4.82, p = 0.003, post hoc 

all p < 0.001). Thus, both R6/2 and WT mice preferentially explored vertical cylinder space with 

the ipsilateral limb following PF lesions. 

The tail suspension test or clasping test is  a  widely used method for eliciting dystonic 

movements  in  HD  and dystonia mouse models [34, 46, 47]. To determine if PF lesions affect the 

clasping phenotype, mice were tested prior to lesions and at three post-operative time- points. R6/2 

mice had a worsening in dystonic clasping behaviour with aging in both sham and lesion  groups 

with a significant increase in limb clasping in R6/2 mice at 6 wks following PF lesions compared 

to sham-  lesioned R6/2 mice (Fig. 2d, f (TimeXGenotypeXLesion)3210 = 26.63, p < 0.00001, 

post hoc: 6-week R6/2 sham vs 6-week R6/2 lesion p = 0.00008). Virtually none of the WT mice 
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exhibited clasping and  PF lesions  did not induce dystonic behaviour in this group. Thus, PF 

lesions significantly worsen the clasping phenotype in R6/2 mice. 
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2.4.3 Striatal Morphology After Early PF Lesions 
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Previous work in R6/2 mice using unbiased stereology on Nissl stained sections 

demonstrates that significant striatal cell loss and atrophy occurs at 11 and 13 wks [34]. To 

determine if the PF has a trophic role for striatal neurons faced with degenerative stress in HD, we 

quantified the number and soma size of striatal neurons at 11 and  13 wks following PF lesions at 

4 wks of age. Since the posterior intralaminar nuclei preferentially afferent the matrix compartment 

of the striatal mosaic [25–27], neurons of the striosome and matrix compartments were analyzed 

separately using μ-opiate receptor (MOR) as a marker of striosomes. 

The number of matrix neurons in R6/2 mice undergoes a significant and progressive 

reduction over time com- pared to WT mice, and there is no effect of PF lesions (Fig. 3b, w(23) = 

0.967, p = 0.72, F(GenotypeXLesion)2,17 = 0.49, p = 0.62, F(Lesion)1,17 = 0.27, p = 0.61, 

F(Genotype)2,17 = 23.45, p = 0.00001. post hoc: WT vs 11 wks R6/ 2, p = 0.03, WT vs 13 wks 

R6/2, p = 0.0002, 11 wks R6/2 vs 13 wks R6/2, p = 0.003). As with neuronal counts, there is a 

significant reduction in the soma area in R6/2 mice at 11 and 13 wks compared to WT, with no 

effect of PF lesions (Appendix: Figure S1, W(23) = 0.981, p = 0.90, F(GenotypeXLesion)2,17 = 

2.82, p = 0.09, F(Genotype)2,17 =48.78, p < 0.00001, F(Lesion)1,17 = 1.13, p = 0.30).  

The number of neurons in striosomes is significantly reduced in R6/2 mice compared to 

WT at 13 wks, but not at 11 wks. PF lesions did not alter striosome neuron number in any group 

(Appendix: Figure S2, W(23) = 0.986, p = 0.63 F(GenotypeXLesion)2,17 = 0.31, p = 0.74, 
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F(Lesion)1,17 = 1.00, p = 0.33, F(Genotype)2,17 = 10.65, p = 0.001). Striosomal soma area was 

significantly decreased in 11 and 13 week old R6/2 mice compared to WT but there was no 

significant effect of PF lesions (Appendix: Figure S3, W(23) = 0.963, p = 0.5362, 

F(GenotypeXLesion)2,17 = 0.69, p = 0.51, F(Genotype)2,17 = 43.06, p < 0.00001, F(Lesion)1,17 

= 4.97, p = 0.04). In summary, striatal neuronal loss occurs in R6/2 mice with onset in the matrix 

compartment, followed by loss in both compartments at late time-points. However, striatal 

projection neuron loss is not altered in either compartment by early PF lesions. 

To determine if TS afferents sustain PV striatal interneurons in the face of degenerative 

stress [48], neurons were quantified by unbiased stereology in R6/2 mice at 11 and 13 wks 

following PF lesions at 4 wks. There is a significant and progressive reduction in the number of 

PV+ neurons in both PF lesioned and sham-lesioned R6/2 mice at 11 and 13 wks compared to WT. 

However, PF lesions did not alter PV+ interneuron number (Fig. 3c, w (24) = 0.965, p = 0.56, 

F(GenotypeXLesion)2,18 = 0.97, p = 0.40, F(Lesion)1,18  = 0.017,  p = 0.90,  F(Genotype)2,18  

= 34.36, p < 0.00001, post hoc: WT vs 11 wks R6/2, p = 0.02; WT vs 13 wks R6/2, p = 0.0002; 

11 wks R6/2 vs 13 wks R6/2, p = 0.0003). Furthermore, PV+ soma area was reduced with age in 

R6/2 mice, without an additional effect of PF lesions (Fig. 3d, w (24) = 0.978, p = 0.86, 

F(GenotypeXLesion)2,18 = 0.86, p = 0.44; F(Lesion)1,18 = 0.42, p = 0.53, F(Genotype)2,18 = 

16.72, p = 0.00008, post hoc: WT vs 11 week p = 0.003; WT vs 13 week R6/2 p = 0.0002). Thus, 

PV+ cells undergo progressive atrophy and cell loss in R6/ 2 mice at late stages, but this 

degeneration is not affected by TS deafferentation. 

The TS is the predominant source of glutamatergic input to striatal cholinergic interneurons 

[30, 49–52] and modulates their physiology [53]. To determine if loss of trophic support from the 

TS system alters  striatal  cholinergic neuron survival in R6/2 mice, we quantified choline acetyl- 
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transferase (ChAT) + cell number and soma size at 11 and 13 wks following PF lesions at 4 wks. 

Compared to WT mice,  sham-lesioned R6/2 mice show a relative resistance  to cholinergic neuron 

loss compared to MSNs or PV+ interneurons, with detectable reduction in numbers  occurring at 

13 wks, but not at 11 wks (Fig. 3e, w (25) = 0.982, p = 0.92, F(GenotypeXLesion)2,19 = 5.81, p 

= 0.01, post hoc: WT sham vs 13 wks R6/2 sham p = 0.0005; 11 wks R6/2 sham vs 13 wks R6/2 

sham p = 0.005). PF lesioned R6/2 mice show accelerated loss of cholinergic neurons by 11 wks 

compared to both PF lesioned WT mice and sham-treated R6/2 mice, with further neuronal loss 

noted in PF lesioned R6/2 mice at 13 wks (Fig. 3e, post hoc: WT lesion vs 11 week R6/2 lesion, p 

= 0.002; WT lesion vs 13 wks R6/2 lesion, p = 0.0001; 11 wks R6/2 lesion vs 13 wks R6/2 lesion, 

p = 0.0002; 11 week R6/2 lesion vs 11 wks R6/2 sham p = 0.03, 13 wks R6/2 lesion vs 13 wks 

R6/2 sham, p = 0.0002). PF lesions did not induce cholinergic cell loss in WT mice. Thus, 

cholinergic degeneration occurs at a very late time- point in sham R6/2 mice (13 wks) while PF 

lesioned R6/2 mice show an accelerated cholinergic cell loss  at 11 wks that progresses at 13 wks. 

Cholinergic soma area is also reduced at 13 wks in R6/2 compared to WT mice. PF lesions 

in R6/2 mice are associated with a further decrease in soma area beginning at 11 wks, which 

progresses by 13 wks (Fig. 3f, w (25) = 0.98, p = 0.90, F(GenotypeXLesion)2,19 = 3.36, p = 0.05, 

post hoc: WT sham vs 13 wks R6/2 sham p = 0.003; 11 wks R6/ 2 sham vs 13 wks R6/2 sham p = 

0.02; WT lesion vs 11 wks R6/2 lesion, p = 0.009; WT lesion vs 13 wks R6/2 lesion p = 0.0002; 

11 wks R6/2 lesion vs 13 wks R6/2 lesion p = 0.04). In summary, there is more severe cholinergic 

neuron atrophy in PF lesioned R6/2 mice compared to sham-lesioned R6/2 mice at 11 wks (p = 

0.003), with further atrophy noted at 13 wks. 
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2.4.4 Cholinergic Interneuron Loss Following Intrastriatal Injection of Immunotoxin 

 

To determine if cholinergic neuron loss is associated with changes in motor phenotype, 

anti-ChAT conjugated saporin toxins were used to selectively ablate striatal cholinergic 

interneurons. Mice received intrastriatal injections of either anti-ChAT-saporin or Rabbit IgG-

saporin at 4 wks of age and were euthanized at 11 wks (Fig. 4). There was a large reduction in the 

number of cholinergic neurons assessed using unbiased stereology in  both  R6/2  and  WT  mice  

injected with anti-ChAT-saporin (Fig. 5, W(14) = 0.895 p = 0.09, F(GenotypeXSaporin)1,10 = 

8.08, p= 0.02; post hoc: anti-ChAT- saporin  WT vs Rabbit-IgG  -saporin  WT:  p = 0.0003, anti-

ChAT-saporin R6/2 vs Rabbit IgG-saporin  R6/2: p = 0.0002). The reduction in cholinergic 
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number in anti-ChAT -saporin injected R6/2  mice  was  greater than in anti-ChAT-saporin injected 

WT mice (p = 0.004).  

 

Soma size of the surviving cells was not different among the four groups (Appendix: Figure 

S4, W(14) = 0.944 p = 0.4754, F(GenotypeXSaporin)1,10 = 0.46, p = 0.51, F(Genotype)1,10 = 

3.28, p = 0.10, F(Saporin)1,10 = 0.23, p = 0.64). Thus, an intrastriatal anti-ChAT-saporin injection 

was effective in eliminating a substantial proportion of striatal  cholinergic  neurons in both WT 

and R6/2 mice. Moreover, striatal cholinergic neurons were significantly more vulnerable to the 

cholinergic immunotoxin in R6/2 compared to WT mice. 
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2.4.5 The Effect of Striatal Cholinergic Ablation on Motor Behavior in R6/2 and WT Mice 

 

To determine the effect of striatal cholinergic ablation on spontaneous locomotor activity, 

anti-ChAT-saporin or Rabbit-IgG-saporin injected R6/2 and WT mice were placed in an open field 

for one hour at 4, 6, 9 and 11 wks. Compared to WT mice, R6/2 mice showed a decrease in 
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spontaneous locomotion as revealed by increased time spent resting in an open field at 6,9 and 11 

wks, with no effect of anti-ChAT-saporin injection (Fig. 6a, f (GenotypeXSaporinXTime)  3120 

= 2.50,  p = 0.06,  F(GenotypeXTime) 3120 = 13.8, p < 0.0001, post hoc: R6/2 vs WT after 6 wks, 

all p < 0.005). Decreased time spent on fast activity reflected the rest time results (Fig. 6b 

F(TimeXGenotypeXSaporin) 3120 = 2.77, p = 0.04; post hoc WT vs R6/2 after 6 weeks all p < 

0.005, post hoc: all comparisons within genotype for Rabbit-IgG-saporin vs anti-ChAT- saporin 

were not significant). Thus, striatal cholinergic ablation does not affect spontaneous voluntary 

locomotor behaviour of R6/2 and WT mice. 

The cylinder test assessing limb use asymmetry while performing vertical exploration 

revealed  no  differences in paw reaching for either of the saporin treated groups (Fig. 6c, w (60) 

= 0.974 p = 0.2354, F(GenotypeXSaporinXTime)3142 = 0.33, p = 0.80, 

F(GenotypeXSaporin)1142 = 0.001, p = 0.80, F(TimeXSaporin)3142 = 0.14, p = 0.94, 

F(TimeXGenotype)1142 = 0.51, p = 0.67). Thus, unilateral striatal cholinergic ablation does not 

induce a paw preference during voluntary movement in  either  R6/2  or  WT mice. 

To determine if cholinergic ablation affected the development of the dystonic phenotype 

in R6/2 mice, limb clasping was assessed at 4, 6, 9 and 11 weeks. Dystonic clasping behaviour 

with aging worsened in R6/2 mice in both anti-ChAT-saporin and Rabbit IgG-saporin treated 

groups. There was a significant increase in clasping at 6 wks in anti-ChAT-saporin treated R6/2 

mice compared to control anti-Rabbit IgG-saporin treated R6/2 mice (Fig. 6d, f 

(TimeXGenotypeXSaporin)3114 = 4.31, p = 0.006; post hoc: 6-week anti-chat saporin R6/2 vs 6-

week control anti-Rabbit IgG-saporin R6/2 p = 0.04). Both anti-ChAT-saporin and Rabbit-IgG-

saporin injected WT mice exhibited virtually no clasping behaviour. Thus, striatal cholinergic 

ablation significantly accelerates the development of a dystonic phenotype in R6/2 mice. 
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2.5 Discussion 

Dysfunctional striatal afferents may play an important role in mechanisms leading to motor 

symptoms of HD (Deng and Reiner, 2016; Deng et al., 2013; Heinsen et al., 1996; Tanimura et al., 

2016). Here we demonstrate that the major source of thalamostriatal (TS) projections, the CM-PF 

complex in primates or the PF in rodents, degenerates in the R6/2 mouse model of HD.  

Furthermore, depriving the R6/2 striatum of TS inputs prior to onset of motor signs results in an 

acceleration of dystonic involuntary movements. Complex voluntary motor behaviours such as 

spontaneous paw reaching are also impaired following TS deafferentation in R6/2 compared to 

WT mice.  The time course of worsening of spontaneous locomotion in an open field is not altered 

after unilateral TS lesions. Morphological analysis of degenerating striatal neurons indicates that 

the cholinergic interneuron subtype is especially vulnerable to TS denervation in the R6/2 mouse. 

In contrast, the time course of loss of MSNs and parvalbumin-positive interneurons is unaltered 

following PF lesions in R6/2.  Finally, induction of striatal cholinergic loss in the R6/2 striatum 

using immunotoxins reproduces the acceleration of dystonia seen after TS denervation in R6/2 

mice, suggesting that abnormal TS-cholinergic interactions are an important contributor to the 

dystonia phenotype in HD. 

2.5.1 The Role of Afferents in Loss of Striatal Neurons in HD 

In HD, mhtt protein is expressed throughout the organism, but the striatum is especially 

vulnerable to degeneration (Vonsattel and DiFiglia, 1998). Striatal neurons are likely lost due to 

multiple cell autonomous mechanisms (Crotti et al., 2014; Fernandes et al., 2007; Gladding et al., 

2012; Li et al., 2003; Nguyen et al., 2016; Zhang et al., 2008b). Striatal afferents may contribute 

to cell non-autonomous mechanisms of neuron dysfunction or death by loss of anterograde 

neurotrophic support (Gharami et al., 2008; Xie et al., 2010; Zuccato et al., 2005), excitotoxicity 
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related to abnormal ionotropic receptor signaling (Li et al., 2003; Milnerwood et al., 2012; 

Shehadeh et al., 2006; Zeron et al., 2002) or abnormal synaptic transmission (Deng and Reiner, 

2016; Ikonomidou et al., 2000).   

Glutamatergic afferents from the cerebral cortex to the striatum may participate in neuronal 

loss in HD by inducing excitotoxicity (Li et al., 2003; Milnerwood et al., 2012; Shehadeh et al., 

2006; Zeron et al., 2002).  Depriving the HD striatum of cortical afferents in the R6/2 model using 

lesions restricted mainly to the motor cortex appears to protect neurons sampled from the 

dorsolateral striatum from atrophy, although neuronal counts were not available (Stack et al., 

2007). These lesioned mice also showed reduced clasping (Stack et al., 2007), a finding that may 

be confounded by pyramidal effects from lesioning the motor cortex. An excitotoxic role for 

corticostriatal (CS) glutamatergic afferents on striatal MSNs in HD was suggested. This is in 

keeping with previous work by several groups indicating that aberrant calcium signaling through 

extra-synaptic NMDA receptor (NMDAR) stimulation and increased sensitivity of NMDARs is 

linked to MSN excitotoxicity in HD (Dau et al., 2014; Fernandes et al., 2007; Gladding et al., 

2012; Li et al., 2003; Milnerwood et al., 2012; Shehadeh et al., 2006; Zeron et al., 2002; Zhang et 

al., 2008b). On the other hand, CS afferents are potentially protective for MSNs, an effect that may 

be mediated by synaptic glutamatergic mechanisms (Hardingham and Bading, 2010; Kaufman et 

al., 2012) or by anterograde neurotrophin-related effects (Gharami et al., 2008; Sadikot et al., 2005; 

Samadi et al., 2013; Xie et al., 2010; Zuccato and Cattaneo, 2009).  

In comparison to the cerebral cortex, relatively little is known of the role of the other major 

source of glutamatergic striatal afferents, the posterior intralaminar nuclei, in mechanisms of 

striatal dysfunction in HD. In vivo imaging of patients demonstrates that thalamic atrophy occurs 

early in the course of HD (Kassubek et al., 2005), and autopsy studies provide evidence for 
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significant loss of CM-PF neurons (Heinsen et al., 1996). Ultrastructural evidence from the Q140 

heterozygous mouse model of HD provides morphological evidence of early TS dysfunction, since 

TS synapses on MSNs are lost by one month, whereas loss of corticostriatal synapses is observed 

relatively late, at one year (Deng et al., 2013). Recent work in 9-12 week old R6/2 mice also 

suggests abnormal morphology of TS inputs (Parievsky et al., 2017).  The present work 

demonstrates that PF neurons, the main source of TS inputs, are lost in R6/2 mice coincident with 

the onset of detectable neurodegenerative changes in the neostriatum on Nissl stains (Samadi et 

al., 2013). Indeed. PF neuron atrophy is already detected 9 weeks, prior to significant striatal 

neuronal loss. There is progressive loss of PF neurons at 11 and 13 wks correlating with worsening 

dystonia and other locomotor deficits. Interestingly, the early significant reduction of average 

neuronal soma size at 9 wks is followed by apparent normalization of average soma size at 11 wks. 

Neuronal loss and average cell size do not necessarily correlate. Indeed, as degeneration 

progresses, it is expected that neurons with decreased cell size will be lost preferentially. As a 

result, there would be a relative abundance of larger neurons with apparent normalization of cell 

size. With further progression of degeneration, the remaining neurons that were initially spared 

also degenerate resulting in the observed reduction in soma area at 13wks. Alternatively, the 

degenerating PF neurons may represent a specific subpopulation. For example, different cellular 

subpopulations within the mouse PF may provide preferential inputs to MSNs or striatal 

cholinergic interneurons (Tanimura et al., 2019). It would be of interest to determine whether 

specific subpopulations degenerate in post-mortem HD brains and in HD models.   

Another important differentiating factor between glutamatergic striatal afferents is that 

physiological studies in slice preparations indicate that the PF preferentially elicits NMDA 

currents in MSNs while CS afferents evoke a higher proportion of AMPA- mediated post-synaptic 
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currents (Ellender et al., 2013; Raju et al., 2006). The apparently larger contribution of NMDA 

mediated post-synaptic currents from PF inputs compared to CS afferents (Ellender et al., 2013; 

Raju et al., 2006), may suggest a differential role for the TS or CS in excitotoxicity (Kolodziejczyk 

and Raymond, 2016; Parievsky et al., 2017). Differential inputs to patch and matrix compartments 

that comprise the striatal mosaic may provide a clue to differences in thalamic or cortical-derived 

afferent effects on MSN survival in HD. Unlike the cerebral cortex which innervates all MSNs, 

the PF provides dense afferents almost exclusively to the matrix compartment of the striatum 

(Fujiyama et al., 2006; Raju et al., 2006; Sadikot et al., 1992b). Therefore, potential excitotoxicity 

from the PF would be expected to have differential effects on MSNs in either compartment. 

Alternatively, TS afferents may also provide a sustaining role for vulnerable striatal neurons in 

HD (Samadi et al., 2013), analogous to their trophic role in normal striatal development(Sadikot 

et al., 2005).  Indeed, BDNF is enriched in PF neurons (Conner et al., 1997; Sadikot et al., 2005), 

and there is an early reduction in BDNF mRNA in striatal afferents including in the PF of R6/2 

mice (Samadi et al., 2013). Furthermore, the ability to activate striatal TrkB receptors in the R6/2 

striatum is impaired (Nguyen et al., 2016). Importantly, the present findings indicate that early TS 

lesions in R6/2 mice have no significant effect on MSN size or number using unbiased stereology 

performed separately on either patch or matrix compartments of sham and lesioned R6/2 mice. 

These findings suggest that loss of projection neurons in HD likely involves a complex interplay 

between neurotrophic, excitotoxic and cell autonomous mechanisms, and loss of glutamatergic TS 

afferents is not a major factor determining survival of MSNs in the HD striatum.  

2.5.2 Vulnerability of Specific Interneuron Subtypes 

Although striatal interneuron subtypes comprise only 5-10% of the striatal population, they 

are  important modulators of striatal function in health and disease states (Aoki et al., 2015; 
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Bradfield and Balleine, 2017; Bradfield et al., 2013; Ding et al., 2010; Gernert et al., 2000; 

Gonzales and Smith, 2015; Kimura et al., 2004; Nakano et al.; Nanda et al., 2009; Reiner et al., 

2013; Tepper and Bolam, 2004). Striatal interneurons include cholinergic neurons, and 

GABAergic subtypes that express somatostatin, parvalbumin, or calretinin (Tepper and Bolam, 

2004). Striatal interneurons modulate MSNs via local synapses, and also at a distance across 

patch/matrix boundaries (Kawaguchi, 1992; Penny et al., 1988). In rodents, the PF contributes 

only a small proportion of excitatory synapses to striatal PV neurons (Nakano et al.; Rudkin and 

Sadikot, 1999). In contrast,  striatal PV interneurons receive dense asymmetric inputs from the 

cerebral cortex (Nakano et al.; Ramanathan et al., 2002b) suggesting they may be more sensitive 

to pathological changes affecting the cortex rather then the PF in HD. Early work suggested that 

striatal PV interneurons may be spared in HD, (Harrington and Kowall, 1991) but more recent 

findings in autopsied HD brains indicate an important reduction in PV interneurons (Reiner et al., 

2013). The present results provide stereological evidence for a decrease in soma size and number 

of striatal PV interneurons in the R6/2 model of HD. Early PF lesions in the R6/2 model do not 

accelerate the time course of degeneration of PV interneurons.  As with MSNs, degeneration of 

PV neurons is likely due to a combination of cell autonomous and non-autonomous mechanisms 

(Giampa et al., 2009; Simmons et al., 2013), but the TS projection does not play a major survival 

role for PV interneurons in the face of neurodegenerative stress in HD.  

Cholinergic interneurons make up 1% of all striatal neurons, synapse on most MSNs and 

other interneurons, and modulate dopaminergic, and glutamatergic terminals in the striatum 

(Gonzales and Smith, 2015). Ultrastructural studies indicate that the predominant glutamatergic 

input to cholinergic interneurons is from the posterior intralaminar nuclei in rodents and monkeys 

(Bennett and Bolam, 1994; Bolam et al., 1984; Doig et al., 2014; Lapper et al., 1992; Sidibe and 
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Smith, 1999). Although physiological and viral-based tracing studies (Guo et al., 2015; Wilson et 

al., 1990) suggest that cholinergic interneurons may receive cortical input, there is little 

ultrastructural evidence for inputs from the cerebral cortex in rodents (Lapper and Bolam, 1992). 

Classically, cholinergic interneurons were thought to be spared in HD (Ferrante et al., 1987a). 

However, recent evidence points to significant striatal cholinergic dysfunction in HD patients, 

including reduced synthetic and vesicular proteins (Smith et al., 2006; Suzuki et al., 2001), and 

decreased ChAT + cell numbers (Massouh et al., 2008). Several electrophysiological studies have 

shown abnormal cholinergic responses to afferent stimulation and decreased acetylcholine release 

in slice preparations in R6/2 or Q175 mouse models (Farrar et al., 2011; Picconi et al., 2006; 

Tanimura et al., 2016; Vetter et al., 2003). In the R6/1 mouse model of HD, striatal vesicular 

choline acetylcholine transporter and ChAT mRNA and protein concentrations are reduced in 

tissue lysates, and mhtt aggregates accumulate in cholinergic neurons (Smith et al., 2006). 

Ultrastructural evidence in the Q140 mouse model of HD indicates that striatal cholinergic 

interneurons have a decreased number of TS synapses, reduced cell diameter and fewer dendritic 

branches (Deng and Reiner, 2016).  In keeping with this work, ex vivo brain slices derived from 

the Q175 mouse model of HD show decreased synaptic facilitation at cholinergic targets in 

response to PF stimulation (Tanimura et al., 2016). The present results from R6/2 mice suggest 

that neuronal degeneration in the PF occurs early in the course of HD, and therefore contributes to 

loss of TS synaptic integrity and function (Parievsky et al., 2017). The observed loss of PF neurons 

precedes cholinergic neuron atrophy and cell loss which normally only occurs at late timepoints 

suggesting a relative resistance of cholinergic neurons to degeneration in HD. Early PF lesions 

accelerate the atrophy and loss of cholinergic neurons in R6/2 mice, suggesting that these neurons 



67 
 

  

are especially dependent on sustaining thalamic input in the face of mhtt related neurodegenerative 

stress.  

Multiple mechanisms may underlie the differential vulnerability of striatal cholinergic 

interneurons to TS deafferentation compared to other striatal populations. The fact that the 

glutamatergic TS system provides more prominent input to cholinergic interneurons (Bennett and 

Bolam, 1994; Bolam et al., 1984; Lapper et al., 1992; Sidibe and Smith, 1999) compared to PV 

interneurons (Nakano et al.; Rudkin and Sadikot, 1999) may explain their sensitivity to TS 

deafferentation in R6/2 mice through both glutamatergic and trophic factor receptor mechanisms. 

For example, cholinergic interneurons express lower levels of ionotropic NMDA-2A and 

metabotropic GluR1/5 glutamate receptors (Tallaksen-Greene et al., 1998) then other striatal cell 

types, but maintain high NMDA-2B expression (Kuppenbender et al., 2000; Landwehrmeyer et 

al., 1995; Standaert et al., 1999). Signaling from mGLUR5 and synaptic NMDA receptors enriched 

in NMDA-2A subunits can stabilize mitochondrial membranes and promote cell survival, 

(Hardingham and Bading, 2010; Kaufman et al., 2012) while neurotoxic extrasynaptic NMDA 

receptors rich in NMDA-2B subunits contribute to mitochondrial failure and cell death in MSNs 

in various HD models (Dau et al., 2014; Gladding et al., 2012; Hardingham and Bading, 2010; 

Ikonomidou et al., 2000; Milnerwood et al., 2012; Zeron et al., 2002; Zhang et al., 2008b). In 

keeping with this evidence, the present in vivo results demonstrate striatal cholinergic interneurons 

in R6/2 mice are more susceptible to a mitochondrial toxin than WT neurons suggesting that they 

are more vulnerable to cellular energy failure.  

In addition to glutamatergic modulation of cell death, neurotrophins may also play an 

important role in cholinergic neuron vulnerability to TS loss in HD.  The neurotrophin brain-

derived neurotrophic factor (BDNF) promotes forebrain cholinergic neuron maintenance, growth 
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(Martinez-Serrano et al., 1996), and survival (Larsson et al., 1999; Lucidi-Phillipi et al., 1995). In 

particular, ChAT+ striatal neurons express both TrkA and TrkB receptors (Richardson et al., 2000; 

Steininger et al., 1993) and contain BDNF protein (Fusco et al., 2003). Given that the striatum 

lacks BDNF mRNA (Altar et al., 1997; Conner et al., 1997; Lein et al., 2007; Malkovska et al., 

2006; Schmidt-Kastner et al., 1996; Zuccato et al., 2001), the BDNF protein in ChAT+ cells may 

derive from post-synaptic internalization and endosomal trafficking of BDNF released from 

afferents (Ayloo et al., 2017; Braunstein et al., 2010; Cohen et al., 2011; Kononenko et al., 2017; 

Liot et al., 2013; Moya-Alvarado et al., 2018; Sasi et al., 2017). Endosomal trafficking of 

TrkB/BDNF complexes towards the soma provides trophic support to neurons, is regulated by htt 

and is reduced in the presence of mhtt (del Toro et al., 2006; Gauthier et al., 2004; Liot et al., 2013; 

Numakawa et al., 2010; Zheng et al., 2008). Since a higher proportion of cholinergic neurons 

express htt compared to other striatal subpopulations (Fusco et al., 1999; Fusco et al., 2003), they 

may be especially vulnerable to loss of BDNF.  Importantly, the TS system is the main source of 

glutamatergic afferents to cholinergic neurons (Bennett and Bolam, 1994; Bolam et al., 1984; Doig 

et al., 2014; Lapper et al., 1992; Sidibe and Smith, 1999) is enriched in BDNF mRNA (Conner et 

al., 1997; Samadi et al., 2013), and PF lesions reduce striatal BDNF-TrkB signaling in neonatal 

rodents (Sadikot et al., 2005).  The PF may therefore contribute to the relative resistance to 

degeneration of cholinergic neurons. Loss of BDNF following PF lesions or degeneration in HD 

may make cholinergic neurons more vulnerable to degeneration in HD.  

2.5.3 Implications of Thalamostriatal and Cholinergic Dysfunction for Dystonia and HD 

Dystonia can be a motor feature of both hypokinetic and hyperkinetic disorders including 

primary and secondary dystonic syndromes, and other neurodegenerative diseases (Marsden, 

1976; Neychev et al., 2011; Phukan et al., 2011). Secondary dystonia can occur following lesions 



69 
 

  

in different parts of the thalamic, cerebellar or basal ganglia network (LeDoux and Brady, 2003; 

Lee and Marsden, 1994; Marsden et al., 1985; Meissner et al., 1987; Rumbach et al., 1995; Zadro 

et al., 2008). Dystonia is also a common symptom in HD, and worsens with disease progression, 

but appears not to correlate with chorea or bradykinesia (Louis et al., 1999). Clasping behaviour 

is considered a surrogate for dystonia in rodent models as it mimics the sustained muscle 

contractions and abnormal postures seen in humans (Marsden, 1976). Clasping behaviour occurs 

in many animal models of HD and primary dystonia (Gernert et al., 2000; Pappas et al., 2015; 

Samadi et al., 2013; Wilson and Hess, 2013). Furthermore, clasping behavior is well studied in the 

R6/2 mouse and worsens significantly as the model progresses (Samadi et al., 2013), similar to the 

age related increase in dystonia seen in HD patients (Louis et al., 1999).  

Basal ganglia, cerebellar, brainstem and cortical dysfunction are proposed in both human 

dystonia and in the many animal models exhibiting clasping behaviours reminiscent of dystonia 

(Eskow Jaunarajs et al., 2015; Wilson and Hess, 2013). Interrogation of different components of 

the striatal micro-circuitry in animal models allows better understanding of dystonia.  DYT1 

mouse models of primary dystonia show decreased intrastriatal dopamine release possibly due to 

reduced nicotinic cholinergic tone (Bao et al., 2010), and paradoxical dopamine D2 receptor 

mediated excitation of cholinergic neurons (Pisani et al., 2006; Sciamanna et al., 2012a). These 

altered cholinergic-dopaminergic interactions in DYT1 mice impair long-term depression in 

MSNs and increase corticostriatal synaptic long-term potentiation, leading to abnormal striatal 

output (Bao et al., 2010; Eskow Jaunarajs et al., 2015; Sciamanna et al., 2012a; Sciamanna et al., 

2012b). These synaptic deficits may even occur early in brain development, as mice with selective 

forebrain DYT1 knockout show an early clasping phenotype associated with post-natal loss of 

cholinergic striatal interneurons and decreased striatal acetylcholine release (Pappas et al., 2015). 
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Similar changes in striatal cholinergic micro-circuitry are described in HD models. These include: 

the inability of striatal cholinergic cells to undergo long-term potentiation with an associated 

inability of MSNs to undergo long-term synaptic depression (Picconi et al., 2006), decreased 

acetylcholine (Farrar et al., 2011; Vetter et al., 2003), and increased MSN and cholinergic 

responses to cortical excitation (Parievsky et al., 2017; Tanimura et al., 2016). These abnormalities 

are compounded in HD by atrophy and loss of striatal cells (Cicchetti and Parent, 1996; Massouh 

et al., 2008; Reiner et al., 2013; Vonsattel and DiFiglia, 1998).  

The posterior intralaminar nuclei are important drivers of cholinergic activity in the normal 

striatum (Aoki et al., 2015; Bradfield and Balleine, 2017; Bradfield et al., 2013; Brown et al., 2010; 

Ding et al., 2010; Kimura et al., 2004; Nanda et al., 2009; Threlfell et al., 2012). Cholinergic 

neurons modulate long-term plasticity of MSNs by regulating dopamine and glutamate co-release 

onto MSNs through pre-synaptic acetylcholine receptors on glutamatergic and dopaminergic 

terminals (Threlfell et al., 2012). More specifically, the pause-response of cholinergic neurons to 

TS stimulation, which is mediated by D2-receptors on cholinergic cells as well as presynaptic 

nicotinic receptors on dopaminergic terminals, helps to transiently inhibit both direct and indirect 

pathway MSNs responses to cortical stimulation and then later facilitate post-synaptic cortical 

glutamatergic excitation of indirect pathway neurons, thereby preferentially driving the network 

towards action cessation (Ding et al., 2010). Loss of the PF-cholinergic mediated tuning of striatal 

projection neurons leads to an imbalance between competing basal ganglia pathways and is 

thought to impair saliency estimation and motor program selection (Bradfield and Balleine, 2017; 

Bradfield et al., 2013; Brown et al., 2010; Kimura et al., 2004; Matsumoto et al., 2001), and 

contribute to the generation of dystonia (Eskow Jaunarajs et al., 2015). Indeed, TS-cholinergic 

deficits have been shown in HD and dystonia models. For example, in a DYT1 mutant mouse, the 
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normal pause-response is replaced by erratic firing of cholinergic cells to TS stimulation 

(Sciamanna et al., 2012b) and in the Q175 HD mouse, there is reduced TS synaptic facilitation of 

cholinergic interneurons and loss of the normal pause-spike response to TS stimulation (Tanimura 

et al., 2016). The present work demonstrates that lesioning either the TS system or striatal 

cholinergic interneurons exacerbates dystonia in the R6/2 HD mouse. Altogether these findings 

suggest that dysfunction of both the TS system and loss of cholinergic interneurons plays an 

important role in the generation of dystonia in HD and in primary dystonia models. 

 In addition to the striatum and the TS system, the cerebellum is proposed as an important 

part of the dystonia network. Evidence from imaging studies suggests reduced cerebellar activity, 

degeneration of the cerebello-thalamocortical pathway and abnormal cerebellar sensorimotor 

integration in dystonia patients (Dresel et al., 2014; Hutchinson et al., 2000; Yang et al., 2014). 

HD patients show cerebellar degeneration that correlates with a worse motor score (Rees et al., 

2014; Rub et al., 2013; Vonsattel and DiFiglia, 1998). Furthermore, mouse models which have a 

severe clasping phenotype such as the R6/2 and Hdh100 HD mouse models also demonstrate a 

loss of Purkinje cells at late timepoints (Dougherty et al., 2013; Dougherty et al., 2012).  

The intralaminar nuclei receive afferents from deep cerebellar nuclei and form a disynaptic 

link between the basal ganglia and the cerebellar nuclei (Hoshi et al., 2005; Melik-Musyan and 

Fanardjyan, 1998; Pelzer et al., 2017).  The output of the cerebello-thalamic circuit plays an 

important role in saliency estimation and action selection (Bradfield and Balleine, 2017; Bradfield 

et al., 2013; Brown et al., 2010; Kimura et al., 2004). Similar to the effect of unilateral cerebellar 

lesions in rats (Edalatmanesh et al., 2014), PF lesions in the present work led to decreased 

spontaneous unilateral paw use in both WT and R6/2 when exploring a cylinder. This provides 

evidence for a role for the TS system in evaluation of salient sensory information and appropriate 
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motor program selection.  Furthermore, both thalamic and cerebellar strokes lead to secondary 

dystonia in susceptible individuals (LeDoux and Brady, 2003; Lee and Marsden, 1994; Marsden 

et al., 1985; Meissner et al., 1987; Rumbach et al., 1995; Zadro et al., 2008). Atrophy and cell loss 

of the TS system and the cerebellum in HD (Heinsen et al., 1996; Rees et al., 2014; Vonsattel and 

DiFiglia, 1998) may therefore contribute to the dystonia network in HD. TS afferents degenerate 

in R6/2 mice expressing a dystonic clasping phenotype, and early PF lesions in R6/2 lead to a 

worsening of dystonia. We therefore propose that TS degeneration, with downstream pathology at 

cholinergic targets plays an important part in the network leading to expression of dystonia in HD 

and possibly in other dystonic syndromes.  

2.6 Conclusion 

Thalamostriatal afferents provide important trophic support to striatal cholinergic neurons 

in Huntington’s disease. Furthermore, pathological dysfunction of the TS system and cholinergic 

interneurons is closely linked to the generation of a dystonic phenotype in HD models. This work 

provides a new understanding of mechanisms of striatal degeneration and motor symptoms in HD, 

and may pave the way for development of effective therapies for those affected by this currently 

incurable neurodegenerative disorder. 
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Chapter 3: How Thalamostriatal Afferents Participate in Dystonia 

in HD and Other Movement Disorders 
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3.1 The Thalamostriatal System Degenerates in HD 

There exists a growing body of evidence that striatal afferents undergo significant atrophy 

in early stages of HD. For example, In vivo imaging demonstrates that prodromal HD patients have 

thalamic and cortical atrophy (Aylward et al., 2011; Kassubek et al., 2005; Kassubek et al., 2004; 

Matsui et al., 2014; Rosas et al., 2008). Degeneration of intralaminar nuclei in the context of HD 

is further supported by autopsy studies which show a significant loss of CM-PF neurons (Heinsen 

et al., 1996). Recent work with premanifest models of HD such as the heterozygous Q140 mouse 

(Hickey et al., 2008) demonstrated an early deafferentation of PF afferents at one and four months 

of age before late cortical deafferentation at one year (Deng et al., 2013; Deng et al., 2014). 

Interestingly, PF deafferentation at four months of age in the Q140 model coincides with deficits 

in cholinergic interneurons including: reduced cholinergic cell diameter and dendritic branching 

(Deng and Reiner, 2016). TS deafferentation has also been shown in the YAC 128 mouse (Kim et 

al., 2015). Changes in trophic factor receptors, and cell scaffolding proteins in the posterior 

intralaminar nuclei of post-mortem studies of HD patients are also present in R6/2 mice (Freeman 

and Morton, 2004; Kusakabe et al., 2001; Samadi et al., 2013; Tang et al., 2011) 

This work led us to hypothesize that the thalamostriatal system also degenerates in R6/2 

mice, a highly symptomatic mouse model of HD. Unbiased cell counting experiments in R6/2 and 

WT mice confirmed this hypothesis by demonstrating that the PF, the main source of TS afferents, 

undergoes neuronal atrophy at nine weeks and neuron loss by 11 weeks compared to WT mice. 

Interestingly, the changes in cell soma area occurred relatively early in the time course of both 

motor and striatal dysfunction in that model. This led us to formulate the hypothesis that TS 

degeneration represents an important loss of trophic support to downstream striatal neurons and 
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affects the motor phenotype in HD. These hypotheses are discussed further in the following 

sections. 

3.2 Changes to the Striatal Microcircuit and its Glutamatergic Afferents in HD 

Glutamatergic afferents such as the cortex and thalamus are known to provide trophic 

support in the form of NMDA receptor stimulation and anterograde trophic factor delivery to 

striatal neurons (Baquet et al., 2004; Hetman and Kharebava, 2006; Ikonomidou et al., 2000; 

Loopuijt et al., 1997a; Loopuijt et al., 1997b). On the other hand, depriving the HD striatum of 

cortical afferents in the R6/2 model using lesions restricted mainly to the motor cortex appears to 

protect from striatal neuronal atrophy, as measured by sampling in the dorsolateral striatum, 

although neuronal counts were not available (Stack et al., 2007). These lesions also resulted in 

reduced clasping in the contralateral limb, although pyramidal effects may be a confound (Stack 

et al., 2007). Those results suggested an excitotoxic role for the corticostriatal (CS) glutamatergic 

afferents on striatal MSNs in HD.  

In keeping with those findings, several groups have shown that aberrant calcium signaling 

through extra-synaptic NMDAR stimulation and increased sensitivity of NMDAR is linked to 

MSN excitotoxicity in HD (Dau et al., 2014; Fernandes et al., 2007; Gladding et al., 2012; Graham 

et al., 2006; Li et al., 2003; Milnerwood et al., 2012; Shehadeh et al., 2006; Zeron et al., 2002; 

Zhang et al., 2008b). Physiological studies in slice preparations indicate that the PF preferentially 

elicits NMDA-mediated post-synaptic currents while CS and non-PF thalamic afferents 

preferentially induce AMPA-mediated post-synaptic currents (Ellender et al., 2013; Raju et al., 

2006). The apparent larger contribution of NMDA mediated post-synaptic currents from TS 

compared to CS afferents, may suggest a role for the TS system in excitotoxicity (Kolodziejczyk 

and Raymond, 2016; Parievsky et al., 2017). On the other hand, synaptic NMDAR stimulation 
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appears to be protective in various HD models (Hardingham, 2009; Hardingham and Bading, 2010; 

Hetman and Kharebava, 2006) and striatal NMDA receptors are downregulated early in HD (Albin 

et al., 1990a; Albin et al., 1990b; Young et al., 1988). These seemingly contradictory effects of 

NMDAR stimulation muddle the role of glutamatergic afferents on striatal neurodegeneration in 

HD. 

Alternatively, both the TS and CS afferents are proposed to be potentially protective for 

MSNs through anterograde transport of neurotrophins including BDNF (Baquet et al., 2004; 

Bartkowska et al., 2010; Baydyuk et al., 2013; Baydyuk and Xu, 2014; Causing et al., 1997; 

Dragatsis et al., 2000; Duyao et al., 1995b; Fawcett et al., 1998; Reilly, 2001; Xie et al., 2010; Xu 

et al., 2000; Zhang et al., 2008a; Zuccato et al., 2007; Zuccato and Cattaneo, 2009; Zuccato et al., 

2001; Zuccato et al., 2005; Zuccato et al., 2003). Furthermore, BDNF is enriched in PF neurons 

(Conner et al., 1997). The neurotrophic effects of afferent derived BDNF are abnormal in HD as 

mhtt is known to interfere with the synthesis of BDNF (Zuccato et al., 2001). In keeping with this, 

there is an early reduction in BDNF mRNA in striatal afferents including in the PF (Samadi et al., 

2013). Furthermore, the dysfunction in BDNF mRNA synthesis coincides with impaired activation 

of striatal trkB receptors in the R6/2 striatum (Brito et al., 2013; Nguyen et al., 2016). As discussed 

below, our results suggest that the sum of neuroprotective and potentially neurodegenerative 

effects of glutamatergic TS afferents is to support vulnerable cholinergic interneurons from 

degeneration in HD. On the other hand, lesions of the TS do not increase MSNs or PV interneuron 

cell loss. 

The striatum is a mosaic comprised of two intermingled compartments called the patch and 

matrix (Gerfen, 1984; Herkenham and Pert, 1981). The matrix compartment comprises roughly 

80% of all striatal neurons and the patch compartment making up the rest (Fujiyama et al., 2015). 
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The literature suggests that there is a differential patch-matrix degeneration in HD patients with 

different repeat lengths. Patients with longer repeat length have equal degeneration in both patch-

matrix compartments along with more severe motor symptoms (Ferrante et al., 1987b; Seto-

Ohshima et al., 1988; Tippett et al., 2007; Waldvogel et al., 2012). Lower repeat lengths are 

associated with a later age at onset, fewer motor symptoms and a predominant patch degeneration 

(Hedreen and Folstein, 1995; Morton et al., 1993; Tippett et al., 2007). This preferential patch 

atrophy was also noted in the YAC128 mouse which also has a mild and late-onset phenotype 

(Lawhorn et al., 2008). Conversely, the current work suggests that both the patch and matrix 

compartments degenerate in the R6/2 mouse thereby mimicking the pattern of degeneration which 

occurs in patients with higher repeat numbers and a prominent motor phenotype. This finding is 

broadly consistent with the R6/2 being a model of juvenile HD with a severe motor phenotype 

which has a relatively rapid onset and early death. 

 Unlike the cortex which innervates all MSNs, PF afferents are known to project exclusively 

to the matrix striatal compartment MSNs (Bennett and Bolam, 1994; Bolam et al., 1984; Bracci et 

al., 2002; Centonze et al., 2003; Dube et al., 1988; Fujiyama et al., 2006; Guo et al., 2015; 

Herkenham and Pert, 1981; Koos and Tepper, 2002; Lacey et al., 2007; Lapper and Bolam, 1992; 

Lapper et al., 1992; Nakano et al.; Raju et al., 2006; Ramanathan et al., 2002b; Rudkin and Sadikot, 

1999; Sadikot et al., 1992a; Sadikot et al., 1992b; Sidibe and Smith, 1999) therefore potential 

excitotoxicity from the PF would be expected to have differential effects on MSNs in the patch 

and matrix compartments. Since TS lesions promoted neither neuronal survival nor enhanced 

neuronal death of MSPs in either compartment, it is apparent that MSN cell loss occurs by complex 

mechanisms that may depend on an interplay between neurotrophic, excitotoxic and cell-

autonomous mechanisms.  
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Parvalbumin interneurons are fast-spiking and receive a rich cortical innervation as well as 

some innervation by intralaminar and other nuclei and project preferentially to direct pathway 

MSNs (Bracci et al., 2002; Centonze et al., 2003; Gittis et al., 2010; Koos and Tepper, 2002; 

Nakano et al.; Ramanathan et al., 2002b; Rudkin and Sadikot, 1999). Early work suggested the PV 

interneuron subtype may be spared in HD (Harrington and Kowall, 1991) but more recent findings 

in autopsied HD brains have shown an important reduction in PV+ interneurons (Reiner et al., 

2013). The present results are in agreement with more recent studies and provide stereological 

evidence for a decrease in soma size and number of striatal PV+ interneurons in the R6/2 model. 

The mechanisms for PV+ loss in HD is unknown but likely includes a combination of cell 

autonomous and non-autonomous mechanisms (Giampa et al., 2006; Giampa et al., 2009; Leuti et 

al., 2013; Simmons et al., 2013)(Anzilotti et al., 2012; Fusco et al., 2012; Giampa et al., 2006; 

Giampa et al., 2009; Meade et al., 2002). However, cell-specific knock-in HD models in which 

the mutated huntingtin gene was added to these cells produces a mild phenotype and no PV+ cell 

loss even at very late timepoints (Dougherty et al., 2014). These findings suggest that cell non-

autonomous mechanism may be more important contributors to the degenerative stress of PV 

interneurons in HD. Indeed, ultrastructural evidence in R6/2 suggests that striatal PV+ 

interneurons had reduced dendrite and synapse loss after chronic administration of a trkB ligand 

(Simmons et al., 2013). This is of interest because BDNF mRNA is reduced in all main striatal 

afferents including the cerebral cortex and PF at early timepoints (Samadi et al., 2013).  

As with MSNs, early PF lesions do not accelerate the time course of degeneration of PV+ 

interneurons, suggesting that the TS projection does not play major survival role for PV+ 

interneurons in the face of neurodegenerative stress in HD. This is likely due to the fact that only 

a minority of glutamatergic synapses onto PV interneurons come from thalamic sources (Rudkin 
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and Sadikot, 1999, Nakano et al. 2018) instead they are robustly innervated by the cerebral cortex 

(Kawaguchi et al., 1997; Nakano et al.; Ramanathan et al., 2002b). Therefore, these neurons may 

be more sensitive to pathological changes affecting the cortex rather than the PF in HD.  

In the brain there are two main types of cholinergic neurons: projection cholinergic neurons 

arising from the mesopontine and basal forebrain which send ascending projections to the 

thalamus, cortex and hippocampus, and  local cholinergic interneurons (Bolam et al., 1984b; Woolf 

and Butcher, 1986). In the striatum, cholinergic interneurons make up 1-2% of all striatal neurons 

but they synapse onto most MSNs, striatal afferents and other interneurons (Gonzales and Smith, 

2015). They exert their effects on other striatal neurons through muscarinic (M 1-5) and nicotinic 

receptors (α4, β2). M-1 type muscarinic receptors can directly depolarize MSN while M-2 type 

receptors inhibit MSNs and modulate their responsiveness to NMDA receptor stimulation (Picconi 

et al., 2006). Cholinergic output onto MSN and presynaptic nicotinic receptors on dopaminergic 

terminals allows for a sophisticated and real-time modulation of MSN plasticity through timing of 

dopamine co-release in coordination with glutamatergic afferent stimulation (Bradfield and 

Balleine, 2017; Bradfield et al., 2013; Brown et al., 2010; Cachope et al., 2012; Kimura et al., 

2004; Threlfell et al., 2012).  

Cholinergic interneurons are also known as tonically active neurons because of their 

propensity to autonomously produce spikes due to selective potassium and calcium channels which 

cyclically depolarize the cell membrane (Goldberg and Wilson, 2017). They also display bursts of 

activity which are often preceded by an inhibitory pause which affects local MSNs and local 

cholinergic neurons in response to both aversive and reward stimuli. As a result, this pause-

response motif is thought to be important in detecting saliency (Nanda et al., 2009). Nearby 

cholinergic interneurons display synchronized activity and therefore this “saliency” signal has an 
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effect on vast portions of the striatal circuit at once (Goldberg and Wilson, 2017). The posterior 

intralaminar nuclei are important drivers of striatal cholinergic activity as PF inputs to cholinergic 

cells are necessary and sufficient for the latter to undergo the pause-response (Ding et al., 2010; 

Matsumoto et al., 2001; Nanda et al., 2009). 

In summary, the physiological input and output properties of cholinergic interneurons are 

a very sophisticated and integral part of the striatal microcircuit. The extensive literature exploring 

cholinergic interneuron physiology has been reviewed in depth by (Goldberg and Wilson, 2017) 

and (Madeo and Pisani, 2016) and is summarized in Figure 3.2.0 below. 
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Figure 3.2.0 Normal Striatal Cholinergic Interneuron Physiology 

 

For details see reviews by (Goldberg and Wilson, 2017) and (Madeo and Pisani, 2016) 

Cholinergic interneurons are targets of degeneration in HD. For example, reductions in 

cholinergic acetylcholine vesicular transporters have been demonstrated in the striatum of HD 

patients (Smith et al., 2006; Spokes, 1980; Suzuki et al., 2001), there is decreased CHAT synthetic 

activity from HD tissue lysates (Ferrante et al., 1987a; Spokes, 1980; Suzuki et al., 2001), and HD 

patients have a modest improvement in motor and cognitive symptoms with pro-cholinergic 

medication (de Tommaso et al., 2007; de Tommaso et al., 2004). While initial studies did not find 
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cholinergic interneuron cell loss (Ferrante et al., 1987a), more recent studies using stereological 

methods have found a large reduction in the number of cells expressing choline acetyltransferase, 

the main synthetic enzyme of cholinergic cells (Massouh et al., 2008). 

Mouse models of HD reflect the deficits observed in post-mortem human HD samples and 

have added to our understanding of the possible mechanisms of cholinergic degeneration in HD. 

These include: a unique glutamatergic receptor expression profile, a reduction in trophic factor 

stimulation, a propensity to mitochondrial dysfunction as was demonstrated and extensively 

reviewed in Chapter 2 as well as an accumulation of intranuclear mhtt inclusions which are 

believed to be cytotoxic (Cicchetti et al., 2014; Cicchetti et al., 2009). Indeed, R6/1 mice had 

intranuclear mhtt inclusions in 72% of CHAT+ cells (Smith et al., 2006). This finding is not 

surprising as striatal cholinergic cells preferentially express htt protein in normal rodents (Fusco 

et al., 1999; Fusco et al., 2003).  

Cholinergic degeneration in HD has important effects on the striatal microcircuit. For 

example, in the R6/2 model, striatal cholinergic interneurons are more strongly inhibited and 

display an irregular firing pattern (Holley et al., 2015), have decreased synthetic protein mRNA, 

as well as decreased production and release of acetylcholine (Farrar et al., 2011; Smith et al., 2006; 

Vetter et al., 2003). As a result, R6/2 mouse cholinergic interneurons are unable to undergo LTP. 

This is associated with an inability of MSNs to undergo LTD (Picconi et al., 2006). Deficits in 

MSN LTD are corrected with the addition of a cholinergic receptor agonist onto slice preparations 

suggesting that LTD deficits are caused by reduced cholinergic tone (Picconi et al., 2006). The 

loss of normal cholinergic tone in HD models may indicate a dysfunction in their glutamatergic 

afferents. For example, PF deafferentation occurs in the Q175 model and leads to an inability to 

undergo long-term potentiation of cholinergic cells, a loss the pause-spike motif which is thought 
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to mediate saliency estimation, and is associated with abnormal MSN and cholinergic responses 

to cortical excitation (Tanimura et al., 2016). Overall, these findings suggest that abnormal 

cholinergic interneurons and thalamostriatal afferents may lead to important striatal dysfunction 

in HD and are summarized in Figure 3.2.1 below. 

Figure 3.2.1 Changes in Striatal Cholinergic Interneurons in Huntington’s Disease 

 

List of numerical references: 1- (Holley et al., 2015), 2- (Farrar et al., 2011), 3- (Tanimura et al., 

2016), 4- (Deng and Reiner, 2016), 5- (Vetter et al., 2003), 6- (Picconi et al., 2006), 7- (Smith et 

al., 2006) 
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Despite these important deficits, no prior studies have shown a reduction in the number of 

striatal cholinergic neurons in HD models (Holley et al., 2015; Smith et al., 2006) although none 

have quantified the numbers using unbiased stereology at highly symptomatic (11 weeks) or 

terminal ages (13 weeks). At the 13-week timepoint, R6/2 mice undergo cholinergic degeneration 

suggesting that those cells may be more resistant to cell loss compared to PV interneurons and 

MSN which have reduced cell numbers earlier at 11 weeks.  

Interestingly, the time course of PF atrophy at 9 weeks prior to cholinergic cell loss at 13 

weeks in R6/2 mice led us to hypothesize that PF afferents play a trophic role for those striatal 

neurons. Early TS deafferentation accelerates the atrophy and loss of cholinergic neurons in R6/2 

mice and confirmed our second hypothesis that TS afferents provide trophic support to striatal 

neurons in HD. Overall, this suggests that rescuing the thalamostriatal circuit from degeneration 

may be of potential therapeutic benefit and help slow degeneration of cholinergic interneurons and 

preserve striatal function in HD.  

3.3 Dystonia Arises from Multiple Hits to the Motor Circuit  

Dystonia can be a motor symptom of many hypo and hyperkinetic diseases including a 

dozen primary dystonic syndromes, Parkinson’s patients both on and off L-DOPA, after chronic 

neuroleptic use, and other neurodegenerative diseases (D’Abreu et al., 2011; Goto et al., 2005; 

Kanovsky et al., 2015; Marálek, 2000; Marsden, 1976; Phukan et al., 2011; Steele et al., 1964; 

Tinazzi et al., 2003; Tolosa and Compta, 2006; van Harten et al., 1997; Wilson and Hess, 2013). 

This is also the case in HD as dystonia is a common symptom but does not correlate with worse 

chorea or bradykinesia (Louis et al., 1999). Dystonia also occurs after thalamic, cerebellar and 

basal ganglia lesions such as strokes; lesional cases are termed secondary dystonia (Bhatia and 

Marsden, 1994; Demierre and Rondot, 1983; LeDoux and Brady, 2003; Lee and Marsden, 1994; 
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Marsden et al., 1985; Meissner et al., 1987; Rantamäki et al., 2001; Rumbach et al., 1995; Zadro 

et al., 2008).  

Several studies have described paw clasping behaviours in models of HD, other diseases 

with a dystonic phenotype as well as lesional models mimicking secondary dystonia (Fernagut et 

al., 2002; Gernert et al., 2000; Jardim et al., 2001; Lalonde and Strazielle, 2011; Menalled et al., 

2009; Neychev et al., 2011; Pappas et al., 2015; Pizoli et al., 2002; Samadi et al., 2013; Wilson 

and Hess, 2013). Furthermore, clasping behaviour has face validity as a surrogate for dystonia in 

rodent models as it mimics the sustained muscle contractions and abnormal postures which define 

dystonia in humans (Klein and Fahn, 2013; Marsden, 1976). 

Basal ganglia, cerebellar, nigral and cortical dysfunction co-occurs in dystonia and many 

models exhibiting clasping behaviours reminiscent of dystonia (Eskow Jaunarajs et al., 2015; Hess 

and Jinnah, 2015; Lalonde and Strazielle, 2011; Lehericy et al., 2013; Neychev et al., 2011; Wilson 

and Hess, 2013). Some imaging and transcranial magnetic stimulation studies suggest that 

abnormal inhibition or plasticity within the sensorimotor cortex may be associated with dystonia 

(Hallett, 2011; Quartarone, 2013; Quartarone et al., 2005; Quartarone et al., 2008; Quartarone and 

Pisani, 2011). However, others have suggested that these changes are also present in psychogenic 

dystonia (Espay et al., 2006; Quartarone et al., 2009) or are compensatory (O’Dwyer et al., 2005; 

Scontrini et al., 2009). Overall, this contradictory evidence suggests that changes in the cerebral 

cortex may not provide a major contribution to the development of this movement disorder. 

On the other hand, in vivo imaging has shown that the cerebellum is hypoactive on PET 

studies while fMRI studies suggest that there are changes in cerebellar sensorimotor integration 

which can normalize after treatment (Dresel et al., 2014; Hutchinson et al., 2000; Koch et al., 2014; 

Lehericy et al., 2013; Niethammer et al., 2011). Others demonstrated abnormal cerebello-
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thalamocortical anisotropy implying decreased cerebellar afferentation of the thalamus (Ramdhani 

et al., 2014; Yang et al., 2014). Cerebellar degeneration in HD, both morphologically and on in 

vivo imaging, correlates with a worse motor score (GOEBEL et al., 1978; Rees et al., 2014; Rub 

et al., 2013). Purkinje cell atrophy occurs in HD models with a dystonic clasping phenotype such 

as the Hdh150 and R6/2 models (Dougherty et al., 2013; Dougherty et al., 2012). 

Despite this evidence, dystonia cannot be completely explained by cerebellar pathology as 

patients often lack other cerebellar signs such as ataxia and dysmetria (Filip et al., 2013; Hendrix 

and Vitek, 2012; Lehericy et al., 2013). In vivo imaging and neuronal recordings in dystonia 

patients have shown that the basal ganglia is hypermetabolic and has decreased D2 receptor 

binding (Blood et al., 2012; Galardi et al., 1996; Lehericy et al., 2013; Naumann et al., 1998). 

Neurophysiological studies have shown that the striatum is abnormally locked to cortical beta 

oscillations (Neumann et al., 2015) while others have shown increased pallidal activation in 

response to repeated tasks (Lenz et al., 1998). Finally, deep brain stimulation of the globus pallidus 

improves symptoms further suggesting that abnormal basal ganglia plasticity is important to 

dystonia pathogenesis (Mink, 2018; Ostrem and Starr, 2008).  

The intralaminar thalamic nuclei are a disynaptic link between basal ganglia and cerebellar 

networks since the intralaminar nuclei receive afferents from deep cerebellar nuclei in rats, cats, 

non-human primates and in humans (Bostan et al., 2010; Bostan and Strick, 2010; Cornwall and 

Phillipson, 1988; Hendry et al., 1979; Hoshi et al., 2005; Melik-Musyan and Fanardjyan, 1998; 

Pelzer et al., 2017) for review see (Hintzen et al., 2018). The PF therefore integrates cerebellar 

inputs and sends its output to the striatum. The TS-cholinergic interaction in the striatum is 

important for action selection (Bradfield and Balleine, 2017; Bradfield et al., 2013; Brown et al., 
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2010; Nanda et al., 2009). More specifically, it was shown to modulate MSN output pathways 

towards action cessation (Ding et al., 2010).  

Moreover, disruption of cerebello-thalamo-striatal pathways such as in thalamic or 

cerebellar strokes can cause secondary dystonia (LeDoux and Brady, 2003; Lee and Marsden, 

1994; Marsden et al., 1985; Meissner et al., 1987; Rantamäki et al., 2001; Rumbach et al., 1995; 

Zadro et al., 2008). Atrophy and cell loss of the TS system and the cerebellum in HD (GOEBEL 

et al., 1978; Heinsen et al., 1996; Rees et al., 2014; Rub et al., 2013) may have a similar effect to 

lesions of those structures in secondary dystonia. Indeed, either PF lesions or induction of striatal 

cholinergic loss in the R6/2 striatum using immunotoxins leads to an acceleration of the dystonia 

phenotype in that model. This confirmed our third hypothesis that dysfunction of TS-cholinergic 

system affects the motor phenotype in HD. Interestingly, neither PF lesions nor striatal cholinergic 

immunotoxin lesions produced a dystonic phenotype in WT mice. Therefore, we conclude that the 

system can compensate for loss of single elements of the TS-cholinergic circuit. However, a 

combination of cerebellar, TS and striatal pathology in R6/2 mice overwhelms the systems ability 

to suppress abnormal motor programs and leads to the generation of a dystonic phenotype. This 

adds to the growing body of evidence which supports a motor network theory of dystonia which 

requires pathological changes in multiple brain structures  (Hess and Jinnah, 2015; Jinnah et al., 

2017; Neychev et al., 2011). 

3.4 Strengths and Limitations 

 The strengths of this study included the large animal cohorts used in behavioural 

experiments, the rigorous planning of behavioural experiments to reproduce the same environment 

including precise timing of experiments at each behavioural timepoint, attention to the time of day 

at which these were performed, and this over many cohorts of animals. Also, optimal 



88 
 

  

concentrations of recently purchased reagents were used for all histological processing allowing 

for high quality material which can be analyzed for years to come. Finally, blinded behavioural 

scoring and blinded cell counting with state-of-the-art unbiased stereological techniques allowed 

for impartial and unbiased assessments of histological materials and phenotypic progression. 

Some limitations of these experiments include lack of earlier timepoints in the histological 

analysis. It is possible that there was an early effect of thalamic lesion at these timepoints on matrix 

and parvalbuminergic neurons which was lost at the later timepoints. Another limitation was that 

these experiments did not address the glial response to thalamic deafferentation or cholinergic 

ablation. There is evidence that excessive microglial activation (Crotti et al., 2014; Franciosi et al., 

2012; Pavese et al., 2006; Politis et al., 2011; Sapp et al., 2001; Tai et al., 2007) and astrogliosis 

(Bayram-Weston et al., 2012; Cirillo et al., 2010; Hickey et al., 2008; Meunier et al., 2016) 

contribute to the disease process in HD and may very well have affected the time course of 

degeneration in these experiments. The current work did not explain mechanistically how thalamic 

afferents provide trophic support to cholinergic neurons. NMDA receptor stimulation (Ellender et 

al., 2013; Hardingham, 2009; Hardingham and Bading, 2010; Hetman and Kharebava, 2006) and 

anterograde BDNF transport (Zuccato et al., 2001; Zuccato et al., 2005; Zuccato et al., 2003) were 

proposed. However, how each mechanism contributes to neuronal cell loss and at which point 

these processes overlap or diverge was not elucidated. An experiment rescuing TS afferents or 

striatal interneuron cell groups such as the cholinergic interneurons through modulation of their 

afferents, overexpression of trophic factors or knock-down of extra-synaptic NMDA receptors 

would be an important next step in teasing out these effects. This study does not address what 

happens physiologically to MSNs, parvalbumin or cholinergic interneurons as R6/2 mice undergo 

their dystonic episodes. This would be of interest as it would give a functional understanding of 



89 
 

  

how abnormal TS-cholinergic interactions contribute to dystonia in vivo. Finally, we did not assess 

which combination of motor circuit element pathology is required to generate a dystonic phenotype 

in normal mice. This finding would have broader implications for all types of dystonic syndromes 

and could lead to more effective treatments for this common movement disorder. 

3.5 Future Applications  

Accelerating the degenerative process in R6/2 through thalamostriatal lesion, as was 

hypothesized and later shown by these experiments, was done in the hopes of being able to 

characterize the circuit anatomy and pathophysiology of HD to guide the development of future 

cures. It is now within our grasp to modulate most cell specific processes in a neural circuit 

(Mohan, 2017), knock down unwanted proteins (Cheng et al., 2015), induce gene expression (Kells 

et al., 2008) and even edit the genome in vivo (Hwang et al., 2013). Determining which techniques 

are most likely to succeed by accurately targeting the earliest pathological changes to the circuit 

has never been more important given this plethora of possibilities. It is easier than ever to get lost 

in a technique and to fall into the trap of treating every problem like it is a nail because the only 

tool we know how to use is a hammer. The challenge of future experiments will be to link the 

proposed pathophysiological mechanisms (hyperexcitability, deafferentation, loss of trophic 

factors and their receptors, impaired vesicular transport, protein transcription, calcium signaling, 

prion effects and inappropriate immune activation), target common elements and get at the root of 

the problem in HD and various other neurodegenerative diseases.  

The PF is a relatively small structure compared to the cortex or striatum but has far reaching 

projections to the striatum, cortex, subthalamic nucleus and substantia nigra (Parr-Brownlie et al., 

2009; Sadikot et al., 1992a). These connections may be harnessed to deliver pro-survival factors 

throughout vulnerable circuits and potentially prevent neurodegeneration in diseases like HD, 
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Parkinson’s, PSP, and Alzheimer’s disease. We propose that the target molecules may include 

BDNF or NGF expressing viruses, trkB agonists, NMDA receptors, and htt knock-down 

molecules. In summary, science has just scratched the surface and more work is needed to find 

effective treatments for neurodegenerative diseases.   
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A1.1 Experimental Timeline 
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A1.2 Supplementary Figures 

 

 

Supplementary Fig. 1: Matrix Neuron Soma Area in WT and R6/2 mice. Demonstrates a 

reduction in the R6/2 soma area of matrix neurons compared to WT at both 11 and 13wks with 

no significant effect of PF lesion. A 2-way between subject ANOVA was applied to the data and 

was followed by a Tukey HSD post hoc test where appropriate. ***p<0.001. 
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Supplementary Fig. 2: Striosome cell count in WT and R6/2 mice. Demonstrates a trend to 

reduction in number of striosome neurons is seen in R6/2 compared WT mice that was not 

significant (~8% decrease, p=0.23) at 11wks but was significant (p<0.05) at 13wks. There was 

no significant effect of thalamic lesion on striosome neuron number. A 2-way between subject 

ANOVA was applied, followed by a Tukey HSD post hoc test.*p<0.05; ***p<0.001. 
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Supplementary Fig. 3: Striosome Neuron Soma Area in WT and R6/2. Demonstrates a 

reduction in soma area of striosome neurons in R6/2 animals at both 11 and 13 wks compared to 

WT. There is no significant effect of lesion on striosome neuron soma area. A 2-way between 

subject ANOVA was applied followed by a Tukey HSD post hoc test. ***p<0.001. 

  

 -

 10.00

 20.00

 30.00

 40.00

 50.00

 60.00

 70.00

 80.00
So

m
a 

A
re

a 
(µ

m
²)

SHAM WT 13wks N=4

LESION WT 13 wks N=4

SHAM R6/2 11wk N=3

LESION R6/2 11wks N=4

SHAM R6/2 13wks N=4

LESION R6/2 13wks N=4

*** 

*** 



96 
 

  

 

Supplementary Fig. 4: CHAT+ Cell Soma Area in Saporin Treated Animals.  No significant 

difference between remaining CHAT+ cells in either WT or R6/2 animals treated with saporin 

toxins. A 2-way between subject ANOVA was applied to the data and was followed by a Tukey 

HSD post hoc test. 
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