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Huntington’s disease (HD) is a fatal, autosomal dominant, genetic disorder characterized by cell 

death of medium-sized spiny neurons (MSNs) in the striatum. Striatal cell death has been 

traditionally attributed to excessive excitatory inputs, or more recently to disrupted balance of 

excitatory, inhibitory, and modulatory signaling. Therefore, understanding of altered synaptic 

signaling at striatal inputs is essential for the development and design of HD treatments. MSNs 

receive excitatory glutamatergic projections from the cortex and thalamus. HD induced 

functional changes in corticostriatal projections have been studied extensively in mouse models. 

However, although thalamic atrophy is correlated with cognitive impairments in HD patients and 

the centromedian-parafascicular (CMPf) nuclear complex (the primary origin of thalamostriatal 

projections) undergoes a 55% neuronal loss in HD patients, functional alterations of 
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thalamostriatal projections have not been electrophysiology investigated. An adeno-associated 

virus (AAV) expressing channelrhodopsin-2 (ChR2) under the calcium/calmodulin-dependent 

protein kinase type II alpha subunit (CaMKIIa) promoter was injected into the CMPf or the 

sensorimotor cortex of HD model mice to allow for selective activation of thalamostriatal or 

corticostriatal projections respectively. Pharmacological and holding potential manipulations 

were used to isolate AMPA and NMDA receptor-mediated currents. In the symptomatic R6/2 

fragment mouse model, thalamostriatal synapses displayed increased decay times of both AMPA 

and NMDA receptor-mediated currents, alterations in glutamate reuptake, and increased 

probability of glutamate release. These findings suggest functional evidence consistent with early 

degeneration of thalamostriatal projections observed in the Q140 mouse model previously 

published. These effects were more prominent at synapses between thalamic inputs and direct 

pathway projecting MSNs rather than indirect pathway projecting MSNs. Corticostriatal 

synapses showed much more discrete changes than thalamostriatal. The differences in kinetics of 

AMPA and NMDA receptor-mediated currents were contrasting, changes in glutamate reuptake 

were smaller than those at thalamostriatal projections, and no change in the probability of 

glutamate release was detected. No significant changes were observed in presymptomatic or 

symptomatic YAC128 full length mouse models. Perhaps, a more severe and later disease state 

should be examined in this slowly progressing HD model.  
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Chapter 1 

Huntington’s Disease  
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1.1 Huntington’s disease 

Huntington’s disease (HD) is a progressive, genetic, neurodegenerative, and fatal 

disorder. HD is estimated to occur in 5 to 10 people per 100,000. Familial cases of HD are 

documented worldwide but it’s most prevalent in Europe and North America (Borrell-Pagès et 

al., 2006). Most commonly, symptoms begin to appear during middle age (around 45 years old). 

However juvenile cases (age of onset <20 years old) account for 5-10% of all cases. Late onset 

cases (>50 years of old) account for 20% of all cases (Brinkman et al., 1997). Patients suffer 

from motor symptoms such as chorea (involuntary dance-like movements) in early stages of the 

disease, akinesia (slowing or loss of voluntary movements) in later stages of the disease, 

dystonia, difficulty with production of speech or swallowing (Bird, 1980; Harper, 1996; Bonelli 

and Hofmann, 2007). Patients also experience cognitive disturbances which can precede a 

clinical diagnosis of motor onset by up to 15 years (Bates et al., 2015) and may include learning 

impairments and difficulty focusing, as well as psychiatric changes which may include 

depression, fatigue, and insomnia (Bird, 1980; Harper, 1996; Bonelli and Hofmann, 2007). 

Disease progression occurs over 15-20 years and results in death (Walker, 2007). Children with 

HD often develop bradykinesia (slowed movement), rigidity, dystonia, learning disabilities, and 

epileptic seizures (Rasmussen et al., 2000; Seneca et al., 2004). Interestingly, choreic movements 

are often absent in children who develop juvenile HD but are more common in children who 

have an age of onset of 15 years or older (Byers and Dodge, 1967). 

 There is currently no cure for HD and no treatment to stop, hinder, or prevent its onset. 

The only medications available to HD patients solely manage symptoms (Novak and Tabrizi, 

2010). Tetrabenazine (TBZ) is the only FDA drug approved specifically for HD and is 
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administered to reduce chorea. However, like most drugs prescribed for HD, it only treats one of 

a large array of symptoms associated with the disease and has many unfavorable side effects 

(Ross and Tabrizi, 2011). The development of novel therapies which target HD symptoms more 

specifically, and therefore produce fewer adverse side effects, is imperative. Therefore, a more 

thorough understanding of HD pathology and more specific targets is needed. 

HD is inherited in an autosomal dominant manner and is caused by an unstable expansion 

of a CAG repeat within exon 1 of the Huntington gene (HTT, initially termed IT15)  which 

results in an elongated polyglutamine stretch (CAG >40) near the N terminal of the huntingtin 

(HTT) protein (The Huntington’s Disease Collaborative Research Group, 1993). Severity of 

symptoms is said to be directly correlated, while age of onset is inversely correlated, with 

number of CAG repeats (Brinkman et al., 1997; Harper and Jones, 2002). Individuals with 35 

repeats or less are considered not to have the mutation or not to be at risk for HD, those with 36-

39 carry the incomplete/reduced penetrance allele and may experience symptoms later in adult 

life (70% will be symptomatic at 75 years or older), while those with 40 or more repeats carry 

the full penetrant allele and will develop HD within their lifetime (Andrew et al., 1993; Walker, 

2007). Juvenile onset HD can present when longer (CAG>50) polyglutamine stretches are 

present. 

The number of CAG repeats in the HTT gene is determined by the number of repeats in 

the gene inherited from the parents. If the number of repeats in the parents’ gene is in the normal 

range (<36), the number of repeats inherited remains stable. However, disease alleles are altered 

in length (they may increase or decrease) for 70–80% of intergenerational transmissions 

(MacDonald et al., 1993; Zühlke et al., 1993; Telenius et al., 1994). Interestingly, the change in 

repeat length is dependent on the sex of the transmitting parent. Repeat length expansions are 
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most often associated with paternal transmission (MacDonald et al., 1993; Zühlke et al., 1993; 

Leeflang et al., 1995; Nørremølle et al., 1995; Telenius et al., 1995; Wheeler et al., 2007). Repeat 

lengths are shown to expand for male children and contract for female children with maternal 

transmission (Wheeler et al., 2007). 

HTT is a large cytoplasmic protein of ~350 kDa. The increased number of CAG repeats 

results in an abnormally long polyglutamine region in the HTT protein. This polyglutamine 

expansion results in an extra-long protein which causes mutant (m)HTT to misfold and form 

amyloid-like intracellular aggregates (Scherzinger et al., 1999). Immunostaining of HD mouse 

model brains for glutamine expansions reveals dense, circular, intraneuronal inclusions in the 

striatum, cerebral cortex, cerebellum, and spinal cord (Davies et al., 1997). Similarly, 

immunostaining also shows inclusion bodies in the cortex and striatum of HD patient brains 

(DiFiglia et al., 1997; Becher et al., 1998). Notably, the number of CAG repeats of HTT or 

similarly, the length of the glutamine stretch of HTT, is positively correlated with the extent of 

HTT accumulation (DiFiglia et al., 1997; Becher et al., 1998). Immunostaining with antibodies 

for ubiquitin detect increased amounts of this pro-degradation protein in HD patient brains, 

consistent with the hypothesis that mHTT is targeted for proteolysis but is resistant to removal 

(DiFiglia et al., 1997; Becher et al., 1998). Nuclear inclusions are found in neurons before any 

overt behavioral symptoms are observed (Ordway et al., 1997; Davies et al., 1997), however, 

whether these inclusions are toxic, incidental, or part of a beneficial coping mechanism, remains 

controversial. 

The role of HTT is still unclear but it is critical for development as knockout of Htt is 

lethal in mice (Nasir et al., 1995). HTT upregulates the expression of brain derived neurotrophic 

factor (BDNF) (Zuccato et al., 2001), and has numerous binding proteins which help predict its 
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function in the brain and body. Among its partners are proteins with roles in transcriptional 

regulation, intracellular trafficking, cytoskeletal organization, endocytosis, and exocytosis 

(Velier et al., 1998; Waelter et al., 2001; Li et al., 2003a). Immunohistochemical, electron 

microscopy, and subcellular fractionation studies agree that HTT is a cytoplasmic protein 

primarily associated with vesicles and microtubules (DiFiglia et al., 1995; Hoffner et al., 2002) 

and has a distribution very similar to that of synaptophysin (Wood et al., 1996). Similarly, the 

ubiquitous cytoplasmic distribution of HTT in neurons and its association with vesicles reinforce 

the idea that HTT may have a role in vesicle trafficking, exocytosis, and endocytosis (DiFiglia et 

al., 1995; Caviston and Holzbaur, 2009). Thus, it is probable that the mutation in HTT may be 

responsible for abnormal synaptic transmission (Smith et al., 2005). 

1.2 Striatal circuit 

 The most apparent neuropathology in HD is neurodegeneration in the cortical and basal 

ganglia circuit (Vonsattel et al., 1985), although other regions undergo neurodegeneration as 

well. For example, the thalamus shows severe degeneration as described later in this chapter 

(Heinsen et al., 1996; Kassubek et al., 2004a, 2004b). In addition, levels of neuropeptides 

derived from the hypothalamic-pituitary axis, as well as hypothalamically-mediated behaviors 

including sleep, circadian rhythms, and metabolism, also are altered in HD (Kirkwood et al., 

2001; Morton et al., 2005; Goodman et al., 2008).  

 The striatum is responsible for planning, executing, and modulating movement. Hence 

neurodegeneration of the striatum is consistent with the extensive presence of motor symptoms 

observed in HD patients. To understand deficits in synaptic transmission caused by mHTT, the 

striatal circuit should first be understood. The striatum is part of the complex cortico-basal 

ganglia-thalamo-cortical loop. It receives two major types of afferents, excitatory glutamatergic 
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projections from the cortex and thalamus, and modulatory dopamine (DA) projections from the 

substantia nigra pars compacta. It has two inhibitory γ-aminobutyric acid (GABA) output 

pathways which converge onto the ventral anterior and ventral lateral nuclei of the thalamus, 

either via the substantia nigra pars reticulata and internal segment of the globus pallidus (Albin et 

al., 1989; Gerfen et al., 1990) or via the external segment of the globus pallidus, subthalamic 

nucleus, and substantia nigra pars reticulata (Albin et al., 1989; Kawaguchi et al., 1990). The 

thalamic nuclei then project back onto discrete cortical regions, segregated onto areas with 

distinct cognitive, motor and psychiatric functions, completing the cortical-basal ganglia-

thalamo-cortical loop (Alexander et al., 1986; Smith et al., 2004). 

 In the striatum, medium-sized spiny neurons (MSNs) are the main neurons affected. 

These cells make up 90-95% of the striatal neuronal population, utilize GABA as their principal 

neurotransmitter, and receive abundant inputs from both outside and within the striatum (Kita 

and Kitai, 1988). MSNs are segregated into two subpopulations based on their projections 

(Penney and Young, 1983; Alexander and Crutcher, 1990), as well as DA receptor and 

neuropeptide expression (Gerfen, 1992; Bolam et al., 2000). MSNs expressing the D1 DA 

receptor (Gerfen et al., 1990), substance P (Haber and Nauta, 1983), and dynorphin (Vincent et 

al., 1982) project to the substantia nigra pars reticulata and internal segment of the globus 

pallidus (Albin et al., 1989; Gerfen et al., 1990) via the direct pathway. Those expressing the D2 

DA receptor (Gerfen et al., 1990) and met-enkephalin (Haber and Nauta, 1983; Steiner and 

Gerfen, 1999) project to the external segment of the globus pallidus (Albin et al., 1989; 

Kawaguchi et al., 1990) via the indirect pathway. The direct pathway is often termed the “Go” 

pathway while the indirect pathway is called the “No-Go” pathway, suggesting proper gating and 

balance of activity in these two pathways is necessary to initiate a desired action and inhibit an 
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undesired action (Albin et al., 1989; Alexander and Crutcher, 1990; Mink, 1996). Therefore, 

HD-induced alterations which affect the two pathways differently will offset this intrinsic 

equilibrium and result in either undesired movement (chorea) or inability to move (akinesia) 

(Galvan et al., 2012). It is believed that indirect pathway MSNs projecting to the external globus 

pallidus are more susceptible to degeneration than direct pathway MSNs projecting to the 

internal segment of the globus pallidus (Reiner et al., 1988; Albin et al., 1992; Deng et al., 2004). 

  In addition to the MSNs, the striatum contains several types of interneurons. Inhibitory 

interneurons represent less than 5% of the striatal cell population but are critical in controlling 

MSN output. GABAergic interneurons consist of several subtypes. These include the 

parvalbumin- (PV) expressing fast-spiking (FS) interneurons, somatostatin- (SOM), 

neuropeptide Y-, and nitric oxide synthase-expressing persistent low-threshold spiking (PLTS) 

interneurons and calretinin-expressing interneurons (Kreitzer, 2009; Tepper et al., 2010). Large 

cholinergic interneurons (LCIs) account for the remainder of striatal neurons. LCIs represent 1-

2% of striatal neurons and have been implicated in motor control, as well as associated with 

plasticity and reward-dependent learning (Exley and Cragg, 2008; Shuen et al., 2008).  

Glial cells also represent a major part of the striatal cellular population. The human 

striatum contains 3.35 glia cells for every one neuron (Heinsen et al., 1994). A much higher glia 

to neuron ratio has been described in rats (Gomide et al., 2005). Astrocytes perform many 

essential functions in the striatum including glutamine synthesis (a glutamate precursor) 

(Schousboe et al., 2011), glutamate release (Bezzi et al., 2004; Hamilton and Attwell, 2010), 

glycogen storage (an energy precursor that supports high levels of neuronal activity) (Fernandez-

Fernandez et al., 2012), supply of the precursor for gluthathione (an antioxidant) (Fernandez-

Fernandez et al., 2012), and glutamate reuptake (Hertz, 1979). Besides glutamate release and 
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glutamate reuptake, astrocytes have also been shown to express glutamate receptors (Palygin et 

al., 2010). 

A. Corticostriatal projections 

Cortical projections into the striatum arise from the entire neocortex, including major 

projections from the primary motor and somatosensory cortices (Flaherty and Graybiel, 1994). 

Activation of corticostriatal inputs brings the MSNs from a hyperpolarized (down) to a 

depolarized (up) state inducing action potentials (Wilson, 1993). Corticostriatal projections have 

been further subdivided into two classes which are believed to synapse differentially onto direct 

and indirect pathway MSNs (Reiner et al., 2003). Intratelencephalic (IT) pyramidal neurons 

project bilaterally to the striatum but preferentially onto direct pathway MSNs. Collaterals of 

pyramidal tract (PT) neurons project ipsilaterally but preferentially onto indirect pathway MSNs. 

Furthermore, axon terminals making asymmetric axospinous synapses with direct pathway 

MSNs are significantly smaller than those making connections with indirect pathway MSNs (Lei 

et al., 2004). Such a difference in synapse morphology suggests that indirect pathway MSNs may 

be subject to increased glutamate release from corticostriatal projections (Reiner et al., 2003). 

However,  more recent findings using electrophysiological recordings and antidromic activation 

of cortical neurons in rats (Ballion et al., 2008) or optogenetic activation of IT and PT axons in 

mice (Kress et al., 2013), failed to provide evidence to support the hypothesis that these different 

types of cortical projections innervate specific subpopulations of striatal MSNs. Additional 

electron microscopy studies have aimed to clarify this discrepancy (Deng et al., 2015). These 

studies suggest that direct pathway projecting MSNs receive twice as many axospinous 

projections from IT neurons than they do from PT neurons. Indirect pathway projecting MSNs 

receive 1.5 times as many axospinous terminals from PT as IT neurons. Conversely, axodendritic 
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inputs from PT neurons synapse preferentially onto direct MSNs while axodendritic inputs from 

IT neurons are very slight to both types of MSNs (Deng et al., 2015). 

B. Thalamostriatal projections 

The majority of thalamostriatal projections originate in the intralaminar thalamic nuclei, 

although substantial inputs from midline and specific relay nuclei have been described in rats, 

cats, and monkeys (Macchi et al., 1984; Smith et al., 2004). The principle source of thalamic 

projections to the dorsolateral striatum in rodents is the centromedian-parafascicular (CMPf) 

complex (Berendse and Groenewegen, 1990; Smith et al., 2004). In vivo single unit recordings in 

monkeys suggest the CMPf participates in the processes of attention and arousal elicited by 

salient sensory events (Matsumoto et al., 2001; Minamimoto and Kimura, 2002; Kimura et al., 

2004). Based on slice whole-cell recordings in mice, thalamostriatal synapses display a high 

probability of release to an initial stimulus which rapidly declines with successive stimulation, 

which is fitting for the role of transmitting precisely timed sporadic signals (Ding et al., 2008). A 

positron emission tomographic study in humans supports these results as the CMPf complex 

shows activation when participants switch from a relaxed to an attention requiring reaction-time 

task (Kinomura et al., 1996). 

Anatomical studies show that thalamostriatal projections constitute 40% of glutamatergic 

synapses onto striatal MSNs while corticostriatal make up the other 60% (Smith et al., 2004). 

However, unlike corticostriatal projections which synapse predominantly on dendritic spines 

(Smith and Bolam, 1990), thalamostriatal projections have been shown to preferentially 

terminate on dendritic shafts in rats and monkeys (Smith and Bolam, 1990; Sadikot et al., 1992; 

Smith et al., 1994; Sidibé and Smith, 1996). In rats, more positive reversal potentials and slow 

decay kinetics of  N-methyl-D-aspartate (NMDA) receptor mediated currents at thalamostriatal 
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than corticostriatal projections is consistent with thalamic input synapses being located more 

distally on the dendritic arbor (Smeal et al., 2008). Excitatory thalamic terminals use the 

vesicular glutamate transporter (VGLUT) 2 for packaging glutamate in synaptic vesicles, while 

excitatory cortical terminals use VGLUT1 (Fremeau et al., 2001, 2004; Herzog et al., 2001; 

Fujiyama et al., 2004; Lei et al., 2013). Mouse studies immunolabeling for VGLUT2 and 

VGLUT1 find that thalamostriatal axospinous terminals account for 35% of all terminals, 

thalamostriatal axodendritic for 9%, corticostriatal axospinous for 52%, and corticostriatal 

axodendritic for 4% (Deng et al., 2013). 

Both the CM and Pf make direct synaptic connections with MSNs (Xu et al., 1991; 

Sadikot et al., 1992; Lacey et al., 2007). In primates, CM projections predominately synapse onto 

the direct pathways projecting MSNs while Pf projections are biased toward the indirect 

pathways projecting MSNs (Sidibé and Smith, 1996). In primates and rats, striatal GABAergic 

interneurons are preferentially innervated by the cortex and CM, while receiving very light 

innervation from the Pf (Zemanick et al., 1991; Berretta et al., 1997). Cholinergic striatal 

interneurons receive strong innervation from the entire CMPf complex, but very few inputs from 

cortical projections (Meredith et al., 1990; Lapper and Bolam, 1992; Thomas et al., 2000). Also, 

in contrast to corticostriatal projections which closely converge with, and are modulated by, DA 

afferents, thalamic and DA terminals do not synapse in close proximity to each other, in the 

primate brain (Smith et al., 1994). Striatal and thalamic activity is correlated in vivo (Matsumoto 

et al., 2001; Minamimoto and Kimura, 2002), however the effect of thalamic inputs on MSN 

activity is poorly understood. 

Like cortical synapses onto MSNs, thalamic synapses also contain α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA), NMDA, and kainate receptors (Bernard et al., 1997; 
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Kieval et al., 2001; Smith et al., 2004). However, the contribution of glutamatergic receptors at 

thalamostriatal versus corticostriatal synapses has been disputed (Ding et al., 2008; Smeal et al., 

2008). Whole-cell slice recordings from mouse brains suggest that NMDA receptors mediate 

larger currents than AMPA receptors at corticostriatal projections, while NMDA receptor-

mediated currents are smaller than AMPA receptor-mediated currents at thalamostriatal 

projections. In other words, NMDA/AMPA ratios are greater for corticostriatal than 

thalamostriatal projections (Ding et al., 2008). On the other hand, whole-cell slice recordings 

from rat brains suggest the opposite. In these experiments, the NMDA/AMPA ratio was greater 

for responses evoked from thalamostriatal projections than for those evoked from the 

corticostriatal projections (Smeal et al., 2008).  

1.3 Human HD 

A. Neuropathology 

Postmortem assessment of brains of HD patients indicates a 30% reduction in total brain 

volume (De La Monte et al., 1988). Most prominently, there is a marked decrease in striatal 

volume and enlargement of the lateral ventricles. The cortex and thalamus also are affected. The 

cross-sectional areas of gray and white matter are reduced in the frontal, temporal, insular, and 

parietal cortical areas (Mann and South, 1993; Halliday et al., 1998). A 30% reduction in the 

number of cortical pyramidal neurons in cortical layers III, V, and VI occurs (Cudkowicz and 

Kowall, 1990; Hedreen et al., 1991; Sotrel et al., 1991; Heinsen et al., 1994). The CMPf nuclear 

complex of the thalamus undergoes a 55% neuronal loss, as well as a significant glial cell loss 

(Heinsen et al., 1996). Interestingly, thalamic atrophy measured by 3D magnetic resonance 

imaging is correlated with cognitive impairments in HD patients (Kassubek et al., 2004a, 2004b). 

B. Glutamate neurotransmission 
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Since the cortex and CMPf complex provide the bulk of glutamatergic excitatory input 

into the striatum, neurotransmission mediated by these inputs is affected. Postmortem striatal 

tissue from HD patients exhibits reduced binding of glutamate to NMDA receptors, suggesting 

loss of this type of receptor (Young et al., 1988; Albin et al., 1990). Membrane preparations from 

postmortem brains exhibit reduced mRNA levels of the glutamate transporter 1 (GLT-1), which 

may result in glutamate spillover and aberrant receptor activation (Arzberger et al., 1997). 

Postmortem measurements also reveal decreased glutamate content in cerebrospinal fluid and 

frontal cortex of HD patients (Wong, 1985).  

C. GABA neurotransmission 

Studies examining inhibitory neurotransmission in HD patients have resulted in 

conflicting findings. Older publications report reductions in GABA, as well as glutamic acid 

decarboxylase (GAD), the enzyme responsible for the synthesis of GABA from glutamate (Perry 

et al., 1973; Bird and Iversen, 1974; Manyam et al., 1978; Spokes et al., 1980). Similarly, in the 

cerebral cortex there is evidence that GABA is decreased (Pearson and Reynolds, 1994). In 

contrast, other findings provide evidence suggesting HD patients do not undergo alterations in 

GABAergic indices (Perry et al., 1982). From an anatomical perspective, early studies of the 

cortex indicated the GABA releasing PV, calretinin-, and calbindin- expressing interneurons 

were normally distributed without evident morphological changes (Macdonald and Halliday, 

2002), although more recent observations provide evidence for significant alterations in 

GABAergic interneurons in striatum and cortex. In striatum, a decrease in PV expressing 

interneurons occurs with advancing disease grade (Reiner et al., 2013). In cingulate cortex, all 

three major classes of GABA interneurons are reduced in HD with a dominant mood phenotype, 

whereas in motor cortex the loss is specific to calbindin-expressing interneurons in HD 

dominated by motor symptoms (Kim et al., 2014). Alterations in GABA receptors are seen in the 
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striatum, cerebral cortex, and cerebellum (Lloyd et al., 1977; Lloyd and Davidson, 1979; Reisine 

et al., 1980; Walker et al., 1984). In addition, positron emission tomography findings suggest up 

regulation of GABAA receptors (Kunig et al., 2000). 

D. Dopamine neurotransmission 

 Biphasic progression of movement symptoms in HD patients has been attributed to 

parallel biphasic changes in DA neurotransmission. Increased DA release early in the 

progression of the disease induces chorea (Garrett and Soares-da-Silva, 1992). Decreasing DA 

concentration with TBZ alleviates chorea symptoms in HD patients (Huntington Study Group, 

2006). TBZ acts by blocking vesicular uptake of DA and ultimately depletes DA stores 

(Pettibone et al., 1984). TBZ is the only drug approved by the FDA for the treatment of chorea. 

Conversely, a reduction in DA during the later stages of HD leads to akinesia (Bird, 1980; 

Spokes, 1980). Consistently, late-stage HD patients show decreased levels of DA and 

homovanillic acid (a major DA metabolite) in the caudate nucleus (Bernheimer et al., 1973; Kish 

et al., 1987). Both D1 and D2 DA receptors, and DA reuptake sites, are reduced in symptomatic 

HD patients (Sedvall et al., 1994; Antonini et al., 1996; Ginovart et al., 1997). Interestingly, D1 

and D2 DA receptors are reduced in presymptomatic HD patients (Antonini et al., 1996; Weeks 

et al., 1996). 

1.4 HD animals models 

 Animal models have been instrumental in our understanding of the mechanisms leading 

to neuropathology of HD. The first HD models, prior to discovery of the HTT gene, relied on 

neurotoxin-induced striatal lesions (McGeer and McGeer, 1976; Schwarcz et al., 1984; Beal et 

al., 1986). Glutamate receptor agonists, such as ibotenic and kainic acid were injected into the 

striatum to cause MSN death and mimic the neuropathology of HD. In later models, quinolinic 

acid, which is more selective for NMDA receptors, was used as it relatively spared striatal 
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interneurons which were believed to be unaffected in HD (Coyle and Schwarcz, 1976; McGeer 

and McGeer, 1976; Beal et al., 1986, 1991; Ferrante et al., 1993). The brains of animals after the 

excitotoxic lesions closely resembled the neuropathological and neurochemical alterations 

observed in HD (Coyle, 1979; Schwarcz et al., 1984; Beal et al., 1986; Choi, 1988; DiFiglia, 

1990; Bordelon and Chesselet, 1999). Therefore, theories have proposed that in HD, MSNs are 

hypersensitive to glutamate released from cortical and thalamic inputs, due to changes in their 

postsynaptic receptors. However, these models were limited because they did not replicate the 

slow progression of HD or dysfunction and degeneration in extrastriatal areas, especially the 

cortex. 

 Subsequent to the discovery and sequencing of the gene mutation, genetic animal models 

of HD were developed. As with all animal models of human disease, none replicate the human 

condition completely. Over the years, a variety of HD models have been developed including 

drosophila melanogaster (Jackson et al., 1998), C. elegans (Faber et al., 2002), sheep (Jacobsen 

et al., 2010; Morton and Avanzo, 2011), pig (Yang et al., 2010), nonhuman primate (Yang et al., 

2008), rat (Von Horsten et al., 2003), and mouse models. This chapter focuses on, and therefore 

presents a summary of, some of the most commonly used HD mouse models. Each model has 

unique advantages and has contributed to our current understanding of the pathophysiology of 

the disease (Levine et al., 2004; Pouladi et al., 2013). There are several types of genetic rodent 

models, differing in the way the gene mutation is expressed. These include transgenic models, 

knock-in models, conditional models and viral models. There are two types of transgenic models, 

those expressing fragments of the human HD gene and those expressing the full-length gene. 

Generally, knock-in models more faithfully represent the mutation carried by HD patients as they 

do not express an additional exogenous copy of the gene, but instead an expanded polyglutamine 
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tract is placed within the appropriate context of the rodent HD gene. In conditional models, the 

mutation is tissue-specific, expressed only in select brain regions or by specific neuronal 

populations, and sometimes can be temporally controlled. Viral models are generated by 

injecting viral vectors into specific brain regions to produce overexpression of mHTT. 

A. Fragment models 

 The first fragment models generated were the R6/2 and R6/1 lines of transgenic mice 

(Mangiarini et al., 1996). R6/2 mice express exon 1 of the gene with ~150 CAG repeats and 

present with a very aggressively and rapidly progressing phenotype. These mice begin to show 

behavioral abnormalities at 5-7 weeks and die at approximately 15 weeks of age. They exhibit 

numerous neuropathological changes including neuronal intranuclear inclusions (Davies et al., 

1997) and alterations in receptors and signaling mechanisms (Bibb et al., 2000; Luthi-Carter et 

al., 2000; Menalled et al., 2000). These mice also develop late onset neurodegeneration within a 

number of areas (Turmaine et al., 2000). Death of neurons has been attributed to the presence of 

neuronal intranuclear inclusions, condensation of both the cytoplasm and nucleus, and ruffling of 

the plasma membrane (Turmaine et al., 2000). The rapid progression of the disease in R6/2 mice 

makes them a valuable model for studies using electrophysiology, as well as for drug screening, 

primarily because experiments can be completed more quickly (Gil and Rego, 2008). Due to the 

early onset of phenotypic changes, as well as the occurrence of seizures, (Mangiarini et al., 1996; 

Cummings et al., 2009), these mice have been considered a model of juvenile onset HD 

(Gambardella et al., 2001; Seneca et al., 2004; Wojaczyńska-Stanek et al., 2006). However, if 

strain and length of CAG repeats are controlled, phenotypes of fragment and knock-in models 

develop similarly, which provides validity for the R6/2 as a model of adult onset HD (Woodman 

et al., 2007). R6/1 mice express exon 1 of HTT but with ~110 CAG repeats and display 
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alterations similar to those of R6/2 mice but with a longer time course. Because the progression 

is slower in the R6/1, some of the alterations can be separated temporally. For example, R6/1 

mice display abnormal hippocampal synaptic plasticity, which occurs prior to the formation of 

nuclear aggregates (Milnerwood et al., 2006). This suggests HTT aggregates may not be 

necessary for the development of synaptic alterations. 

 Phenotype severity in the R6/2 mouse model of HD fluctuates with CAG repeat-length 

(Cummings et al., 2012). More specifically, electrophysiological properties of MSNs, motor 

activity, inclusion formation, and protein expression show an inverted “U-shaped” relationship 

between CAG repeat length and phenotype. Mice with 160 CAG repeats show a more severe 

phenotype than those with 110 repeats, whereas mice with 310 CAG repeats show a greatly 

ameliorated phenotype compared to mice with 210 repeats (Cummings et al., 2012). Similarly, 

mice with 450 CAG repeats showed delayed onset of the behavioral phenotype, prolonged 

survival, and delayed appearance of neuronal intranuclear inclusions than mice with 170 repeats 

(Morton et al., 2009). Spontaneous elongation to ≥335 repeats, increased the lifespan of mice up 

to >20 weeks, compared to ~12 weeks in mice with 150 repeats, as well as reduced the amount 

of intranuclear aggregates, diminished mutant protein production, and slowed symptom 

development (Dragatsis et al., 2009). 

B. Full length models  

 Yeast artificial chromosomes (YAC) are used to express the full length human HTT gene 

in mice with various numbers of CAG repeats (18, 46, 72 and 128) (Hodgson et al., 1999; Slow 

et al., 2003). YAC18 mice are typically used as controls as they do not appear to develop a 

phenotype. Disease phenotypes develop slower in these models than in the fragment models like 

the R6/1 and R6/2. YAC128 mice display the most severe alterations when compared to YAC46 
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and 72 models. Typically the behavioral phenotype begins at about 2-3 months of age and 

progresses over a year. Neuropathological changes at 2 months include EM48-reactive mHTT in 

the nucleus (Van Raamsdonk et al., 2005). These mice display ~10% striatal atrophy and 

neuronal loss in the striatum and cortex, and sparing of the cerebellum and hippocampus at 12 

months (Van Raamsdonk et al., 2005). Neurodegeneration can be present in the absence of 

aggregates in YAC mice, indicating that aggregates may not be essential to initiate neuronal 

death (Hodgson et al., 1999). 

 Bacterial artificial chromosomes (BAC) also are used to express the full length human 

HD gene. BACHD mice express 97 CAG repeats and exhibit progressive motor deficits 

beginning at approximately 2 months of age, neuronal synaptic dysfunction, and late-onset 

selective neuropathology (Gray et al., 2008). Neuronal dysfunction is evident by 6 months and 

precedes neurodegeneration. By 12 months, large nuclear inclusions are present in the cortex and 

small aggregates in the striatum. Interestingly, in BACHD mice, selective pathogeneses can 

occur without diffuse nuclear accumulation of mHTT. Instead, a relatively steady-state level of 

mHTT and a small amount of N-terminal fragments are sufficient to elicit the degeneration (Gray 

et al., 2008). 

C. Knock-in models 

 Several knock-in models have been generated, mainly differing in the number of 

polyglutamine repeats expressed. Knock-in models include the Hdhneoq50 and HdhQ50  (White et 

al., 1997), CAG71 and CAG94 (Levine et al., 1999), Hdh4/Q80 and Hdh6/Q72 (Shelbourne et 

al., 1999), HdhQ92 and HdhQ111 (Wheeler et al., 2000), Hdh(CAG)80 and Hdh(CAG)150 (Lin et al., 

2001), CAG140 (Menalled et al., 2003), and Q175 (Menalled et al., 2012) mice. In general the 

progression of the phenotype positively correlates with the number of CAG repeats. Models with 
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shorter repeat lengths display more subtle alterations that tend to occur in older mice. Behavioral 

changes often occur before any neuropathology, and there is good evidence that cellular 

dysfunction is responsible for the initial symptoms (Hickey and Chesselet, 2003). Knock-in 

models also exhibit a gene-dose effect where homozygous animals express more severe 

phenotypes, and generally earlier than heterozygous animals. Some of the models present 

behavioral abnormalities as early as 1-2 months of age (Menalled and Chesselet, 2002; Menalled 

et al., 2003). Behavioral symptoms are biphasic and can mirror the progression of motor 

symptoms in HD (Harper, 1996; Kirkwood et al., 2001). At 2-6 months, there is evidence that 

these models display nuclear staining and mHTT microaggregates, preferentially in the 

striosomes (Menalled and Chesselet, 2002), an area initially targeted in brains of HD patients 

(Hedreen and Folstein, 1995). Nuclear inclusions are observed in the cerebellum and olfactory 

bulbs as early as 4 months, and in the striatum and cortex by 6 months (Menalled et al., 2003). 

 Knock-in models have provided noteworthy evidence regarding CAG repeat instability in 

Htt gene transmission. As previously mentioned and observed in humans (MacDonald et al., 

1993; Zühlke et al., 1993; Telenius et al., 1994), mice with a low number of repeats (48-90) 

reveal almost no or very minimal changes in repeat lengths, suggesting mechanisms responsible 

for repeat length instability operate at higher number of CAG repeats. However, when the 

repeats are lengthened to 109, the mutation frequency increased to >70%. Instability is more 

apparent in maternal transmission, with contractions typically resulting through maternal 

transmission and expansions through paternal transmission (Wheeler et al., 1998). 

D. Conditional models 

 The first conditional model was a tet-regulatable mouse which expressed exon 1 of the 

HD gene with 94 CAG repeats in conjunction with a tetracycline resistance operon (TetO). 
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Transcription of mHTT was activated in the forebrain by elimination of doxycycline from the 

drinking water (Yamamoto et al., 2000). These mice developed progressive motor alterations and 

neuropathology, which was ameliorated when the expression of mHTT was turned off by 

reintroduction of doxycycline. 

 The Cre/LoxP system has also been utilized to target mHTT expression. Cre/LoxP HD 

mice were originally designed to test the cell-autonomous versus cell-cell interaction HD 

hypothesis (Gu et al., 2005). These animals expressed exon 1 of mHTT with 103 CAG repeats in 

either the entire brain or just in cortical pyramidal neurons. Restricting mHTT expression to 

cortical pyramidal neurons is sufficient to produce nuclear accumulation and aggregate 

formation but no other HD-associated neuropathology or locomotor deficits (Gu et al., 2005). 

However, NMDA currents recorded from acutely dissociated MSNs are altered when mHTT is 

expressed in all neurons or only in striatal neurons, but not when expressed just in cortical 

neurons. In other words, the presence of mHTT in cortical pyramidal neurons alone is not 

sufficient to impair NMDA receptor-mediated currents (Gu et al., 2007). These studies support 

the “two-hit” hypothesis suggesting that both cell-autonomous and cell-cell interactions 

contribute to HD pathology. 

 In the D9-N171-98Q mouse model, the first 171 amino acids of the human HTT gene 

with 98 CAG repeats are expressed only in striatal MSNs (Thomas et al., 2011). These mice 

exhibited intranuclear inclusion bodies, failure to gain weight, and motor deficits. They provide 

evidence that cell-autonomous alterations cause a number of the deficits in HD. Taken together, 

the conclusions from these studies indicate that both cell-autonomous and cell-cell interactions 

contribute to the pathophysiology of HD. 

1.5 Alterations of neurotransmission HD animal models 
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A leading theory of the cause of MSN death in HD is the excitotoxicity hypothesis which 

proposes that striatal neurons are degenerating and dying due to increased excitation caused by 

glutamate (DiFiglia, 1990; Freese et al., 1990; Beal et al., 1993; Ferrante et al., 2000). Therefore, 

alterations in glutamate release and in glutamatergic receptor function, as well as deficits in 

inhibition, and abnormalities in modulation, have been examined extensively in various HD 

models. 

A. Biphasic alterations in glutamate neurotransmission 

 There is now considerable evidence that alterations in glutamatergic neurotransmission 

are not linear throughout the progression of the HD phenotype but are biphasic, characterized by 

increased neurotransmission followed by decreased neurotransmission. These changes correlate 

roughly with the behavioral alterations of hyperactivity followed by hypoactivity. In the R6/2, 

YAC128, and BACHD models, glutamatergic inputs begin to show alterations very early on. In 

R6/2 mice, the frequency of large amplitude spontaneous excitatory postsynaptic currents 

(sEPSCs) recorded in MSNs is increased as early as 5-7 weeks, the age at which behavioral 

symptoms begin to emerge (Cepeda et al., 2003). These events decrease markedly after 7 weeks. 

At 5-7 weeks the frequency of lower amplitude sEPSCs starts to decrease and continues to 

decrease as the phenotype progresses. Firing of striatal neurons is increased in R6/2 mice at 6-9 

weeks (Rebec et al., 2006). These alterations appear to be caused by changes in presynaptic 

cortical inputs as recordings from cortical pyramidal neurons in layers II/III are characterized by 

increased frequencies of sEPSCs, as well as increased amplitudes of evoked EPSCs in 40 and 80 

day-old R6/2 mice (Cummings et al., 2009). In addition, there is evidence for dysregulation of 

modulation of glutamate release of the presynaptic cortical inputs by DA and endocannabinoids 

which would cause increased release (André et al., 2010). 
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 In YAC128 mice, frequency of sEPSCs in MSNs is increased at 1-1.5 months of age, and 

this increase is more evident in direct versus indirect pathway projecting MSNs (Joshi et al., 

2009; André et al., 2011). Direct pathway MSNs in 1-2 month YAC128 mice and BACHD mice 

also display decreased paired-pulse ratios, suggesting increased glutamate release (André et al., 

2011). Increased glutamate release onto direct, but not indirect pathway MSNs alters the inherent 

balance of the circuit, resulting in increased activity in the “Go” pathway compared to the “No-

Go” pathway. Amplified activity of the “Go” pathway predicts chorea symptoms of HD patients 

(Albin et al., 1989; Alexander and Crutcher, 1990; Mink, 1996). 

In contrast, MSNs from 7 month-old YAC128 mice show reduced evoked glutamate 

currents compared to age-matched controls, and even more significant progressive reductions at 

12 months (Joshi et al., 2009). Similarly, sEPSC frequencies in MSNs are decreased at 12 

months, while paired-pulse ratios are increased but only in direct pathway MSNs, consistent with 

decreased glutamate release from corticostriatal projections in older symptomatic mice (André et 

al., 2011). Thus, in the more symptomatic mice, there is decreased excitation of direct pathway 

MSNs of the “Go” pathway which is consistent with hypoactivity in these mice and the akinesia 

observed in HD patients.  

 Glutamatergic inputs from the thalamus have not yet been examined as extensively as 

those from the cortex. Light and electron microscopy studies in Q140 knock-in mice find loss of 

thalamostriatal axospinous terminals by 4 months and loss of corticostriatal axospinous terminals 

by 12 months (Deng et al., 2013). Immunolabeling for VGLUT1 (corticostriatal) and VGLUT2 

(thalamostriatal) projections, in conjunction with labeling for D1 DA receptors, suggests that the 

loss of corticostriatal terminals at 12 months of age is preferentially for D1-expressing spines 
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while thalamostriatal terminal loss is analogous for D1-expressing and D1 non-expressing spines 

at 4 and 12 months (Deng et al., 2014).  

 A large proportion of glutamatergic thalamostriatal projections synapse onto LCIs. LCIs 

are relatively spared from degeneration in HD but show functional deficits in mouse models such 

as decreased acetylcholine release (Vetter et al., 2003; Smith et al., 2006; Farrar et al., 2011).  

The majority of excitatory glutamatergic inputs to LCIs arise from the CMPf and less from the 

cortex (Smith et al., 2004). Therefore, alterations in excitatory inputs to LCIs may reflect 

changes in thalamostriatal projections. With the use of viral transfection, the excitatory opsin, 

channelrhodopsin can be expressed in the CMPf, which then permits selective activation of 

thalamic projections in the striatum. Both thalamostriatal evoked AMPA and NMDA receptor-

mediated currents are minimally affected in symptomatic R6/2s (Holley et al., 2015). Frequency 

of sEPSCs, mediated by AMPA receptors also is unchanged. As degeneration of MSNs has been 

explained by excitotoxicity, unaltered excitatory inputs to LCIs  is in marked contrast to changes 

seen in MSNs and may partially explain the selective sparing of LCIs in HD. 

Recently, the excitotoxicity hypothesis of cell death in HD has been challenged. 

Degeneration of glutamatergic terminals, from both the cortex and thalamus, suggests a 

progressive loss of glutamatergic inputs to MSNs, rather than a progressive increment of those 

inputs. Loss of glutamatergic synaptic inputs then favors activation of extrasynaptic receptors. 

Another hypothesis gaining ample attention suggests that degeneration of MSNs is due to loss of 

trophic factors released from the cortex onto the striatum (Zuccato and Cattaneo, 2009; Plotkin 

and Surmeier, 2015). BDNF is synthesized by cortical pyramidal neurons innervating the 

striatum and released to the striatum (Altar et al., 1997). BDNF activates tyrosine kinase (Trk) B 

receptors on postsynaptic membranes of MSNs and is vital for maintenance of dendritic and 
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synaptic function, and cell survival (Zuccato and Cattaneo, 2009; Jia et al., 2010; 

Nithianantharajah and Hannan, 2013). Therefore, decreased BDNF signaling may explain striatal 

cell death. The deficits in BDNF signaling may be due to impaired postsynaptic responses and 

signaling in MSNs to BDNF rather than, or in addition to, diminished release from corticostriatal 

projections (Brito et al., 2013; Plotkin et al., 2014). The idea that the deficit may be postsynaptic 

helps explain differential alterations shown in direct versus indirect pathway neurons. 

 In summary, changes in glutamatergic neurotransmission are extensive in mouse models 

of HD and reflect both alterations in synaptic inputs and receptors. The biphasic pattern observed 

throughout the progression of HD in genetic mouse models, as well as the dysregulation of the 

equilibrium between the competing direct and indirect striatal projection pathways, parallels the 

changes in movement patterns manifested in HD patients. An important implication for treatment 

of HD symptoms emanating from this conclusion is that therapies probably need to be 

specifically adjusted according to disease progression in patients. An additional source of the 

disrupted equilibrium in HD is the dissimilar pattern of alterations undergone by cortical and 

thalamic inputs. As noted, functional properties of thalamic inputs onto striatal MSNs are still 

highly disputed, while the number of studies focusing on these inputs in HD is minimal. 

Therefore, for my dissertation project, I focused on teasing apart alterations at corticostriatal and 

thalamostriatal synapses in HD. 

B. Alterations in GABAergic projections 

B.1 Striatal inhibition 

Assessing changes in inhibitory activity in HD is important to further understand how the 

local circuits are altered. The striatum is highly enriched in GABA which originates from two 

parallel pathways, a feedback inhibitory pathway mediated by axon collaterals from MSNs and a 
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feedforward inhibitory pathway mediated by the GABAergic interneurons (Tepper et al., 2004, 

2008). 

Unlike excitatory inputs to MSNs which display a biphasic change, first increasing and 

then decreasing, inhibitory inputs to MSNs tend to consistently increase as the disease 

progresses. Evidence for this increase emanates from studies examining changes in both 

spontaneous inhibitory postsynaptic currents (sIPSCs) and evoked IPSCs (Cepeda et al., 2004, 

2013; Centonze et al., 2005; Dvorzhak et al., 2013). The frequency of sIPSCs is increased in 

MSNs from 5-10 week R6/2 mice (Cepeda et al., 2004, 2013; Centonze et al., 2005; Dvorzhak et 

al., 2013). The increases in frequency of sIPSCs are progressive and even more prominent by the 

time the R6/2 mice are 9-14 weeks. These increases are abolished in tetrodotoxin (TTX), 

suggesting differences are due to the occurrence of action potentials and presynaptic release of 

GABA onto MSNs (Cepeda et al., 2004), most likely from PLTS interneurons as discussed 

below. In addition, local electrical stimulation produces an increased evoked IPSC (Cepeda et 

al., 2013), probably due to enhanced GABA release by FS interneurons, also addressed below. 

Acutely isolated MSNs from R6/2 mice also show increased GABA current densities indicating 

that possibly receptor alterations have occurred (Cepeda et al., 2004). Consistent with this 

finding, immunofluorescence experiments show increased expression of the ubiquitous alpha 1 

subunit of GABAA receptors in MSNs from R6/2 mice (Cepeda et al., 2004). Similar to findings 

in the R6/2, frequency of sIPSCs is increased in older symptomatic R6/1 mice (Cepeda et al., 

2004). In agreement, MSNs from 12 months old BACHD and YAC128 full length transgenic 

mice, and CAG140 and Q175 knock-in mice, also display increased frequencies of sIPSCs 

(Cepeda et al., 2010, 2013; Dvorzhak et al., 2013; Indersmitten et al., 2015). In the Q175 mice, 

the increase in sIPSC frequency is both time-dependent and gene dose-dependent, as it is greater 
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in older mice as well as homozygotic compared to heterozygotic mice (Indersmitten et al., 2015). 

However, although frequency of sIPSCs is increased in MSNs of Q175 mice, amplitude of 

evoked minimal stimulation IPSCs is reduced, which in conjunction with altered paired-pulse 

ratios suggests there also may be a decrease in the probability of GABA release onto MSNs 

(Dvorzhak et al., 2013). GABA release in these mice is asynchronous and IPSC generation 

delayed. These authors concluded that the increase in sIPSC frequency may be due to 

disinhibition of firing by altered GABAergic activity (Dvorzhak et al., 2013). 

In addition to phasic GABAergic inhibition, tonic GABA signaling has been shown to 

occur in the striatum via extrasynaptic GABAA receptors (Brickley and Mody, 2012). Low levels 

of GABA present at rest in the extracellular space activate these receptors to generate persistent 

inhibition. Tonic GABA currents are higher in direct pathway versus indirect pathway MSNs in 

wild-type (WT) mice (Santhakumar et al., 2010; Cepeda et al., 2013). Tonic GABA currents are 

unaffected in direct pathway MSNs in R6/2s, however these currents are significantly reduced in 

indirect pathway MSNs in R6/2s. This effect is eliminated in TTX, suggesting it is action 

potential dependent (Cepeda et al., 2013). Similarly, recordings from a mixed population of 

MSNs from Q175 and R6/2 mice show reduced GABAA receptor-mediated tonic chloride 

currents (Wójtowicz et al., 2013). Furthermore, low GABA concentrations added to striatal slices 

result in larger responses and longer GABAA channel openings in indirect versus direct pathway 

projecting MSNs (Ade et al., 2008). Therefore, as GABA release is altered throughout the course 

of HD, this change has distinct effects on the two populations of MSNs. The HD-induced 

increase in frequency of sIPSCs is more evident in indirect pathway MSNs and less so in direct 

pathway MSNs (André et al., 2011; Cepeda et al., 2013). Thus, in addition to differences in 
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excitatory input to direct and indirect pathway MSNs, the increase in inhibitory inputs to indirect 

pathway MSNs further disrupts the finely tuned intrinsic balance of the striatal circuit. 

Feedback inhibition: Electrophysiological experiments in symptomatic R6/2 and, to a 

lesser extent, in BACHD mice suggest that the alteration in striatal GABAergic transmission to 

MSNs in HD mice originates from multiple sources. Feedback inhibition appears to explain a 

portion of the increase. Dual patch recordings reveal that there is a significant decrease in 

synaptic connectivity between adjacent pairs of MSNs in R6/2 and BACHD mice compared with 

WT littermates across age, which is interpreted as a reduction in the feedback inhibitory pathway 

(Cepeda et al., 2013). However, in contrast to WT MSNs where bidirectional connectivity is 

rarely observed, about half of the connected pairs in symptomatic R6/2 mice show bidirectional 

connectivity, suggesting altered axon collateral inhibition which could potentially compensate 

for the reduction in overall connectivity. Interestingly, in R6/2 mice, the greatest proportion of 

connectivity is between direct-direct pathway pairs, while in WT mice, direct-direct pathway, 

indirect-direct pathway, direct-indirect pathway and indirect-indirect pathway connections are 

more evenly distributed (Cepeda et al., 2013). Notably, a previous study using a fluorescent 

reporter gene found that MSN-MSN connections are not randomly distributed but that direct 

pathway MSNs connect to other direct pathway MSNs but much less frequently to indirect 

pathway MSNs, while indirect pathway MSNs connect to other indirect pathway MSNs and to 

direct pathway MSNs (Taverna et al., 2008). Additional studies are needed to be able to clarify 

and explain connectivity between direct and indirect pathway MSNs more precisely. 

Feedforward inhibition: Dual patch recordings from PLTS interneuron-MSN pairs or 

optogenetic activation of SOM-expressing PLTS neurons do not show differences in MSN 

responses in R6/2 compared to WT mice. However, current clamp recordings from PLTS 



27 

interneurons, which are spontaneously active in the slice, demonstrate increased firing in R6/2 

and BACHD mice compared to WTs. Thus, PLTS interneurons are another source of increased 

GABA activity which may underlie the increased sIPSC frequency of MSNs. These interneurons 

also show a significant reduction in frequency of spontaneous IPSC inputs indicating they may 

be under reduced inhibitory tone (Cepeda et al., 2013). Interestingly, when response amplitudes 

of MSNs to activation of PV or SOM interneurons are compared using optogenetics in both WTs 

and R6/2s, responses to PV activation are much larger than responses to SOM activation, 

consistent with stronger connectivity and reliability of FS-MSN connections, which is also 

demonstrated by dual patch recordings (Cepeda et al., 2013). 

Dual patch recordings from FS interneuron-MSN pairs demonstrate a small increase in 

FS-MSN connectivity and a trend for greater amplitude of postsynaptic responses in MSNs from 

R6/2 mice compared to WTs. Similarly, selective optogenetic stimulation of PV expressing FS 

interneurons in R6/2 mice induce significantly larger amplitude MSN responses, pointing to one 

source for the increased amplitude of evoked IPSCs. Since FS interneurons do not fire 

spontaneously in the slice (their resting membrane potential is very hyperpolarized, ~-75 mV), 

and they are under increased inhibitory tone, these cells are not likely to contribute to the 

increase in sIPSCs frequency observed in HD mice (Cepeda et al., 2013). 

Taken together these findings provide evidence for multiple sources of the increased 

inhibitory input to MSNs in the HD mouse models. The increase in sIPSC frequency is due 

primarily to increased input from PLTS interneurons, and also may have a contribution from 

increased reciprocal connectivity of MSNs. The increase in the amplitude of the evoked IPSC 

appears to be the result of increased input from FS interneurons. 

B.2 Cortical inhibition 
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GABAergic transmission in the cortex undergoes biphasic alterations in the R6/2 model.  

Cortical pyramidal neurons from 21 and 40 day-old R6/2 mice show increased frequency of 

sIPSCs (Cummings et al., 2009). In 21 day old R6/2s, if action potential-driven GABA release is 

eliminated using TTX, the differences in IPSC frequency are eliminated. These findings suggest 

that GABAergic alterations in cortical pyramidal neurons at 21 days are most likely due to 

intrinsic firing of GABAergic interneurons. However, when the animals are 80 days old and 

exhibit overt behavioral symptoms, the effect is reversed in the R6/2 and the frequency of 

sIPSCs is reduced. Interestingly, the reduced inhibition may provide a mechanistic basis for the 

occurrence of spontaneous seizures in R6/2 mice (Mangiarini et al., 1996; Cummings et al., 

2009). At this age, changes in miniature IPSCs and evoked IPSC paired-pulse ratios suggest 

increased probability of GABA release onto cortical pyramidal neurons (Cummings et al., 2009). 

Although cortical pyramidal neurons of 6 month-old BACHD mice display a reduction in sIPSC 

frequencies (Spampanato et al., 2008), evidence from YAC128, CAG140 and Q175 heterozygote 

mice indicates that at 12 months sIPSC frequency remains increased (Cummings et al., 2009; 

Indersmitten et al., 2015). Thus differences in cortical GABAergic activity among models do 

occur and may reflect different rates of disease progression. 

In summary, altered neurotransmission in HD is not only a symptom of dysregulation of 

glutamatergic mechanisms, but is also associated with dysregulation of GABAergic mechanisms. 

The changes in GABA transmission are complex and occur in multiple HD mouse models, in 

both striatum and cortex, in multiple cell types, and are progressive across differing disease 

states. These changes also directly affect glutamate neurotransmission. Increased GABA release 

may dampen glutamate inputs by either shunting (increase in the membrane conductance) or by 

activating presynaptic GABAB receptors on corticostriatal terminals which in turn reduce 
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glutamate release. Furthermore, one can speculate that the increase in inhibitory signaling may 

be the brain’s attempt to compensate for the increase in excitatory signaling. In the intact 

organism, the two processes function in parallel and balance each other, but when this balance is 

disrupted, neuropathology and phenotypic symptoms result. 

C. Alterations in dopaminergic projections 

C. 1 Dopamine release and receptor alterations 

 DA neurotransmission contributes to numerous physiological processes within the brain 

including neuronal excitability, synaptic transmission, integration and plasticity, protein 

trafficking, and gene transcription. One of its main functions is modulating responses evoked by 

glutamate and GABA. The direction of modulation depends on a number of factors including the 

subtype of glutamate receptor, the location of the receptors on the neuron and the timing of 

release. In general, in the striatum, D1 receptor activation enhances glutamate responses, while 

D2 receptor activation decreases glutamate responses (Cepeda et al., 1993; Levine et al., 1996; 

Cepeda and Levine, 1998). Similarly, DA and D1 agonists increase sEPSC frequency in direct 

pathway MSNs, whereas DA and D2 agonists decrease sEPSC frequency in indirect pathway 

MSNs (André et al., 2010). Hence the opposing effects of DA on the two populations of MSNs is 

in part responsible for maintaining the critical equilibrium between the two striatal output 

pathways, which is disrupted in HD. Less is known about changes in DA modulation of GABA 

inputs onto MSNs in HD and future studies will have to address this important issue.  

 DA also may act as a filter for less active corticostriatal inputs (Bamford et al., 2004). For 

example, in the dorsal striatum, D2 receptors on presynaptic corticostriatal terminals function to 

decrease glutamate release (Flores-Hernández et al., 1997; Cepeda et al., 2001a). 

Electrophysiological recordings in cells from mice lacking D2 receptors exhibit increased 
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glutamate release, supporting the idea that D2 receptors may act as filters or gatekeepers in the 

striatum (Cepeda et al., 2001a). Presynaptic D2 receptors may also be necessary in preventing 

excessive excitation, and therefore may play a vital role in HD, helping to regulate the biphasic 

alterations in glutamate transmission associated with the disease. DA modulation is additionally 

influenced by the endocannabinoid system and presynaptic cannabinoid receptor type 1 (CB1) 

receptors (Maejima et al., 2001; Patel et al., 2003; Kreitzer and Malenka, 2005).  

 There are multiple changes in the DA system in mouse models of HD. In the R6/2 at 4 

weeks, prior to the development of motor symptoms, a significant reduction in DA metabolites is 

apparent (Mochel et al., 2011). Protein levels of DA- and cyclic AMP-regulated phosphoprotein 

are reduced (Bibb et al., 2000). A marked reduction of DA transporter immunoreactivity is 

observed in the striatum as well (Stack et al., 2007). Striatal D1 and D2 receptor mRNA is 

reduced in R6/2 mice at 4 weeks (Augood et al., 1997; Cha et al., 1998, 1999) and striatal D1 

and D2 receptor binding also is reduced early in R6/1 and R6/2 mice (Cha et al., 1998; Bibb et 

al., 2000; Petersén et al., 2002a; Ariano et al., 2002). Consistent with this finding, both striatal 

D1 and D2 receptor mRNAs are reduced in late stage YAC128 mice but symptomatic BACHD 

mice do not show these changes (Pouladi et al., 2012). 

C.2 Alterations in dopamine neurotransmission 

 As observed with HD-induced changes in glutamatergic and GABAergic transmission, 

changes in DA transmission also exhibit biphasic patterns. D1 receptor modulation is affected 

differently in early versus late symptomatic YAC128 mice. Activation of D1 receptors produces 

no change in sEPSCs in D1 receptor-expressing direct pathway MSNs at the early symptomatic 

stage. However, modulation is restored by treating slices with TBZ (a DA vesicular transporter 

inhibitor that ultimately depletes DA). This finding suggests that D1 receptor activation may be 
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maximized, possibly by increased DA neurotransmission in presymptomatic or early 

symptomatic stages of HD as abnormally high DA neurotransmission may serve as a 

compensatory mechanism decreasing DA receptor function (Giros et al., 1996; Dumartin et al., 

2000; Wu et al., 2007). Supporting evidence has been obtained in a transgenic rat model of HD; 

increased DA levels in the striatum are observed in conjunction with increased number of 

tyrosine hydroxylase-expressing cells in the SN pars compacta and ventral tegmental area 

(Jahanshahi et al., 2010) as well as the dorsal raphe nucleus (Jahanshahi et al., 2013). 

In contrast, in fully symptomatic YAC128 mice, D1 receptor activation is unchanged in D1 

receptor-expressing direct pathway MSNs. Activation of D2 receptors has no effect on sEPSC 

frequencies of D2 receptor-expressing indirect pathway MSNs in early symptomatic YAC128 

mice (André et al., 2011).  

Overall, there is now considerable evidence for a reduction of DA release in transgenic 

mouse models in the late stages of HD (Petersén et al., 2002b; Hickey et al., 2002; Johnson et al., 

2006; Callahan and Abercrombie, 2011). Studies using microdialysis have shown that 

extracellular striatal DA concentrations are reduced in R6/2 mice. This reduction parallels age-

dependent progression of motor deficits on the rotarod task. Total levels of striatal DA are 

depleted in tissue from 11 week R6/2 mice. Similarly, extracellular DA concentrations are 

reduced in the striatum of 7 month YAC128 mice (Callahan and Abercrombie, 2011). Reduced 

DA levels and deficits in DA release have been proposed to be caused by impaired vesicle 

loading or decreased number of available DA reserve pool vesicles (Ortiz et al., 2010). 

 The function of DA as a modulator of glutamate release also is affected in HD mice. 

Application of amphetamine (which induces continuous DA efflux) or a D2 receptor agonist, 

decreases corticostriatal glutamate release similarly in striatal slices from 1 month YAC128 and 
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in WT mice via a D2 receptor-dependent filter (Joshi et al., 2009). However, the effect of the D2 

agonist is diminished in 12 month-old symptomatic YAC128 mice. D2 receptor stimulation, DA 

released via amphetamine, or DA released by direct striatal stimulation, are all less effective in 

modulating corticostriatal glutamate release in 12 month YAC128 mice (Joshi et al., 2009). 

1.6 Conclusions 

 This review of the functional alterations of basal ganglia-cortical circuits in HD, based 

mostly on genetic rodent models, supports the idea that this disease is above all a synaptopathy. 

The complex interplay of the two main excitatory and inhibitory neurotransmitters, glutamate 

and GABA, and their modulation by DA (and to a lesser extent by acetylcholine [ACh]) are 

severely disrupted in HD. Synaptic alterations occur before neuronal cell death becomes evident 

and underlie a number of HD symptoms. It is clear that biphasic alterations in synaptic 

neurotransmission occur. Glutamatergic, GABAergic, and DA alterations are not linear but 

instead shift throughout the progression of the disease. For example, the frequency of sEPSCs in 

MSNs is increased early but decreased later. The frequency of sIPSCs in cortical pyramidal 

neurons is increased early but also decreased later in the R6/2 model. DA D1 receptor 

modulation of sEPSCs is absent in D1-expressing direct pathway MSNs at early stages but 

returns in fully symptomatic YAC128 mice. Neurodegeneration of the striatum in HD involves a 

complicated interplay of presynaptic and postsynaptic mechanisms. Moreover, such patterns are 

not surprising as they parallel biphasic behavioral symptoms of HD patients.  

 Alterations in the inputs to MSNs disrupt the delicate neurotransmitter equilibrium of the 

direct and indirect striatal output pathways as the HD phenotype progresses. Altered excitatory 

glutamatergic transmission from the cortex and thalamus summate with altered striatal inhibitory 

GABAergic transmission from feedback and feedforward pathways to produce unbalanced input 
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to direct and indirect pathway MSNs. These pathways have an intrinsic balance and as one 

pathway undergoes alterations, the entire system is impacted. To maintain this balance, as well 

as behavioral and cognitive flexibility, DA modulation of glutamate and GABA transmission is 

essential, and when it is abnormal the system is even more greatly affected (Chen et al., 2013). 

The system attempts to compensate but such mechanisms probably are not effective long-term 

and eventually take a toll on the system as well. In conclusion, synaptic alterations in HD are 

complex, multifaceted, multilayered, and non-linear. 
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Chapter 2 

 

Alterations of Thalamostriatal and Corticostriatal Projections in the R6/2 Mouse Model of 

Huntington’s Disease  
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2.1 Introduction 

A prominent hypothesis explaining MSN loss in HD proposes that striatal neurons are 

lost due to altered excitatory glutamatergic inputs. Glutamatergic inputs to the striatum originate 

in two distinct brain regions, the CMPf nuclear complex of the thalamus and the cortex. A more 

detailed understanding of alterations of glutamatergic activity in the striatum, and the source of 

these alterations, is necessary to aid in our full understanding of HD. 

A significant body of literature concerning cellular and synaptic changes of corticostriatal 

projections in mouse models of HD has been published; however, there is minimal information 

on functional alterations of thalamostriatal inputs. Cortical and thalamic projections are 

interlaced within the striatum, which has made differential stimulation of each pathway difficult 

in striatal in vitro preparations. The major body of electrophysiology literature examining 

glutamatergic activity in the striatum has either focused on studying spontaneous excitatory 

activity in MSNs, or cortically-evoked excitatory activity. Excitation of cortical efferent fibers is 

most often achieved by either placing a stimulating electrode a) in the corpus callosum which 

stimulates fibers running to/from the motor, somatosensory, visual, and prefrontal cortex (Hofer 

and Frahm, 2006) or b) intrastriatally which stimulates a combination of all types of fibers 

running throughout the striatum including not only the desired corticostriatal projections, but 

also thalamostriatal, GABAergic, dopaminergic, and cholinergic inputs. Isolating the effects of 

activating thalamic inputs onto MSNs in vitro has been especially challenging. Oblique 

horizontal slices have been used to overcome the stumbling blocks. However, studies employing 

this technique have yielded contradictory results, possibly due to species or procedural 

differences (Ding et al., 2008; Smeal et al., 2008). 
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To circumvent this problem, we used optogenetics to specifically and individually 

activate each glutamatergic pathway. Optogenetics is a technique which takes advantage of light-

gated channels to control neuronal activity. Channelrhodopsin-2 (ChR2), a channel from the 

model organism Chlamydomonas reinhardtii, absorbs blue light with an action spectrum 

maximum at 470 nm (Nagel et al., 2003). When ChR2 absorbs a photon of the appropriate 

wavelength, it undergoes a conformational change from a trans to cis configuration which 

induces the opening of its pore. ChR2 is a nonspecific cation channel allowing the flow of H+, 

Na+, K+, and Ca2+ ions down their concentration gradients. Therefore, if a cell at resting 

membrane potential expressing ChR2 is exposed to a pulse of blue light, the pore will open 

allowing cations to flow down their concentration gradient, and the cell will depolarize. With the 

use of optogenetics and current viral and mouse genetics, ChR2 can be expressed in specific cell 

types or in specific brain regions, to control activation of each pathway separately. We used an 

adeno-associated virus (AAV) expressing ChR2(H134R) and enhanced yellow fluorescent 

protein (eYFP) under the calcium/calmodulin-dependent protein kinase type II alpha subunit 

(CaMKIIa) promoter. The virus was injected to express ChR2 in the CMPf or motor cortex to 

allow specific activation of thalamostriatal or corticostriatal inputs respectively. 

The goals of the experiments presented in this chapter were to examine alterations of 

AMPA and NMDA receptor-mediated currents at thalamostriatal and corticostriatal synapses in 

MSNs of R6/2 mice compared to MSNs of WT mice with the use of optogenetics. The R6/2 

mouse model was selected for this aim for two reasons. First, the large amount of 

electrophysiological data already available in the R6/2 HD model provides valuable information 

to which new results can be compared to. Electrophysiological data describing changes in 

corticostriatal inputs of these mice is useful to validate the optogentic technique, as well as 
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compare and contrast previous findings which relied on corpus callosum or intrastriatal electrical 

stimulation. Second, the rapidly progressing and aggressive phenotype presented by R6/2 mice 

allows relatively rapid assessment of the differences in thalamostriatal and corticostriatal inputs 

in HD using optogenetics. 

2.2 ChR2 viral injections and expression 

AAV2-CaMKIIa-ChR2(H134R)-YFP was injected either into the CMPf or motor cortex 

~4 weeks prior to experiments. A set of animals was euthanized and perfused to allow 

verification of injection placement and visualization of viral expression by fluorescent 

microscopy. Representative images from mice injected into the CMPf or cortex are shown in 

Figures 2.1 and 2.2, respectively. 

The entire parafasicular nucleus (Pf) of the thalamus expresses YFP/ChR2 ~4 weeks post 

injection independent of genotype (Figure 2.1A). Faint sparse fluorescence can be seen 

throughout the entire striatum in brain slices from both genotypes (Figure 2.1B). Brains of mice 

injected into the CMPf show the needle track and some viral expression in the CA3 region of the 

hippocampus in both the WT and R6/2. Qualitative comparison of YFP expression at injection 

site and striatum revealed no apparent differences of viral spread between R6/2s (n = 6) and WTs 

(n = 6) injected into the CMPf. 

The brains of mice which underwent ChR2 injection into the cortex show viral 

expression in the M2 motor cortex (Figure 2.2A). This is true of brains from both WT and R6/2 

mice. Coronal striatal slices from these mice show that the majority of projections from the 

cortical injection expressing ChR2 are localized to fiber bundles in the dorsolateral striatum 

(Figure 2.2B). Qualitative comparison of YFP expression at the injection site and within in the 
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striatum revealed no apparent differences of viral spread between R6/2 (n = 4) and WT (n = 5) 

mice injected in the cortex. 

For consistency of responses and to account for the heterogeneous population of striatal 

neurons and their diverse functions and projections, all electrophysiological recordings were 

restricted to the dorsolateral striatum, in animals injected into the CMPf and cortex. 

 

 

Figure 2.1. YFP expression following AAV-CaMKIIa-YFP-ChR2 injection. (A) Typical 

YFP expression patterns at the injection sites following AAV-CaMKIIa-YFP-ChR2 virus 

injections into the CMPf in thalamic slices of a WT (left) and an R6/2 (right) mouse. (B) Typical 

YFP expression patterns in the corresponding striatum of the same mice from (A). 
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Figure 2.2. YFP expression following AAV-CaMKIIa-YFP-ChR2 injection. (A) Typical 

YFP expression patterns at the injection sites following AAV-CaMKIIa-YFP-ChR2 virus 

injections into the cortex in cortical slices of a WT (left) and an R6/2 (right) mouse. (B) Typical 

YFP expression pattern in the corresponding striatum of the same mice from (A).  
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2.3 MSN properties 

Basic membrane properties are a useful readout to help identify neuronal type during 

electrophysiological recordings as MSN, LCI, FS, and PLTS neurons differ in their membrane 

properties. In addition, comparison of cellular membrane properties across genotype can be 

suggestive of the differences in neuronal size and conductance. Membrane properties were 

recorded for each neuron in voltage clamp mode at Vhold = -70 mV. The membrane capacitance 

(Cm), membrane input resistance (Rm), time constant (Tau), and holding current (Hold) necessary 

to voltage clamp the neuron at Vhold = -70 mV are reported in Table 2.1. MSNs recorded from 

mice injected into the CMPf and cortex are combined within genotype for comparison of 

membrane properties. MSNs from R6/2s showed significantly reduced membrane capacitance 

and increased membrane input resistance compared to MSNs recorded from their WT 

littermates. These results replicate previous findings (Klapstein et al., 2001) and suggest that 

MSNs from R6/2s are smaller in size and contain fewer open channels. Consistent with smaller 

soma size and decreased number of open channels, the average absolute holding current was also 

reduced in R6/2s. 

Following recordings, slices were processed for biocytin and imaged using a confocal 

microscope equipped with lasers for visualization of fluorescence (Figure 2.3). Biocytin 

processing allowed observation of MSN morphology not clearly seen with infrared (IR) imaging 

on the electrophysiology rig. Based on qualitative observation, MSNs from R6/2s showed a 

decrease in spines and some dendritic fragmentation or beading. Reduced somatic size, thinning 

of dendrites, and reduced number of spines has been previously shown in R6/2 mice (Klapstein 

et al., 2001). In addition, this step allowed visualization of thalamostriatal or corticostriatal 

inputs expressing ChR2 in close proximity to the recorded neuron. MSNs in which a 
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postsynaptic response to light stimulation of thalamic or cortical inputs failed to be evoked did 

not have any ChR2 expression in close proximity and were excluded from the data analysis. 

Table 2.1. Passive membrane properties of MSNs from WT and R6/2 mice. 

 

Values are mean ± SE (standard error) (number of cells). * p < 0.05, ** p < 0.01, *** p < 0.001.  

Cm (pF) 97.96 ± 3.84 (50) 77.91 ± 1.82 (62)***

Rm (MΩ) 64.52 ± 4.27 (47) 162.06 ± 9.94 (58)***

Tau (ms) 1.78 ± 0.46 (50) 1.68 ± 0.06 (62)

Hold (pA) -91.97 ± 53.47 (50) -41.15 ± 3.79 (62)***

WT R6/2
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Figure 2.3. High magnification images of MSNs and striatal ChR2 expression in WT and 

R6/2 mice. Fluorescent confocal microscope images of ChR2 expression in thalamostriatal and 

corticostriatal axons (green) in the striatum and biocytin filled MSNs saved and recovered from 

electrophysiology experiments (red).  
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2.4 AMPA receptor-mediated currents 

After membrane properties were recorded, the cell was maintained at Vhold = -70 mV and 

10 µM bicuculline (BIC) was bath applied to block GABAA receptor-mediated inhibitory activity 

and isolate AMPA receptor-mediated currents. After approximately 4 minutes, Vhold was 

gradually stepped up to +10 mV to verify that spontaneous GABAergic activity was eliminated. 

The voltage holding potential was then again returned to -70 mV and the cell was given 

approximately a minute to equilibrate. A 2ms 470 nm light pulse was applied over 5 trials given 

30 seconds apart and the evoked AMPA receptor-mediated currents were recorded. The 30 

second inter-trial interval was necessary to allow full recovery of the response before the next 

trial (Yizhar et al., 2011). 

The average amplitudes, areas, rise times, and decay times of AMPA receptor-mediated 

currents evoked by thalamostriatal stimulation are shown in Figure 2.4. The amplitudes of these 

responses were not significantly different between MSNs from WT and R6/2 mice. Similarly, the 

rise times were unchanged. However, AMPA currents recorded from R6/2 MSNs exhibited 

significantly slower decay times, i.e. took a longer time to return to baseline. These currents 

displayed significantly larger areas, although this difference is most likely a consequence of the 

longer decay times. Longer decay times may be caused by alterations in glutamate reuptake or 

postsynaptic changes such as alterations in AMPA receptor subunit composition. 

Average measurements of AMPA receptor-mediated currents evoked by corticostriatal 

stimulation are shown in Figure 2.5. The average amplitude and area of AMPA receptor-

mediated currents evoked by corticostriatal stimulation were unchanged in R6/2 MSNs 

compared to WT MSNs. Cortically-evoked responses in R6/2s displayed faster rise times than 

those in WTs. Unlike responses evoked by thalamostriatal stimulation, decay times of cortically-
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evoked responses were unaltered. Faster rise times are often associated with alterations of 

postsynaptic receptors. However, changes in receptor subunit composition would most likely 

produce concomitant changes in other properties of the response such as altered area and decay 

time. In this case, because no other significant differences were observed, there is little evidence 

for alterations of postsynaptic AMPA receptors.  
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Figure 2.4. AMPA receptor-mediated currents evoked by thalamostriatal stimulation. 

(Top) Representative sample traces of AMPA receptor-mediated responses evoked by 

thalamostriatal stimulation, recorded in an MSN from a WT mouse (black) and R6/2 mouse 

(red). (Bottom) Average amplitudes, areas, rise times, and decay times (± SE) of AMPA 

receptor-mediated responses evoked by thalamostriatal stimulation. Ns are shown in each bar. * 

p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 2.5. AMPA receptor-mediated currents evoked by corticostriatal stimulation. (Top) 
Representative sample traces of AMPA receptor-mediated responses evoked by corticostriatal 

stimulation, recorded in an MSN from a WT mouse (black) and R6/2 mouse (red). (Bottom) 

Average amplitudes, areas, rise times, and decay times (± SE) of AMPA receptor-mediated 

responses evoked by corticostriatal stimulation. Ns are shown in each bar. * p < 0.05, ** p < 

0.01, *** p < 0.001.  
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2.5 NMDA receptor-mediated currents 

After 5 trials of AMPA receptor-mediated currents were recorded, 10 µM 2,3-dihydroxy-

6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX, AMPA receptor antagonist) was 

bath applied to the slices to block AMPA channels. After ~4-6 minutes, a 2ms 470 nm pulse was 

given at Vhold = -70 mV to verify blockade of AMPA channels. The protocol for recording of 

NMDA receptor-mediated currents was administered after AMPA receptor-mediated currents 

were maximally blocked. To record NMDA currents, the voltage holding potential was stepped 

up to +40 mV to eliminate the Mg2+ block in NMDA receptors normally seen at rest, and the 

2ms 470 nm pulse was applied 3 times, 30 seconds apart. 

Figure 2.6 shows average amplitudes, areas, rise times, and decay times of NMDA 

receptor-mediated currents evoked by thalamostriatal stimulation in MSNs from R6/2 and WT 

mice. The amplitudes, areas, and rise times were unchanged in the R6/2 mice compared to their 

WT littermates. Consistent with longer decay times of AMPA currents, NMDA currents of 

MSNs from R6/2 mice also displayed significantly longer decay times. 

As for NMDA currents evoked by thalamostriatal stimulation, amplitudes, areas, and rise 

times of NMDA currents evoked by corticostriatal stimulation were also not found to be different 

between MSNs of R6/2 and control mice (Figure 2.7). However, unlike thalamically evoked 

NMDA currents which showed slower decay kinetics, decay times of cortically-evoked NMDA 

currents were significantly faster in MSNs from R6/2s than those from WTs. 

Decay time of the NMDA receptor-mediated current from each R6/2 MSN was compared 

to average decay time of all NMDA receptor-mediated currents for WT MSNs and is reported as 

percent change in Figure 2.8. Decay times of NMDA currents evoked by thalamostriatal 

stimulation were altered to a significantly greater extent than those evoked by corticostriatal 
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stimulation [23.43% ± 7.36 (thalamostriatal, n=34) vs. -15.96 ± 4.05 (corticostriatal, n=28), 

p<0.001]. Thalamostriatal and corticostriatal projections synapse onto different regions of the 

MSN, with thalamic inputs projecting more often onto dendritic shafts and cortical inputs 

projecting more often onto spines (Smith and Bolam, 1990; Sadikot et al., 1992; Smith et al., 

1994; Sidibé and Smith, 1996). The spines and dendritic shafts of MSNs may undergo 

differential alterations in R6/2 mice which would then result in differential changes of AMPA 

and NMDA receptor-mediated currents evoked by thalamic versus cortical inputs. Conversely, 

postsynaptic changes in receptor subunit composition would be expected to result in unique 

changes to AMPA versus NMDA receptor-mediated currents. Since both AMPA and NMDA 

receptor-mediated currents evoked by thalamostriatal stimulation display longer decay times, the 

change in decay times observed at thalamostriatal projections is less likely to occur due to 

alterations in receptor subunit composition. Therefore, we hypothesize the observed increase in 

decay times is occurring as a result of presynaptic changes.  
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Figure 2.6. NMDA receptor-mediated currents evoked by thalamostriatal stimulation. 

(Top) Representative sample traces of NMDA receptor-mediated responses evoked by 

thalamostriatal stimulation, recorded in an MSN from a WT mouse (black) and R6/2 mouse 

(red). (Bottom) Average amplitudes, areas, rise times, and decay times (± SE) of NMDA 

receptor-mediated responses evoked by thalamostriatal stimulation. Ns are shown in each bar. * 

p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 2.7. NMDA receptor-mediated currents evoked by corticostriatal stimulation. (Top) 
Representative sample traces of NMDA receptor-mediated responses evoked by corticostriatal 

stimulation, recorded in an MSN from a WT mouse (black) and R6/2 mouse (red). (Bottom) 

Average amplitudes, areas, rise times, and decay times (± SE) of NMDA receptor-mediated 

responses evoked by corticostriatal stimulation. Ns are shown in each bar. * p < 0.05, ** p < 

0.01, *** p < 0.001. 

 
Figure 2.8. Percent change of decay times of NMDA receptor-mediated currents evoked by 

thalamostriatal and corticostriatal stimulation. Decay time of the NMDA receptor-mediated 

current from each R6/2 MSN was compared to average decay time of all NMDA receptor-

mediated currents for WT MSNs, for responses evoked by thalamostriatal and corticostriatal 

stimulation. Ns are shown in each bar, error bars indicate ± SE. * p < 0.05, ** p < 0.01, *** p < 

0.001.  
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As noted previously, thalamic and cortical projections utilize distinct vesicular glutamate 

transporters (Fremeau et al., 2001, 2004; Herzog et al., 2001; Fujiyama et al., 2004; Lei et al., 

2013). Differential effects of mHTT on VGLUT2 and VGLUT1 may be in part responsible for 

the distinct changes of postsynaptic responses observed at thalamostriatal and corticostriatal 

projections respectively. However, because the most consistent and largest changes observed 

were in the decay times and not amplitudes, the most probable explanation is alteration of 

glutamate reuptake. 

After glutamate is released, glutamate must be removed from the synaptic cleft by Na+ 

dependent high affinity transporters, which becomes even more vital in the case of increased 

glutamate neurotransmission as seen in HD. Glutamate transporters are located primarily on 

astrocytes, although neuronal transporters have also been reported (Danbolt, 2001). To date, five 

glutamate transporters have been described (named as excitatory amino acid transporters 

[EAAT] in humans): 1) EAAT1/GLAST (glutamate aspartate transporter), 2) GLT1 (glutamate 

transporter 1)/EAAT2, 3) EAAC1 (excitatory amino acid carrier 1)/EAAT3, 4) EAAT4, 5) 

EAAT5 (Arriza et al., 1994). GLAST and GLT1 are mainly located on astrocytes, while EAAC1 

is solely found on neurons. Extracellular glutamate taken up by astrocytes is metabolized to 

glutamine, which is released to the extracellular space and taken up by the presynaptic neurons, 

where it is recycled and again metabolized to glutamate to replenish the transmitter pool 

(Schousboe et al., 2011). If this process fails and glutamate is not properly removed, the high 

extracellular concentration of glutamate can result in excitotoxicity. Too much glutamate causes 

over-stimulation of glutamate receptors, which turns on Ca2+ dependent protease activity, 

oxidative damage, and eventually results in death of the postsynaptic neuron (Estrada-Sánchez 
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and Rebec, 2012). Failure in glutamate uptake and the resulting excitotoxicity has been shown to 

occur in HD models (Estrada-Sánchez et al., 2008). 

The astrocytic glutamate transporter GLT1 has received a lot of attention in HD and 

undergoes numerous alterations throughout the progression of the disease. Postmortem tissue 

shows a reduction of GLT1 mRNA (Arzberger et al., 1997). The caudate nuclei of HD patients 

show a grade-dependent reduction of GLT1 itself, even when the number of astrocytes is 

controlled (Faideau et al., 2010). Decreased glutamate uptake is observed in postmortem 

prefrontal cortex in very early stages of HD (Hassel et al., 2008). Similar changes have been 

consistently described in HD animal models. R6/2s, as well as other mouse models, display 

reduced levels of GLT1 mRNA and of the GLT1 protein itself (Liévens et al., 2001; Behrens et 

al., 2002; Estrada-Sánchez et al., 2009; Faideau et al., 2010). Consistent with the reduction in 

GLT1, R6/2s, as well as young presymptomatic R6/1s, show a reduction in glutamate uptake 

(NicNiocaill et al., 2001; Miller et al., 2008). Palmitoylation (the post-translational addition of 

palmitate to specific cysteine residues), one of the regulatory mechanisms of GLT1 function, is 

reduced in YAC128 mice, which also show a parallel reduction in glutamate uptake (Huang et 

al., 2010). Mutant HTT expression restricted to astrocytes is sufficient to decrease GLT1 levels, 

and elicit the HD behavioral phenotype (Bradford et al., 2009). Several mechanisms by which 

mHTT causes decreased functioning of GLT1 have been proposed. These include altered 

transcription of GLT1 caused by mHTT fragments and cytoplasmic inclusions (DiFiglia et al., 

1997; Liévens et al., 2005), inhibited function caused by accumulated and toxic reactive oxygen 

species (Trotti et al., 1996; Chen, 2011), and deficient ATP production (Browne and Beal, 2004). 

Ceftriaxone, a beta-lactam antibiotic that crosses the blood–brain barrier, increases brain 

GLT1 expression in mice (Rothstein et al., 2005). R6/2 mice treated with ceftriaxone show 
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increased striatal GLT1 expression, increased glutamate uptake, and importantly, improvement 

in some HD behavioral deficits (Miller et al., 2008, 2012). Due to several adverse side effects, 

clinical use of ceftriaxone requires caution (Bellesi et al., 2009, 2012; Omrani et al., 2009), 

however the positive implications of increasing functional GLT1 expression in HD patients are 

noteworthy. 

Although GLT1 alterations have received the most attention in HD, alterations in GLAST 

and EAAC1 are observed as well. GLAST protein levels are reduced in symptomatic R6/2 mice 

(Liu et al., 2007; Estrada-Sánchez et al., 2009). Expression of mHTT results in reduced 

astrocytic protein levels of GLAST (Faideau et al., 2010). Cultured cortical neurons expressing 

exon 1of mHTT display altered function of EAAC1, attributed to deficient glutathione synthesis 

and increased oxidative damage (Li et al., 2010). More studies examining GLAST and EAAC1 

are necessary to associate alterations observed in HD with deficits in these specific transporters. 

However, in summary, consistent evidence shows a link between altered glutamate reuptake and 

HD-induced excitotoxicity. Distinct changes of GLT1 and GLAST glutamate transporters on 

presynaptic membranes of thalamic inputs can explain the observed findings. A reduction in the 

number or function in one or both of these transporters at thalamostriatal terminals could explain 

increased decay times of AMPA and NMDA receptor-mediated currents evoked by 

thalamostriatal stimulation. 

The mechanism to explain alterations of AMPA and NMDA receptor-mediated currents 

evoked by corticostriatal projections must be more complicated as decay times of these currents 

are not affected in the same pattern. Decay times of AMPA currents are unchanged while decay 

times of NMDA currents are decreased. Therefore, a series of experiments were conducted to 

examine glutamate reuptake at both thalamostriatal and corticostriatal projections. 
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 TBOA is a non-selective glutamate transporter blocker with a high affinity for all 5 

glutamate transporters. Blocking glutamate transporters impairs glutamate reuptake which 1) 

impairs glutamate clearing from the synaptic cleft allowing it more time to keep postsynaptic 

receptors open/active and 2) hinders glutamate recycling by the astrocytes to the presynaptic 

terminal. NMDA receptor-mediated currents were compared before and 14 minutes after the 

application of 30 µM TBOA. 

NMDA currents evoked by thalamostriatal stimulation showed differential effects in 

MSNs from R6/2s and WTs when exposed to TBOA bath application (Figure 2.9). TBOA had a 

very minimal effect on amplitude and decay time of NMDA currents evoked by thalamostriatal 

stimulation in MSNs from R6/2 and WTs. Average areas were increased in MSNs from R6/2s 

and WTs, although R6/2s trended to show a higher increase (p = 0.16). As expected, shutting off 

transporters increased decay times of NMDA currents in MSNs from both genotypes. 

Time to peak of NMDA currents was significantly increased after TBOA application. As 

can be seen in the sample traces in Figure 2.9, the increase in time to peak is caused by the 

rightward shift in the peak. The initial rise time looks very similar in MSNs from both genotypes. 

However, after the initial immediate almost vertical slope, the slope significantly decreases and 

the time to reach maximum amplitude is significantly lengthened. The extended time to reach 

maximum peak drives the observed increase in area. We propose NMDA currents take longer to 

reach peak in TBOA because as TBOA blocks transporters, glutamate reuptake by astrocytes is 

impaired. Compromised reuptake decreases the amount of glutamate recycled, thereby 

decreasing the amount of glutamate available to the presynaptic terminals to be released next 

time a stimulating blue light pulse is delivered. Therefore the presynaptic terminal takes much 

longer to release the same amount of glutamate, resulting in the slower time to peak. 
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TBOA’s effect on time to peak was observed in MSNs from both R6/2s and WTs 

however, it increased the time to peak of NMDA currents recorded in R6/2 MSNs almost 13 

times more than those recorded in WT MSNs. Presumably, if the number and function of 

glutamate transporters is reduced in R6/2s, the few remaining active transporters are handling all 

the work. Therefore blocking a large portion of glutamate transporters is going to make a much 

bigger difference and have a much more deleterious effect on glutamate reuptake in the already 

strained R6/2 system. This finding is consistent with our hypothesis that decay times of AMPA 

and NMDA receptor-mediated currents are slower in MSNs from R6/2s than WTs because of 

deficits in glutamate transport, and with previously published data showing decreased receptor 

expression and function of glutamate transporters in HD mice. 

Amplitude, area, time to peak, and decay time of NMDA currents evoked by 

corticostriatal stimulation were also altered post TBOA application (Figure 2.10). Unlike NMDA 

currents evoked by thalamostriatal stimulation which showed a very minimal increase in average 

amplitude, NMDA currents evoked by corticostriatal stimulation showed a slightly larger 

decrease in average amplitude. Areas, time to peaks, and decay times were increased, with the 

increase being more prominent in MSNs from R6/2 mice than WT mice. 

The differences in the effect of TBOA between MSNs from R6/2 and WT mice were less 

pronounced in currents evoked by corticostriatal than thalamostriatal stimulation. This parallels 

the less consistent alterations in decay times of AMPA and NMDA receptor-mediated currents 

evoked by corticostriatal than thalamostriatal stimulation. Decay times of AMPA currents were 

unchanged while decay times of NMDA currents were increased at cortical inputs in R6/2s 

compared to WTs. This suggests that the alterations in kinetics observed at corticostriatal 
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projections can not be completely attributed to deficits in glutamate reuptake, but are also a result 

of additional synaptic alterations.  
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Figure 2.9. Percent change of NMDA receptor-mediated currents evoked by 

thalamostriatal stimulation in 30 µM TBOA. (Top) Representative sample traces of NMDA 

receptor-mediated responses evoked by thalamostriatal stimulation, recorded in an MSN from a 

WT mouse (black) and R6/2 mouse (red), before and after TBOA application (purple). (Bottom) 

Average percent change of amplitudes, areas, rise times, and decay times (± SE) of NMDA 

receptor-mediated currents evoked by thalamostriatal stimulation 14 minutes post bath 

application of TBOA. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 2.10. Percent change of NMDA receptor-mediated currents evoked by 

corticostriatal stimulation in 30 µM TBOA. (Top) Representative sample traces of NMDA 

receptor-mediated responses evoked by corticostriatal stimulation, recorded in an MSN from a 

WT mouse (black) and R6/2 mouse (red), before and after TBOA application (purple). (Bottom)  

Average percent change of amplitudes, areas, rise times, and decay times (± SE) of NMDA 

receptor-mediated currents evoked by corticostriatal stimulation 14 minutes post bath application 

of TBOA. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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One component of the excitotoxicity hypothesis proposes abnormalities in MSN NMDA 

receptor function. Postsynaptic effects of NMDA receptor activation depend on the location of 

the receptors. Generally, synaptic NMDA receptors activate cellular survival pathways including 

BDNF transcription while extrasynaptic receptors activate pathways that lead to apoptosis 

(Papadia and Hardingham, 2007). Therefore, the densities and locations of NMDA receptors at 

synaptic sites can influence whether cell survival or cell death pathways are activated. The striata 

of HD mice exhibit enhanced expression of extrasynaptic NMDA receptors, increased currents, 

and reduced activation of nuclear cAMP response element-binding protein (Milnerwood et al., 

2010). Interestingly, memantine, a compound which preferentially blocks extrasynaptic NMDA 

receptor activity, reduces neuropathological and behavioral deficits in symptomatic YAC128 

mice (Okamoto et al., 2009).  

The subunit composition of NMDA receptors also plays a role in the postsynaptic effects 

of NMDA receptor signaling in HD. Potentiation of NMDA responses by D1 DA receptors is 

enhanced by blockade of GluN2A subunits and reduced by blockade of GluN2B  subunits (Jocoy 

et al., 2011). Heteromers containing GluN1 plus GluN2B subunits mediate a current that decays 

three to four times more slowly than receptors composed of GluN1 plus GluN2A subunits 

(Vicini et al., 1998; Cull-Candy et al., 2001; Erreger et al., 2005). A cell with a higher percentage 

of GluN2B subunit-containing NMDA receptors with slower decaying currents would result in 

increased excitation compared to a similar cell with a lower percentage of GluN2B subunit-

containing NMDA receptors. Interestingly, GluN2B-type NMDARs are enriched in adult striatal 

projection neurons relative to other brain regions (Landwehrmeyer et al., 1995; Christie et al., 

2000; Li et al., 2003b) . 
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YAC72 mice demonstrate altered trafficking of NMDA receptor subunits consisting of a 

shift of GluN1 and GluN2B subunits from internal pools to the plasma membrane and a 

significantly faster rate of NMDA receptor insertion to the surface (Fan et al., 2007). GluN2B 

subunit-containing NMDA receptors display increased surface expression, current, and toxicity 

in MSNs from HD mice (Shehadeh et al., 2006; Fan et al., 2007). Overexpression of GluN2B 

subunits also increases striatal neuronal loss in HD mice (Heng et al., 2009). In addition, R6/1 

mice exhibit alterations in synaptic plasticity and LTD. Blocking GluN2B subunit-containing 

NMDA receptors reduces the magnitude of LTD in brain slices from these mice, strongly 

suggesting that LTD deficits may be attributed to alterations of these receptors (Milnerwood et 

al., 2006). GluN2B-mediated currents are enhanced in cultured striatal neurons (Zeron et al., 

2002, 2004) and at corticostriatal synapses in acute slices (Li et al., 2004) from YAC128 mice. 

Similarly, NMDAR currents are larger in cells coexpressing mHTT and GluN1/GluN2B 

subunits, but not mHTT and GluN1/GluN2A (Chen et al., 1999). 

Aberrant activity of the GluN3A NMDA receptor subunit also has been recently 

demonstrated in HD (Marco et al., 2013). Through a yet unknown mechanism, mHTT redirects 

GluN3A subunit-containing NMDA receptors from the intracellular store to the membranes of 

MSNs by disrupting the activity of the endocytic adaptor protein PACSIN1. Overexpression of 

GluN3A in WT mice recapitulates synapse degeneration seen in mouse models of HD. 

Conversely, genetic deletion of GluN3A in YAC128 mice prevents synapse loss, improves motor 

and cognitive decline, reduces striatal atrophy and neuronal death, and restores enhanced NMDA 

receptor currents observed in HD (Marco et al., 2013).    

Taken together, these data provide evidence that in HD MSNs may be more prone to 

excitotoxic insults due to increased expression of extrasynaptic NMDA receptors, which can 
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activate pathways leading to apoptosis and hyperexcitability in response to glutamate release. In 

addition, overexpression and aberrant activity of GluN2B subunit-containing NMDA receptors 

can potentiate such effects (Raymond et al., 2011). 

To examine alterations of GLUN2B subunit-containing NMDA receptors at 

thalamostriatal and corticostriatal synapses in the R6/2 HD model, ifenprodil was used. 

Ifenprodil is a selective GLUN2B subunit-containing NMDA receptor antagonist. NMDA 

receptor-mediated currents evoked by thalamostriatal or corticostriatal stimulation were 

compared before and after bath application of 1 µM of ifenprodil (Figure 2.11). As expected, 

average amplitude of NMDA receptor-mediated currents was decreased as early as 5 minutes 

post ifenprodil application, and continued to decrease over time. This is true for NMDA 

receptor-mediated currents evoked by activation of both thalamostriatal and corticostriatal 

projections (Figure 2.11A). However, there was no difference in the drug’s effect on average 

amplitude, area, or kinetics (not pictured) of NMDA receptor-mediated currents recorded in 

MSNs from R6/2 versus WT mice (Figure 2.11B). Comparison between responses evoked by 

thalamostriatal and corticostriatal stimulation after ifenprodil application also did not result in 

any significant differences. 

Despite numerous studies providing evidence for alterations in GLUN2B subunit-

containing NMDA receptors, one possible explanation for lack of significant changes observed 

in the present study may be due to the mouse model examined. Single cell RT-PCR failed to 

detect any significant decrease in the proportion of cells expressing GLUN2B in the R6/2s 

compared to WTs (Ali and Levine, 2006). Daily subcutaneous injections of ifenprodil failed to 

rescue survival, motor declines (measured by rotarod, balance beam task, and activity), or post-

mortem striatal volumes, in R6/2 mice. Similar experiments should be conducted in the YAC128 
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model as this model has shown alterations of GLUN2B subunits electrophysiologically 

(Raymond et al., 2011).  
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Figure 2.11. Percent change of NMDA receptor-mediated responses in 1 µM ifenprodil. 

(Top) Representative sample traces of NMDA receptor-mediated responses evoked by 

thalamostriatal (left) and corticostriatal (right) stimulation, recorded in MSNs from a WT mouse 

(black) and R6/2 mouse (red) before and after bath application of ifenprodil (purple). (A) 

Average percent change of amplitudes (± SE) of NMDA receptor-mediated currents over time 

evoked by thalamostriatal and corticostriatal stimulation. (B) Average percent change of 

amplitudes and areas (± SE) of NMDA receptor-mediated currents evoked by thalamostriatal and 

corticostriatal stimulation 11 minutes post bath application of ifenprodil. Ns are shown in each 

bar. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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2.6 NMDA/AMPA ratios 

Absolute amplitudes of AMPA and NMDA receptor-mediated currents are potentially 

confounded by the amount of ChR2 expressed. More ChR2 in presynaptic inputs would result in 

larger EPSCs, and vice versa. Although no differences in viral expression were qualitatively 

observed between WT and R6/2 mice, because no quantitative comparison was done, this 

potential confound should still be considered. In addition, possible differences in the amount of 

ChR2 expressed by thalamostriatal versus corticostriatal projections should be noted when 

comparing properties of AMPA or NMDA receptor-mediated currents between input types. To 

account for potential differences in viral expression, NMDA/AMPA ratios were calculated. For 

each neuron, the amplitude, area, rise, and decay time of the NMDA receptor-mediated current 

evoked was divided by the amplitude, area, rise time, and decay time measure of the AMPA 

receptor-mediated current. The NMDA/AMPA ratios of each neuron were than averaged within 

their appropriate group (WT versus R6/2, and thalamostriatal versus corticostriatal stimulation) 

and compared. This calculation helped to account for variability in ChR2 expression because 

when high ChR2 expression resulted in relatively large AMPA currents, it also resulted in 

proportionally large NMDA currents (or vice versa). Dividing one by the other normalized these 

parallel differences. The resultant values predicted the relative NMDA to AMPA receptor 

contribution at each set of inputs. 

NMDA/AMPA ratios for amplitude, area, rise time, and decay time at thalamostriatal 

projections were unchanged in R6/2s compared to their WT littermates (Figure 2.12). 

Interestingly, ratios of decay times were comparable between R6/2s and WTs, although R6/2s 

showed increased decay times of both AMPA and NMDA receptor-mediated currents (Figures 

2.4 and 2.6). This suggests the decay times of AMPA and NMDA currents are altered in a 
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similar manner and further support the hypothesis that they are affected due to deficits in 

glutamate reuptake, rather than alterations in subunit composition of the receptors. 

NMDA/AMPA ratios of the amplitude, area, rise and decay times, of responses evoked 

by corticostriatal stimulation are shown in Figure 2.13. Amplitude and area ratios were similar 

between MSNs from R6/2 and WT mice. Ratios of rise time were significantly increased in 

R6/2s compared to WTs suggesting that at cortical synapses, rise times of AMPA and NMDA 

receptor-mediated currents were affected differently. Rise time changes may be due to 

postsynaptic mechanisms such as subunit composition variations of AMPA receptors in MSNs of 

R6/2s compared to WTs. However, due to lack of alterations in other measures of AMPA 

receptor-mediated currents, a conclusive prediction should not be made. Decay time ratios of 

NMDA and AMPA currents at corticostriatal projections were unaffected, again highlighting the 

difference between alterations at thalamostriatal versus corticostriatal projections. 

To further assess differences in relative contributions of thalamostriatal and corticostriatal 

glutamatergic inputs to NMDA and AMPA receptors, NMDA/AMPA amplitude ratios at 

thalamostriatal versus corticostriatal projections were compared (Figure 2.14). Thalamostriatal 

projections had larger amplitude NMDA/AMPA ratios compared to corticostriatal projections, in 

MSNs from both WT (Figure 2.14A) and R6/2 (Figure 2.14B) mice. This difference was due to 

both larger NMDA currents, and smaller AMPA currents, at thalamostriatal inputs compared to 

corticostriatal projections (although these individual differences were not significant). This 

finding agrees with previously published data reporting larger NMDA/AMPA ratios at 

thalamostriatal projections than corticostriatal projections (Smeal et al., 2008). 
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Figure 2.12. NMDA/AMPA ratios evoked by thalamostriatal stimulation. Amplitude, area, 

rise time, and decay time of the NMDA receptor-mediated current divided by the amplitude, 

area, rise time, and decay time measure of the AMPA receptor-mediated current evoked by 

thalamostriatal stimulation, for each neuron, and then averaged across neurons. Ns are shown in 

each bar, error bars indicate ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

 
 

Figure 2.13. NMDA/AMPA ratios evoked by corticostriatal stimulation. Amplitude, area, 

rise time, and decay time of the NMDA receptor-mediated current divided by the amplitude, 

area, rise time, and decay time measure of the AMPA receptor-mediated current evoked by 

corticostriatal stimulation, for each neuron, and then averaged across neurons. Ns are shown in 

each bar, error bars indicate ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 2.14. NMDA/AMPA ratios evoked by thalamostriatal versus corticostriatal 

stimulation. (A) Ratios of average amplitudes of NMDA and AMPA receptor-mediated currents 

evoked by thalamostriatal stimulation compared to ratios of NMDA and AMPA receptor-

mediated currents evoked by corticostriatal stimulation in MSNs from WT mice. (B) Ratios of 

average amplitudes of NMDA and AMPA receptor-mediated currents evoked by thalamostriatal 

stimulation compared to ratios of NMDA and AMPA receptor-mediated currents evoked by 

corticostriatal stimulation in MSNs from R6/2 mice. Ns are shown in each bar, error bars 

indicate ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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2.7 Paired-pulse ratios (PPRs) 

The HD excitotoxicity hypothesis predicts striatal MSNs are degenerating due to 

increased excitation caused by glutamate. Besides the ideas that MSNs may be hypersensitive to 

glutamate or that the glutamate has a greater effect due to slower clearing from the synaptic cleft, 

the amount of glutamate released may also be increased. For example, increased firing of striatal 

MSNs in R6/2 mice may be explained by increased presynaptic glutamatergic release (Rebec et 

al., 2006). Direct pathway MSNs in 1-2 month old YAC128 mice and BACHD mice also display 

increased glutamate release (André et al., 2011). To examine and compare release at 

thalamostriatal and corticostriatal projections, the paired-pulse protocol (Zucker, 1989) was 

administered in a selected population of MSN which did not undergo TBOA or ifenprodil 

treatment. For this set of neurons, the paired-pulse protocol was administered after passive 

membrane properties were recorded, 10 µM BIC was bath applied, and basic AMPA receptor-

mediated currents were recorded. Two 2ms 470 nm pulses were given at 75ms, 100ms, 200ms, 

and 400ms interpulse intervals. PPR was calculated by dividing the amplitude of the second 

response (measured from baseline of trace to peak) by the amplitude of the first response (also 

measured from baseline of trace to peak). In addition, due to the long decay of NMDA receptor-

mediated currents, a second set of PPR calculations was performed. PPRs were still calculated by 

dividing the amplitude of the second response by the amplitude of the first response, but in this 

case amplitude for the second peak was calculated from beginning of peak to top of peak, instead 

of from baseline of trace to top of peak. After running the protocol at Vhold of -70 mV, NBQX 

was bath applied, basic NMDA receptor-mediated currents were recorded, and the protocol was 

once again repeated at Vhold of +40 mV. 
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Results of the paired-pulse stimulation of thalamostriatal projections (amplitudes of 

responses calculated from baseline to peak) are shown in Figure 2.16. MSNs from WT animals 

displayed paired-pulse depression at Vhold of -70 mV as the second response was smaller than the 

first. At Vhold of +40 mV, no paired-pulse depression or facilitation was observed. In MSNs from 

R6/2s however, paired-pulse depression was seen at both holding potentials. This result is 

consistent with previously published data which found that thalamostriatal synapses display a 

high probability of release to an initial stimulus which declines rapidly with successive 

stimulation (Ding et al., 2008), a very fitting property for the role of thalamostriatal projections 

in transmitting precisely timed sporadic signals. At both holding potentials, PPRs were 

significantly smaller in R6/2s compared to WTs at longer interpulse intervals (200 and 400ms). 

Smaller PPRs indicate stronger paired-pulse depression in R6/2s and suggest an increased 

probability of release at thalamostriatal projections in R6/2 mice compared to WT mice. 

PPRs calculated by measuring responses from bottom to top of peak, instead of from 

baseline to peak, showed a similar trend at Vhold of +40 mV. PPRs were [0.26 ± 0.03 (WT, n=16) 

vs. 0.39 ± 0.13 (R6/2, n=5) at 75ms; 0.39 ± 0.04 (WT, n=16) vs. 0.40 ± 0.13 (R6/2, n=6) at 

100ms; 0.62 ± 0.12 (WT, n=15) vs. 0.41 ± 0.09 (R6/2, n=6) at 200ms; and 0.63 ± 0.05 (WT, 

n=15) vs. 0.46 ± 0.11 (R6/2, n=6) at 400ms]. None of these differences were significant, 

however MSNs from R6/2s showed a trend towards decreased PPRs at all interpulse intervals, 

and almost reached significance at 400ms (p=0.07). 

Probability of release at corticostriatal synapses was also tested at both holding potentials 

(Figure 2.16, amplitudes of responses calculated from baseline to peak). Paired-pulse stimulation 

of corticostriatal projections produced very different curves than paired-pulse stimulation of 

thalamostriatal projections. PPRs at thalamostriatal projections decreased consistently with 
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increased interpulse intervals. However, PPRs at corticostriatal projections formed a bell-shaped 

curve as interpulse intervals were increased. At Vhold of -70 mV, in MSNs from both WT and 

R6/2 mice, paired-pulse depression was seen at shorter interpulse intervals (75 and 100ms), as 

well as the long interpulse interval (400ms), while a 200ms interpulse interval produced 

potentiation. At Vhold of +40 mV, paired-pulse potentiation was observed at all tested interpulse 

intervals. However, similar to the PPR curve at Vhold of -70 mV, max PPRs were recorded at an 

interpulse interval of 200ms. There were no significant differences between PPRs of MSNs from 

WTs and R6/2s at either of the holding potentials. 

PPRs calculated by measuring responses at Vhold of +40 mV from bottom to top of peak, 

instead of from baseline to peak, showed a similar trend. PPRs were [0.28 ± 0.04 (WT, n=8) vs. 

0.24 ± 0.04 (R6/2, n=7) at 75ms; 0.35 ± 0.05 (WT, n=9) vs. 0.38 ± 0.07 (R6/2, n=8) at 100ms; 

0.70 ± 0.09 (WT, n=9) vs. 0.68 ± 0.06 (R6/2, n=8) at 200ms; and 0.65 ± 0.06 (WT, n=9) vs. 0.68 

± 0.04 (R6/2, n=8) at 400ms]. There were no significant differences between PPRs of MSNs 

from WTs and R6/2s at none of the four interpulse intervals. 

In summary, compared to WTs, R6/2s display an increased probability of release at 

thalamostriatal projections, and no change in probability of release at corticostriatal projections. 

According to a previous report, in very young presymptomatic Q140 mice, 40% of 

thalamostriatal axodendritic and 20% of thalamostriatal axospinous terminals are lost, while 

corticostriatal projections are spared (Deng et al., 2013). Perhaps the increased release observed 

at thalamic inputs is a compensatory mechanism to make up for the lost thalamic inputs. 
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Figure 2.15. AMPA and NMDA receptor-mediated currents evoked by paired-pulse 

thalamostriatal stimulation. Representative sample traces (left) and average paired-pulse ratios 

± SE (right) of EPSCs evoked by thalamostriatal stimulation at (A) Vhold = -70 mV and (B) Vhold 

= +40 mV. Ns are shown in the inset of each line graph. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 2.16. AMPA and NMDA receptor-mediated currents evoked by paired-pulse 

corticostriatal stimulation. Representative sample traces (left) and average paired-pulse ratios 

± SE (right) of EPSCs evoked by corticostriatal stimulation at (A) Vhold = -70 mV and (B) Vhold 

= +40 mV. Ns are shown in the inset of each line graph. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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2.8 LCIs 

Although LCIs makeup only ~2% of the striatal neuronal population, they carry an 

important role in modulating the functional status of MSNs (Pisani et al., 2007; Ding et al., 

2010). LCIs have been implicated in various striatal functions including motor control, associate 

learning, reward, and plasticity (Hanley and Bolam, 1997; Shen et al., 2005; Exley and Cragg, 

2008; Shuen et al., 2008). Thalamostriatal projections play a large role in modulating and 

controlling the activity of LCIs. In fact, the majority of excitatory glutamatergic inputs to LCIs 

arise from the CMPf and less so from the cortex (Smith et al., 2004). Although LCIs are 

relatively spared from degeneration in HD, they show decreased acetylcholine release in HD 

mouse models (Vetter et al., 2003; Smith et al., 2006; Farrar et al., 2011). Sparse cortical inputs 

in conjunction with NMDA currents much smaller than those of MSNs (Cepeda et al., 2001b) 

may be the reasons LCIs are spared in HD. Therefore, AMPA and NMDA receptor-mediated 

currents evoked by thalamostriatal and corticostriatal stimulation were examined. The following 

data have been published (Holley et al., 2015) 

An average MSN soma is 13.90 ± 0.23μm in diameter while an average LCI is 18.33 ± 

0.34 μm in diameter (Guo et al., 2015). The significant size difference makes LCIs easy to 

identify in a striatal slice through IR imaging (Figure 2.17A). LCIs recorded in cell-attached 

mode exhibit tonic firing with an average frequency of approximately 1-3 Hz (Figure 2.17B) 

(Holley et al., 2015). This characteristic tonic firing is regulated by behavioral context, 

exhibiting pauses of several hundred milliseconds following presentation of salient sensory 

stimuli (Morris et al., 2004; Apicella, 2007). It also helps to identify LCIs and to distinguish 

them from MSNs which do not show spontaneous firing in the slice. 



74 

Table 2.2 lists the average membrane capacitance, input resistance, time constant, and 

holding current of LCIs from WT and R6/2 mice recorded at Vhold of -70 mV. R6/2s do not show 

a significant difference between any of the measured passive membrane properties, although 

they do show a trend for increased membrane input resistance (p = 0.07). This suggests LCIs 

from R6/2 mice are smaller in size and more electrotonically compact than LCIs from WT mice 

and is consistent with reduced somatic area of R6/2 LCIs determined by ChAT 

immunohistochemistry (Holley et al., 2015). LCIs have larger average input resistance and 

smaller average time constants compared to MSNs. Note the membrane properties of LCIs are 

much less affected than those of MSNs (Table 2.1), consistent with LCIs being spared in HD. 

Average amplitudes, areas, rise times, and decay times of AMPA and NMDA receptor-

mediated currents recorded from LCIs evoked by activation of thalamostriatal projections are 

shown in Figure 2.18A and Figure 2.18B respectively. Average amplitudes of both AMPA and 

NMDA currents were slightly increased in LCIs from R6/2s, however these differences were not 

statistically significant. Similarly, average area, rise time, and decay time of NMDA currents in 

LCIs of R6/2s were slightly increased but these changes were also not statistically significant. 

LCIs patched in slices from both WT and R6/2 mice injected in the cortex failed to 

produce a response. After repeated attempts to evoke a response from 8 LCIs in 5 mice, 

examination of AMPA and NMDA receptor-mediated currents in LCIs evoked by corticostriatal 

stimulation was terminated. This result is not surprising as LCIs receive the majority of their 

inputs from thalamic projections (Smith et al., 2004). 
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Figure 2.17. Identifying LCIs. (A) IR image of an LCI in a striatal slice. LCIs are large in size 

and easy to distinguish from striatal MSNs. (B) Representative trace of a WT LCIs characteristic 

tonic firing in cell-attached mode. 

 

Table 2.2: Passive membrane properties of LCIs from WT and R6/2s. 

 

 

Values are mean ± SE (number of cells). * p < 0.05, ** p < 0.01, *** p < 0.001.  

Cm (pF) 73.71 ± 3.10 (10) 79.86 ± 6.62 (7)

Rm (MΩ) 137.14 ± 14.79 (10) 187.20 ± 20.43 (7) p = 0.07

Tau (ms) 0.96 ± 0.12 (10) 1.20 ± 0.13 (7)

Hold (pA) -102.49 ± 10.15 (10) -83.41 ± 24.26 (7)

WT: CMPf R6/2: CMPf
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Figure 2.18. AMPA and NMDA receptor-mediated currents of LCIs evoked by 

thalamostriatal stimulation. Average amplitudes, areas, rise times, and decay times (± SE) of 

(A) AMPA receptor-mediated responses and (B) NMDA receptor-mediated responses evoked by 

thalamostriatal stimulation. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 0.001.  



77 

2.9 Conclusions 

Optogenetics allowed us to specifically activate thalamostriatal and corticostriatal 

projections in MSNs of R6/2 and WT mice. Alterations of AMPA and NMDA receptor-mediated 

currents occurring at the two sets of projections could then be separated. AMPA and NMDA 

currents evoked by thalamostriatal stimulation showed longer decay times in MSNs from R6/2 

mice when compared to MSNs from WT mice. Examination of NMDA currents before and after 

TBOA, the glutamate transporter blocker, suggested the lengthened decay times may be caused 

by deficits in glutamate reuptake at thalamostriatal projections in R6/2s. PPR data also suggested 

increased probability of glutamate release from thalamic inputs to MSNs from R6/2s compared 

to MSNs from WTs. Increased glutamate release would lead to increased glutamate in the 

synaptic cleft and therefore may also contribute to longer decay times. Data from ifenprodil 

studies did not support alterations in subunit composition of NMDA receptors, specifically in the 

proportion of NMDA receptors containing GLUN2B subunits. In addition, LCI recordings did 

not show any alterations in AMPA or NMDA receptor-mediated currents, consistent with 

sparing of these non-GABAergic interneurons in HD. 

Recordings of AMPA and NMDA currents evoked by corticostriatal stimulation showed 

that corticostriatal and thalamostriatal projections undergo differential alterations in R6/2 mice. 

AMPA currents exhibited faster rise times and NMDA currents exhibited faster decay times in 

MSNs from R6/2 mice when compared to MSNs from WT mice. Blocking glutamate 

transporters lead to disparate responses in MSNs from R6/2 and WT mice suggesting there are 

alterations in glutamate reuptake at cortical inputs. However, the discrepancy between TBOA’s 

effect on responses of MSNs from R6/2s and WTs was much smaller at corticostriatal than 

thalamostriatal projections, suggesting aberrant glutamate reuptake may be more prominent at 
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thalamostriatal projections. In conjunction, probability of release was found to be unaffected. 

Proportion of GLUN2B containing NMDA receptors was not altered at cortical inputs. 

Comparison of NMDA/AMPA ratios suggested a higher contribution of NMDA 

receptors at thalamic inputs compared to cortical inputs. This is true for both R6/2 and WT mice. 

A higher relative proportion of NMDA receptors at thalamostriatal-MSN synapses, longer decay 

times of AMPA and NMDA receptor-mediated currents, and increased glutamate release, 

support the role of thalamostriatal projections in excitotoxicity. In addition, this evidence begins 

to provide a mechanistic explanation for early degeneration of thalamostriatal projections 

observed in the Q140 mouse (Deng et al., 2013).  
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Chapter 3 

Alterations of Thalamostriatal Projections in Direct and Indirect Pathway Projecting 

MSNs in the R6/2 Mouse Model of Huntington’s Disease  
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3.1 Introduction 

Striatal MSNs are segregated into two subpopulations based on the DA receptors and 

neuropeptides they express (Gerfen, 1992; Bolam et al., 2000), as well as the target sites of their 

projections (Shuen et al., 2008). Direct pathway MSNs express D1 DA receptors and increase 

excitatory firing of the thalamus onto the cortex, which results in increased cortical activity. 

Indirect pathway MSNs express D2 DA receptors and activity of these neurons decreases 

excitatory firing of the thalamus onto the cortex and decreases cortical activity (Albin et al., 

1989; Alexander and Crutcher, 1990; Gerfen et al., 1990; Mink, 1996). Activation of the direct 

pathway facilitates movement while activation of the indirect pathway suppresses movement 

(Albin et al., 1989; Alexander and Crutcher, 1990; DeLong, 1990). Optogenetic activation of 

direct pathway MSNs increases locomotion while activation of the indirect pathway MSNs 

induces increased freezing, bradykinesia, decreased locomotion, and results in a Parkinsonian-

like state  (Kravitz et al., 2010). Balance in the activity of these opposing pathways is critical for 

precise motor control. 

When this balance is disturbed by HD pathogenesis, undesired movement (chorea) or 

inability to move (akinesia) results (Galvan et al., 2012). Differential alteration of the two 

pathways has been shown in HD mouse models. The increased sEPSC frequency seen in MSNs 

from presymptomatic 1-1.5 month old YAC128 mice is more pronounced in direct versus 

indirect pathway projecting MSNs (Joshi et al., 2009; André et al., 2011) and is most likely due 

to increased glutamate release onto direct pathway-projecting MSNs (André et al., 2011). 

Similarly, the decrease in sEPSC frequency in MSNs from symptomatic 12 month old YAC128 

mice is more evident in direct versus indirect pathway projecting MSNs, and shown to be due to 

decreased glutamate release onto these neurons at the late symptomatic stage (André et al., 
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2011). Conversely, the increase in sIPSC frequency is more evident in indirect pathway MSNs 

and less so in direct pathway MSNs (André et al., 2011; Cepeda et al., 2013). DA modulation has 

also been shown to be affected differently in the direct versus indirect pathway projecting striatal 

neurons (André et al., 2011).  

Alterations of thalamostriatal projections onto direct versus indirect pathway projecting 

MSNs were compared in R6/2 mice. Treating direct and indirect pathway-projecting MSNs as 

one population risks masking or overlooking an effect that is specific to one of the two subtypes 

of MSNs. Conversely, pathway specific differences may be driving the statistically significant 

alterations observed in the grouped data. Therefore, R6/2 mice expressing tDTomato under the 

D1 DA promoter were used to identify direct pathway MSNs during electrophysiology 

experiments described in this chapter. Fluorescent cells were treated as D1 receptor-expressing 

(direct pathway projecting MSNs) and non-fluorescent cells were treated as D2 receptor-

expressing (indirect pathway projecting MSNs). 

3.2 Membrane properties 

Membrane properties of MSNs recorded from each subgroup of mice are shown in Table 

3.1. D1 MSNs from R6/2s had a smaller average membrane capacitance than D1 MSNs from 

WTs. This difference was not observed when D2 MSNs from R6/2s were compared to D2 MSNs 

from WTs. The two-way ANOVA test indicated a statistically significant difference in input 

resistance across genotype; MSNs from R6/2 mice had a higher membrane input resistance than 

MSNs from WT mice, consistent with grouped data in Table 2.1 and previously published data 

(Klapstein et al., 2001). D2 MSNs from R6/2s had higher input resistance than D1 MSNs from 

R6/2s. D2 MSNs from R6/2s had significantly longer time constants than D2 MSNs from WTs. 

D1 MSNs showed a similar trend, however this difference was not significant. From the 
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membrane properties alone, it is apparent that some distinct differences exist in the way HD 

affects the two subpopulations of neurons. 

Table 3.1: Passive membrane properties of D1 and D2 MSNs from WT and R6/2s. 

 

Values are mean ± SE (number of cells). * p < 0.05, ** p < 0.01, *** p < 0.001. 

3.3 AMPA and NMDA receptor-mediated currents 

Optogenetically evoked AMPA and NMDA receptor-mediated currents were recorded 

according to the same protocol outlined in Chapter 2.4. AMPA currents were measured at Vhold = 

-70 mV in 10 µM BIC and NMDA currents were measured at Vhold = +40 mV, in 10 µM BIC, 

and in 10 µM NBQX. Average decay times of AMPA and NMDA receptor-mediated currents 

were increased. When D1 and D2 decay times were grouped together and compared across 

genotype, the decay times of AMPA currents showed a trend to be increased (Figure 3.1A). The 

two-way ANOVA showed a significant increase for decay times of NMDA receptor-mediated 

currents across genotype (Figure 3.1B). This replicates the finding presented in Chapter 2 

(Figure 2.4 and Figure 2.6). Comparing the MSN subtypes individually uncovers that this group 

effect was driven more strongly by alterations in direct versus indirect pathway neurons. 

AMPA and NMDA receptor-mediated currents evoked by thalamostriatal stimulation 

were affected differently in D1 compared to D2 MSNs from R6/2 mice (Figure 3.2 and Figure 

3.3). Across all 4 groups (D1 WT, D1 R6/2, D2 WT, D2 R6/2), a two-way ANOVA showed no 

differences in average amplitude or rise time of AMPA or NMDA currents. This is consistent 

Cm (pF) 97.97 ± 8.81 (9) 75.96 ± 2.71 (13) * 80.11 ± 5.40 (9) 74.25 ± 2.26 (18)

Rm (MΩ) 59.15 ± 3.30 (8) 120.85 ± 4.71 (12) *** 57.30 ± 4.68 (9) 173.27 ± 16.72 (17) *** ##

Tau (ms) 1.46 ± 0.16 (9) 1.63 ± 0.13 (13) 1.24 ± 0.09 (9) 1.52 ± 0.09 (18) *

Hold (pA) -78.93 ± 11.82 (9) -47.48 ± 13.56 (13) -72.69 ± 35.19 (9) -32.69 ± 8.22 (18)

* WT versus R6/2, within MSN subtype

# D1 versus D2, within genotype

D1 WT D1 R6/2 D2 WT D2 R6/2
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with the grouped data reported in Chapter 2. However, although not statistically significant, 

AMPA receptor-mediated currents recorded in D1 R6/2 MSNs tended to have larger areas (p = 

0.26) compared to D1 WT MSNs. Similarly, the difference in area of NMDA receptor-mediated 

currents was not significant, however, R6/2 D1 MSNs showed a trend for increased area 

compared to WT D1 MSNs (p = 0.09). The average areas of AMPA-receptor mediated currents 

between R6/2 D2 and WT D2 MSNs were similar. 

D1 R6/2 MSNs had longer decay times of AMPA (p = 0.12) and NMDA receptor-

mediated currents evoked by thalamostriatal stimulation. Consistent with the hypothesis 

presented in Chapter 2 that longer decay times of AMPA and NMDA currents are caused by 

deficits in glutamate reuptake from the synaptic cleft by astrocytes, this finding further suggests 

that glutamate uptake is more affected at inputs terminating on D1 MSNs than those terminating 

on D2 MSNs. 

 Longer decay times of direct pathway projecting MSNs suggest these neurons could be 

undergoing prolonged periods of excitation. Increased excitation of D1 MSNs is consistent with 

the increased sEPSC frequency found in these neurons in presymptomatic and symptomatic 

YAC128 mice (André et al., 2011). Prolonged excitation of D1 MSNs would result in increased 

activity of the direct pathway and therefore increased motor activity consistent with chorea 

symptoms observed in HD patients.  
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Figure 3.1. Average decay times of AMPA and NMDA receptor-mediated currents evoked 

by thalamostriatal stimulation. Decay times (± SE) of AMPA and NMDA receptor-mediated 

currents of grouped D1 and D2 WT MSNs compared to decay times of grouped D1 and D2 R6/2 

MSNs. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 3.2. AMPA receptor-mediated currents evoked by thalamostriatal stimulation in D1 

versus D2 MSNs. Average amplitudes, areas, rise times, and decay times (± SE) of AMPA 

receptor-mediated responses evoked by thalamostriatal stimulation compared in D1 and D2 WT 

versus D1 and D2 R6/2 MSNs. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 3.3. NMDA receptor-mediated currents evoked by thalamostriatal stimulation in D1 

versus D2 MSNs. Average amplitudes, areas, rise times, and decay times (± SE) of NMDA 

receptor-mediated responses evoked by thalamostriatal stimulation compared in D1 and D2 WT 

versus D1 and D2 R6/2 MSNs. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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3.4 NMDA/AMPA ratios 

NMDA/AMPA ratios were calculated to compare the relative contribution of AMPA and 

NMDA receptor-mediated currents across genotype in direct versus indirect pathway MSNs 

(Figure 3.4). Ratios of amplitudes and rise times were similar for all 4 groups. However, 

differences were seen in area and decay time ratios. 

Ratios of areas of AMPA and NMDA receptor-mediated currents were affected 

differently in the R6/2s at direct and indirect pathway MSNs. R6/2 D1 MSNs showed a trend for 

smaller area ratios when compared to WT D1 MSNs (p = 0.13). However, R6/2 D2 MSNs 

showed a trend for larger area ratios when compared to WT D2 MSNs (p = 0.06). In addition, 

WT D2 MSNs had smaller area ratios than WT D1 MSNs (p = 0.11), while R6/2 D2 MSNs had 

larger area ratios than R6/2 D1 MSNs (p = 0.08). 

Decay time ratios of AMPA and NMDA receptor-mediated currents showed a very 

similar pattern as the area ratios. R6/2 D1 MSNs showed a trend for smaller decay ratios when 

compared to WT D1 MSNs (p = 0.26). However, R6/2 D2 MSNs showed a trend for larger 

decay ratios when compared to WT D2 MSNs (p = 0.26). There was a trend for R6/2 D2 MSNs 

to have larger area ratios than R6/2 D1 MSNs (p = 0.09). 

The opposing changes occurring in the R6/2s at the direct versus indirect pathway MSNs 

are important to note. Firstly, splitting up the data by MSN subtype uncovers an effect that was 

concealed in the grouped data in Chapter 2 (Figure 2.12). The grouped data showed no 

differences in area or decay NMDA/AMPA ratios between WTs and R6/2s. However, the data 

presented here suggest the grouped data did not differ because the area and decay time ratios of 

the two MSN subpopulations are altered in opposite directions; the changes canceled themselves 

out. Secondly, these competing alterations may be the brain’s way of compensating for the HD 
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alterations occurring and its way to maintain the inherent and desired balance that is required of 

this circuit. The brain may be aiming to stabilize and compensate for the increased excitation to 

one subpopulation of MSNs by decreasing excitation to another.  
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Figure 3.4. NMDA/AMPA ratios evoked by thalamostriatal stimulation in D1 versus D2 

MSNs. Amplitude, area, rise time, and decay time of the NMDA receptor-mediated current 

divided by the amplitude, area, rise time, and decay time of the AMPA receptor-mediated current 

evoked by thalamostriatal stimulation, for each neuron, and then averaged across neurons and 

compared in D1 and D2 WT versus D1 and D2 R6/2 MSNs. Ns are shown in each bar, error bars 

indicate ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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3.5 Conclusions 

Genetically engineered mice expressing tDTomato in D1 DA expressing MSNs provided 

a method to separately examine alterations of thalamic inputs to direct pathway D1 MSNs versus 

thalamic inputs to indirect pathway D2 MSNs. The data confirmed longer decay times of AMPA 

and NMDA receptor-mediated currents at thalamostriatal projections. But more specifically, the 

current data showed that this effect is mostly driven by alterations occurring at thalamic inputs 

synapsing onto direct pathway MSNs. Therefore direct pathway projecting MSNs may be more 

susceptible than indirect pathway projecting MSNs to increased excitation originating at 

thalamic inputs. NMDA/AMPA ratios are altered in opposing directions at the two subsets of 

MSNs, suggesting alterations at one type of MSNs may be compensating for alterations at the 

other type. This discrepancy is important to note and consider in development of HD treatments. 

The divergent pattern of alterations implies that a treatment designed to solely inhibit NMDA 

receptors or conversely to stimulate NMDA receptors will not be effective.  
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Chapter 4 

Alterations of Thalamostriatal and Corticostriatal Projections in the YAC128 Mouse 

Model of Huntington’s Disease  
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4.1 Introduction 

 HD motor symptoms are biphasic; adult onset HD patients present increased motor 

activity (chorea) earlier in the disease and impairment of voluntary movements (akinesia) later in 

the disease (Bird, 1980; Harper, 1996; Bonelli and Hofmann, 2007). Cognitive and psychiatric 

symptoms are progressive and worsen throughout the course of the disease. Mouse models of 

HD also show biphasic alterations of excitatory glutamatergic transmission and progressive 

alterations of inhibitory GABAergic transmission. The frequency of large amplitude sEPCSs is 

increased in 5-7 week old R6/2s and decreased in older R6/2s (Cepeda et al., 2003). Frequency 

of sEPCSs is increased in presymptomatic YAC128 mice but decreased in symptomatic YAC128 

mice (Joshi et al., 2009; André et al., 2011). Frequency of sIPSCs is progressively decreased 

over time in Q175 mice when 2-, 7-, and 12-month-old mice are compared (Indersmitten et al., 

2015). DA modulation also fluctuates throughout disease progression. In MSNs from WT mice, 

activation of D1 receptors increases the frequency of sEPSCs. However, in MSNs from early 

symptomatic YAC128 mice, activation of D1 receptors does not affect sEPSC frequencies in D1 

MSNs, but causes the expected increases at the late symptomatic stage (André et al., 2011). In 

summary, like HD symptoms, synaptic changes induced by mHTT are complex and non-linear 

and therefore should be examined at various stages of disease progression. 

The R6/2 fragment model is often compared to juvenile onset HD due to the occurrence 

of seizures (Mangiarini et al., 1996; Cummings et al., 2009) and extremely rapid disease 

progression in these mice (Gambardella et al., 2001; Seneca et al., 2004; Wojaczyńska-Stanek et 

al., 2006). The fast disease onset and early death of R6/2 mice do not make the R6/2 model 

suitable for examining how alterations develop at various time points throughout disease 

progression. The YAC128 full length model is more representative of slower disease progression 
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associated with adult onset HD and allows the examination of disease progression at multiple 

time points. Therefore, alterations of thalamostriatal and corticostriatal projections were 

examined in presymptomatic (~3-month-old) and symptomatic (~13-month-old) YAC128 mice. 

4.2 MSN membrane properties 

 Membrane capacitance (Cm), membrane input resistance (Rm), time constant (Tau), and 

holding current (Hold) are unchanged in MSNs from presymptomatic YAC128 mice when 

compared to MSNs from their age-matched WT littermates (Table 4.1). YAC128 MSNs show a 

trend for increased tau but this effect was not statistically significant (p = 0.10). This is consistent 

with a previous publication which showed no significant differences in mean cell capacitance, 

input resistance, and membrane time constants in YAC128 and WT mice at 1 month (Joshi et al., 

2009; André et al., 2011). 

MSNs from symptomatic YAC128 mice show a similar pattern as MSNs from 

presymptomatic YAC128 mice when compared to MSNs from their age-matched WT littermates 

(Table 4.2). Membrane capacitance and resistance are unchanged in MSNs from symptomatic 

YAC128 mice. The unaffected membrane capacitance and membrane input resistance observed 

in YAC128 mice are very noticeably different than the drastic alterations reported in R6/2 mice 

(Table 2.1 and Table 3.1) (Klapstein et al., 2001). YAC128 mice exhibit a much milder and 

slower progressing phenotype than R6/2 mice. Tau in MSNs from YAC128 mice is significantly 

increased, consistent with the trend observed in 3-month-old mice. A decrease in membrane time 

constants and increase in mean input resistance in MSNs from 7-month-old YAC128 mice 

compared with MSNs from WT mice has been previously reported (Joshi et al., 2009). Unlike 

the robust alterations of MSN membrane properties in R6/2s which have been examined and 

replicated in an extensive number of experiments, membrane properties of YAC128 mice have 
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not been consistently reported. One can not determine the source of the discrepancy between the 

current data and published data, however it may be due to inconsistences in disease progression 

between the mouse colonies used in the two studies. For future studies, an older 18 month group 

of YAC128 mice should be examined to confirm whether membrane properties are affected in 

MSNs of YAC128 mice. 

An aging effect is observed. MSNs from 13-month-old WT mice show a trend for 

increased capacitance (p = 0.13) and significantly increased membrane input resistance (p = 

0.008**) when compared to MSNs from 3-month-old WT mice. Thirteen-month-old YAC128 

mice have significantly higher average membrane capacitance (p = 0.02), input resistance (p = 

0.046), and longer time constant (p = 0.004) than 3-month-old YAC128 mice. Therefore, MSNs 

from YAC128 month show a similar aging effect as MSNs from WT mice.  
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Table 4.1. Passive membrane properties of MSNs from presymptomatic YAC128 mice and 

their WT littermates. 

 

 

Values are mean ± SE (number of cells). * p < 0.05, ** p < 0.01, *** p < 0.001. 

Table 4.2. Passive membrane properties of MSNs from symptomatic YAC128 mice and 

their WT littermates. 

 

Values are mean ± SE (number of cells). * p < 0.05, ** p < 0.01, *** p < 0.001.  

Cm (pF) 81.60 ± 4.27 (18) 82.11 ± 3.39 (18)

Rm (MΩ) 65.38 ± 3.84 (18) 68.64 ± 7.20 (17)

Tau (ms) 1.38 ± 0.11 (18) 1.50 ± 0.10 (18)

Hold (pA) -74.98 ± 9.92 (18) -91.03 ± 10.53 (18)

WT YAC128 (3 months)

Cm (pF) 90.63 ± 4.19 (40) 97.39 ± 5.07 (36)

Rm (MΩ) 97.01 ± 10.71 (39) 97.98 ± 12.43 (35)

Tau (ms) 1.59 ± 0.12 (40) 2.02 ± 0.14 (36) *

Hold (pA) -99.94 ± 12.13 (40) -105.11 ± 11.93 (36)

WT YAC128 (13 months)
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4.3 AMPA receptor-mediated currents 

 AMPA receptor-mediated currents were recorded at Vhold = -70 mV in bath applied 10 

µM BIC to block inhibitory currents. AMPA currents evoked by thalamostriatal projection were 

measured in MSNs from 3-month-old and 13-month-old YAC128 mice, and their age-matched 

WT littermates (Figure 4.1 and Figure 4.2). There were no significant differences in average 

amplitudes, areas, rise times, or decay times, between YAC128 and WT mice at either age group. 

AMPA currents evoked by corticostriatal stimulation were recorded in the older 13-month-old 

group only (Figure 4.3). Similarly, AMPA receptor-mediated currents were of similar amplitude, 

area, rise time, and decay time in YAC128 and WT mice. 

 Average areas and decay times of AMPA receptor-mediated currents evoked by 

thalamostriatal stimulation were significantly higher than those evoked by corticostriatal 

stimulation in both 13-month-old YAC128 mice and their age-matched WT controls (Figure 

4.4). Higher area and decay times of AMPA currents at thalamic inputs into the striatum may 

suggest higher predisposition to excitotoxicity at thalamic inputs.  
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Figure 4.1. AMPA receptor-mediated currents evoked by thalamostriatal stimulation in 

presymptomatic YAC128 mice. Average amplitudes, areas, rise times, and decay times (± SE) 

of AMPA receptor-mediated responses evoked by thalamostriatal stimulation in 3-month-old 

YAC128s and their WT littermates. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 

0.001. 

 
 

Figure 4.2. AMPA receptor-mediated currents evoked by thalamostriatal stimulation in 

symptomatic YAC128 mice. Average amplitudes, areas, rise times, and decay times (± SE) of 

AMPA receptor-mediated responses evoked by thalamostriatal stimulation in 13-month-old 

YAC128s and their WT littermates. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 

0.001.  



98 

 

Figure 4.3. AMPA receptor-mediated currents evoked by corticostriatal stimulation in 

symptomatic YAC128 mice. Average amplitudes, areas, rise times, and decay times (± SE) of 

AMPA receptor-mediated responses evoked by corticostriatal stimulation in 13-month-old 

YAC128s and their WT littermates. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 

0.001. 

 
 

Figure 4.4. Areas and decay times of AMPA receptor-mediated currents evoked by 

thalamostriatal and corticostriatal stimulation. Comparing average areas and decay times 

(±SE) of AMPA receptor-mediated responses evoked by thalamostriatal versus corticostriatal 

stimulation in 13-month-old YAC128s and their WT littermates. Ns are shown in each bar. * p < 

0.05, ** p < 0.01, *** p < 0.001.  
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4.4 NMDA receptor-mediated currents 

 NMDA receptor-mediated currents were recorded at Vhold = +40 mV in bath applied 10 

µM BIC, and in 10 µM NBQX to block AMPA receptor-mediated currents. Like AMPA 

currents, NMDA currents evoked by thalamostriatal stimulation did not show significant 

differences in average amplitude, area, rise time, or decay time, between YAC128 and WT mice 

in the 3-month-old presymptomatic group or the 13-month-old symptomatic group (Figure 4.5 

and Figure 4.6). NMDA currents evoked by corticostriatal stimulation were also unchanged in 

13-month-old YAC128 compared to 13-month-old WT mice (Figure 4.7). 

 Amplitudes, areas, rise times, and decay times of NMDA receptor-mediated currents 

evoked by thalamostriatal and corticostriatal projections were compared in 13-month-old 

YAC128 and their WT littermates (Figure 4.8). NMDA currents evoked by thalamostriatal 

stimulation had significantly higher amplitudes, areas, and decay times, and significantly lower 

rise times, in both YAC128 and WT mice. This is consistent with the AMPA data (Figure 4.4). 

Presumably, these differences may be due to differences in synapse location of the two inputs. 

While corticostriatal projections preferentially synapse onto dendritic spines (Smith and Bolam, 

1990), thalamostriatal projections predominantly synapse onto dendritic shafts (Smith and 

Bolam, 1990; Sadikot et al., 1992; Smith et al., 1994; Sidibé and Smith, 1996). High amplitudes 

and longer decays of excitatory inputs from the CMPf may carry a high risk of toxic excitation to 

the MSNs. This finding provides supporting evidence for a 40% loss of thalamostriatal terminals, 

but no loss of corticostriatal terminals, in 1-month-old Q140 mice (Deng et al., 2013).  
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Figure 4.5. NMDA receptor-mediated currents evoked by thalamostriatal stimulation in 

presymptomatic YAC128 mice. Average amplitudes, areas, rise times, and decay times (± SE) 

of NMDA receptor-mediated responses evoked by thalamostriatal stimulation in 3-month-old 

YAC128s and their WT littermates. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 

0.001. 

 
 

Figure 4.6. NMDA receptor-mediated currents evoked by thalamostriatal stimulation in 

symptomatic YAC128 mice. Average amplitudes, areas, rise times, and decay times (± SE) of 

NMDA receptor-mediated responses evoked by thalamostriatal stimulation in 13-month-old 

YAC128s and their WT littermates. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 

0.001.  
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Figure 4.7. NMDA receptor-mediated currents evoked by corticostriatal stimulation in 

symptomatic YAC128 mice. Average amplitudes, areas, rise times, and decay times (± SE) of 

NMDA receptor-mediated responses evoked by corticostriatal stimulation in 13-month-old 

YAC128s and their WT littermates. Ns are shown in each bar. * p < 0.05, ** p < 0.01, *** p < 

0.001.  
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Figure 4.8. NMDA receptor-mediated currents evoked by thalamostriatal versus 

corticostriatal stimulation. Comparing average amplitudes, areas, rise times, and decay times 

(±SE) of NMDA receptor-mediated responses evoked by thalamostriatal versus corticostriatal 

stimulation in 13-month-old YAC128s and their WT littermates. Ns are shown in each bar. * p < 

0.05, ** p < 0.01, *** p < 0.001.  
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4.5 NMDA/AMPA ratios 

 NMDA/AMPA ratios were calculated for the amplitude, area, rise time, and decay time 

measurements of NMDA and AMPA receptor-mediated currents for each neuron. As in Chapter 

2.6, this was done to account for any potential differences in viral expression across genotype 

(YAC128 versus WT) and across type of projection stimulated (thalamostriatal versus 

corticostriatal). No differences were seen for ratios measured at thalamostriatal projections for 

currents recorded in MSNs from 3- or 13-month-old YAC128 mice when compared to their 

aged-matched controls (Figure 4.9 and 4.10). 

 No statistically significant differences between NMDA/AMPA ratios were observed at 

corticostriatal synapses as well, however some trends did emerge (Figure 4.11). NMDA/AMPA 

amplitude ratios of currents evoked by corticostriatal stimulation showed a trend towards being 

increased in MSNs from 13-month-old YAC128 mice (p = 0.18). This trend was not observed 

for ratios of NMDA and AMPA currents evoked by thalamostriatal stimulation. Area ratios were 

also slightly increased, although this trend was weaker (p = 0.23). It may be possible that these 

changes are the beginning of a progressive relative shift in the proportion of NMDA and AMPA 

receptors at corticostriatal synapses. A later, more advanced and symptomatic time point, may 

need to be examined to detect significant, more pronounced, alterations in synaptic 

neurotransmission in YAC128 mice. 

NMDA/AMPA amplitude ratios were different at the two sets of projections in 13-

month-old WT mice (Figure 4.12A). Thalamostriatal projections had higher NMDA/AMPA 

ratios than corticostriatal projections, consistent with data collected in MSNs from R6/2 mice 

and their WT littermates (Figure 2.14), as well as previously published data collected in rats 

(Smeal et al., 2008). However, NMDA/AMPA ratios are not different between the two input 
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types in 13-month-old YAC128 mice (Figure 4.12B). The difference seen in WT mice is absent 

in the YAC128 mice because the NMDA/AMPA amplitude ratios show a trend to be increased at 

thalamostriatal projections (p = 0.18). This might be an attempt by the cortex to compensate for 

decreased excitation, as observed in symptomatic YAC128 mice in previous publications (Joshi 

et al., 2009; André et al., 2011).  
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Figure 4.9. NMDA/AMPA ratios evoked by thalamostriatal stimulation in presymptomatic 

mice. Amplitude, area, rise time, and decay time of the NMDA receptor-mediated current 

divided by the amplitude, area, rise time, and decay time measure of the AMPA receptor-

mediated current evoked by thalamostriatal stimulation, for each neuron, and then averaged 

across neurons in 3-month-old YAC128s and their WT littermates. Ns are shown in each bar, 

error bars indicate ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

 
 

Figure 4.10. NMDA/AMPA ratios evoked by thalamostriatal stimulation in symptomatic 

mice. Amplitude, area, rise time, and decay time of the NMDA receptor-mediated current 

divided by the amplitude, area, rise time, and decay time measure of the AMPA receptor-

mediated current evoked by thalamostriatal stimulation, for each neuron, and then averaged 

across neurons in 13-month-old YAC128s and their WT littermates. Ns are shown in each bar, 

error bars indicate ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Figure 4.11. NMDA/AMPA ratios evoked by corticostriatal stimulation in symptomatic 

mice. Amplitude, area, rise time, and decay time of the NMDA receptor-mediated current 

divided by the amplitude, area, rise time, and decay time measure of the AMPA receptor-

mediated current evoked by corticostriatal stimulation, for each neuron, and then averaged across 

neurons in 13-month-old YAC128s and their WT littermates. Ns are shown in each bar, error 

bars indicate ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

 
 

Figure 4.12. NMDA/AMPA ratios evoked by thalamostriatal versus corticostriatal 

stimulation. (A) Ratios of average amplitudes of NMDA and AMPA receptor-mediated currents 

evoked by thalamostriatal stimulation compared to ratios of NMDA and AMPA receptor-

mediated currents evoked by corticostriatal stimulation in MSNs from 13-month-old WT mice. 

(B) Ratios of average amplitudes of NMDA and AMPA receptor-mediated currents evoked by 

thalamostriatal stimulation compared to ratios of NMDA and AMPA receptor-mediated currents 

evoked by corticostriatal stimulation in MSNs from 13-month-old YAC128 mice. Ns are shown 

in each bar, error bars indicate ± SE. * p < 0.05, ** p < 0.01, *** p < 0.001.  
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4.6 Conclusions 

Examination of AMPA and NMDA receptor-mediated currents in MSNs from YAC128 

mice did not display significant alterations when compared to currents in MSNs from age-

matched WT mice. This was true for currents evoked by both thalamostriatal and corticostriatal 

stimulation, at both presymptomatic and symptomatic stages. Perhaps, the alterations in synaptic 

transmission are not yet severe enough at the disease stages examined to be detected by the 

optogenetics technique. However, interesting differences were observed at thalamostriatal versus 

corticostriatal projections. AMPA and NMDA currents were of larger average areas and longer 

average decay times when evoked by thalamic versus cortical inputs. In addition, NMDA/AMPA 

ratios suggested that MSN synapses with thalamic inputs have a proportionally higher 

composition of NMDA receptors than MSN synapses with cortical inputs. Both of these features 

may predispose thalamostriatal synapses to increased excitation, a hallmark of HD.  
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Chapter 5 

Conclusions and Future Directions  
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5.1 Summary of key findings 

 Neurodegeneration of the striatum in HD involves a complicated interplay of presynaptic 

and postsynaptic mechanisms. With the use of BACHD and Cre mice, mHTT expression has 

been reduced in distinct brain regions to study how regional specificity of mHTT affects the HD 

phenotype. Reduction of mHTT expression in the cortex partially improved the behavioral and 

psychiatric phenotype but not cell death, reduction of mHTT in the striatum partially rescued the 

psychiatric phenotype and cell death in the forebrain, while reduction of mHTT in the cortex and 

striatum simultaneously ameliorated all behavioral deficits and brain atrophy (Wang et al., 

2014). Therefore, understanding and managing the alterations occurring at striatal inputs is vital 

for efficient HD therapeutics. The striatum receives two sets of excitatory projections, cortical 

and thalamic; however the functional alterations occurring at cortical projections have received 

the majority of the field’s attention due to prior technical limitations. Selective activation of 

distinct axonal projections with optogenetics allowed extensive examination of cortical and 

thalamic projections into the striatum and demonstrated that these excitatory convergent inputs 

undergo differential alterations. 

 In the R6/2 mouse model, thalamostriatal projections displayed increased decay times of 

both AMPA and NMDA receptor-mediated currents, alterations in glutamate reuptake, and 

increased probability of glutamate release. These effects were more prominent at thalamic 

connections with direct pathway MSNs. Corticostriatal projections showed much more discrete 

changes. The differences in kinetics of AMPA and NMDA receptor-mediated currents were 

contrasting, changes in glutamate reuptake were smaller than those at thalamostriatal projections, 

and no change in the probability of glutamate release was detected. 
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Beginning with the very early HD mouse models which used quinolinic acid to activate 

NMDA receptors (Coyle and Schwarcz, 1976; McGeer and McGeer, 1976; Beal et al., 1986, 

1991; Ferrante et al., 1993), aberrant function of  NMDA receptors has been implicated in 

excitotoxicity, which was the hypothesized cause of neurodegeneration observed in HD 

(DiFiglia, 1990; Freese et al., 1990; Beal et al., 1993; Ferrante et al., 2000). Both the YAC128 

and R6/2 mouse models showed that NMDA/AMPA ratios at thalamostriatal projections are >1, 

indicating NMDA currents are relatively larger than AMPA currents. However, NMDA/AMPA 

ratios at corticostriatal projections are <1, signifying AMPA receptors drive relatively larger 

currents than NMDA receptors. This finding suggests that thalamostriatal synapses are at a 

higher risk for increased excitation and the associated toxicity. 

5.2 Optogenetics as a tool to study synaptic alterations in HD 

Due to the complex and heterogenous organization of the striatum, optogenetics served as 

vital tool to examine alterations at thalamostriatal and corticostriatal projections separately. Intra-

striatal electrical stimulation or electrical stimulation of the corpus callosum is unable to target 

individual pathways while viral expression of ChR2 can be very specific. However, the two 

techniques should be employed concurrently to study synaptic transmission in HD as they both 

bring their own set of advantages and disadvantages. 

Based on previous data reported in the R6/2 and YAC128 model, we expected to see 

changes in amplitude of AMPA receptor-mediated currents. Prior studies have found that R6/2 

MSNs display increased frequencies of large amplitude sEPSCs and decreased frequencies of 

small amplitude sEPSCs as early as 5-7 weeks (Cepeda et al., 2003). Firing of striatal neurons is 

increased in R6/2 mice at 6-9 weeks (Rebec et al., 2006) which is predicted to be caused by 

increased excitation from the cortex (Cummings et al., 2009). Therefore, decreased paired pulse 
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ratios were predicted at corticostriatal synapses. Presymptomatic YAC128 mice have been 

shown to display increased amplitudes of evoked EPSCs and increased glutamate release at 1-1.5 

month via stimulation of the corpus callosum (André et al., 2011). Symptomatic mice display 

reduced evoked glutamate currents (Joshi et al., 2009). Similarly, changes in amplitude of 

NMDA receptor-mediated currents were expected as YAC128 HD mice were shown to exhibit 

enhanced expression of extrasynaptic NMDA receptors, increased currents, and reduced 

activation of nuclear cAMP response element-binding protein (Milnerwood et al., 2010).  

However, optogenetically evoked responses did not show alterations in amplitude of AMPA or 

NMDA currents. 

We suspect discrepancies between previous findings and the present outcomes are due to 

the following reasons. First, optogenetics uses an artificial channel to elicit an action potential 

instead of the native voltage gated Na+ channels that are utilized during natural 

neurotransmission or via electrical stimulation. For a number of neurons, a light intensity versus 

response amplitude input-output curve was measured. Interestingly, optogenetic stimulation of 

thalamostriatal and corticostriatal projections resulted in all-or-none responses. Each neuron had 

a threshold below which a light pulse did not produce a response and above which all responses 

were of similar amplitude. This suggests that there exists some threshold below which ChR2 is 

not activated, and above which activation of ChR2 on the presynaptic terminal releases the 

maximum available amount of glutamate. Hence, in R6/2 and YAC128 mice, the ready to be 

released pool of vesicles may be unaffected compared to their WT littermates and therefore we 

did not detect changes in amplitudes of AMPA or NMDA receptor-mediated currents. However, 

this does not imply that the amount of glutamate released naturally or the naturally occurring 
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AMPA and NMDA currents in MSNs of these animals are unaltered; this change may not be 

able to be detected by the optogenetic methods used in present experiments. 

Second, the area activated by optogenetic stimulation is markedly different than the area 

stimulated by electrical stimulation. For electrical stimulation, the stimulating electrode is 

usually placed 200-300 µm from the recorded cell. Therefore, stimulation is restricted to this 

small radius. However, with optogenetic stimulation, ChR2 is expressed in the majority of either 

cortical or thalamic inputs within the dorsal striatum, so when the blue light is turned on, the 

entire field or slice is illuminated, and all ChR2 fibers within this relatively large region are 

stimulated to release glutamate. The widespread recruitment of fibers results in large currents 

which may be indicative of maximum AMPA and NMDA receptor-mediated postsynaptic 

currents in the recorded MSNs. A ceiling effect may be occurring so no change in amplitude of 

these responses is able to be measured. In the future, using a fiber optics to deliver a light pulse 

may be beneficial because it allows one to adjust the size of the aperture and the distance of the 

fiber tip from the slice to regulate the extent of the area illuminated, and therefore the number of 

fibers recruited and activated. In short, the ability to selectively activate brain regions, sets of 

projections, or neuronal types, with the use of optogenetics is an extremely useful tool that 

currently has no replacement. However, one must be aware of the limitations of optogenetics and 

take into account its constraints when designing experiments, asking questions and interpreting 

results. 

5.3 Future experiments and applications for therapeutics 

Despite the extensive neuronal and glial loss observed in the thalamus of HD patients 

(Heinsen et al., 1996; Kassubek et al., 2004a, 2004b), examination of altered synaptic 

neurotransmission at thalamostriatal projections has been previously overlooked. This 
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dissertation provides one of the first attempts into understanding functional alterations at these 

projections and delivers evidence that these alterations may lead to excitotoxicity, neuronal 

dysfunction, and in turn neurodegeneration. 

One of the key recurrent findings throughout the previous chapters is altered decay times 

of AMPA and NMDA receptors hypothesized to be caused by deficits in glutamate reuptake. 

Ceftriaxone is an antibiotic which increases GLT1 expression (Rothstein et al., 2005), GLT1 

function, and improves the HD behavioral phenotype in mice (Miller et al., 2008, 2012). An 

interesting future experiment would be to test AMPA and NMDA receptor mediated currents 

evoked by optogenetic thalamostriatal stimulation in R6/2 mice, before and after ceftriaxone 

treatment. Clinical trials of ceftriaxone have not been initiated due to side effects such as its 

impairment of synaptic plasticity (Omrani et al., 2009) and cognitive processing (Bellesi et al., 

2009). Yet, the benefits of ceftriaxone treatment provide support for treatments targeting 

glutamate reuptake. Perhaps these adverse side effects may be prevented if glutamate reuptake 

function is increased at specific sets of synapses, i.e. thalamostriatal projections synapsing onto 

direct pathway projecting MSNs, instead of globally as with administration of ceftriaxone. The 

effects of gene targeting and overexpression of GLT1 in CMPf neurons also would be 

interesting to examine. 

The differential alterations observed at thalamostriatal compared to corticostriatal 

projections suggest that the effects of mHTT occurring in the basal ganglia circuit are complex, 

diverse, and not universal. Therefore, HD treatments aimed at globally decreasing NMDA 

currents, increasing GLT1 function, or decreasing glutamate release, will continuously result in 

unfavorable side effects. Treatments designed to target these and other mechanisms altered in 

HD should be directed to affect specific brain regions, projections, and neuronal types.  
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Chapter 6 

Materials and Methods  
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6.1 Animals 

All experimental procedures were performed in accordance with the United States Public 

Health Service Guide for Care and Use of Laboratory Animals and were approved by the 

Institutional Animal Care and Use Committee at the University of California, Los Angeles 

(UCLA). Every effort was made to minimize pain and discomfort. Experiments were conducted 

in two mouse models of HD: R6/2 and YAC128. All mice were obtained from breeding colonies 

at UCLA. Genotyping was performed using polymerase chain reaction (PCR) of DNA obtained 

from tail samples, once at weaning and again following electrophysilogical recordings. Data 

from both males and females were combined. 

A. R6/2 

Colony was maintained by crossing WT C57BL/6xCBA males (Jackson Laboratories: 

Bar Harbor, Maine 04609, USA) with R6/2 ovary-transplanted WT C57BL/6xCBA females 

(Jackson Laboratories). CAG repeat lengths were determined by Laragen Inc. (Culver City, CA). 

CAG repeats ranged 145-163 and averaged 154.9 ± 1.1 (n = 19 animals). Mice were used for 

recordings at 64 - 87 days of age. 

WT C57BL/6xCBA males or WT FVB/N males (Jackson Laboratories) expressing 

DsRed fluorescent protein tDTomato were bred to the R6/2 ovary-transplanted WT 

C57BL/6xCBA females to produce R6/2D1tom mice which expressed tDTomato in D1 receptor 

expressing MSNs. CAG repeats ranged 148-164 and averaged 157.2 ± 1.7 (n = 9). Mice were 

used for recordings at 60 - 72 days of age. 

B. YAC128 

Colony was originally derived from the breeding colony at the University of British 

Columbia and maintained by continuous crossings. Mice were used at two ages to examine 



116 

presymptomatic and symptomatic stages of HD. Mice were recorded at 94 - 108 days old for the 

presymptomatic stage and at 347 - 469 days old for the sympotamtic stage. YAC128D1GFP 

(YAC128 x D1GFP FVB), YAC128D2GFP (YAC128 x D2GFP FVB), and YAC128Thcre 

(YAC128 x ThCre FVB) mice were used in addition to the original YAC128 colony to 

supplement data when needed. Additional YAC128 colonies expressing tDTomato in D1 

receptor expressing MSNs were bred. These included YAC128D1Tom (YAC128 FVB x D1Tom 

FVB), YAC128ThCreD1Tom (YAC128D1Tom x ThCre FVB), and 

YAC128ThCreD1TomD2GFP (YAC128ThCre FVB crossed to offspring of D1Tom FVB x 

D2GFP FVB).  

6.2 Optogenetics 

Mice were anesthetized with isoflurane and placed in a stereotaxic frame. An AAV 

expressing ChR2 (H134R) and eYFP under the CaMKIIa promoter was injected. Plasmids were 

obtained from Dr. K. Deisseroth, virus made by the University of Iowa Gene Vector Core. 

Injections were made with a 33 gauge blunt needle, 10 μl World Precision Instruments syringe, 

using a Chemyx NanoJet pump. Each injection site received 0.5 μl of virus, infused at 0.2 

μl/min. Thalamic injections were performed bilaterally into the CMPf nuclear complex of the 

thalamus (AP: -2.18, ML +/- 0.7, DV -3.8; and AP: -1.58, ML +/- 0.7, DV -3.8). Sensorimotor 

cortical injections were either bilateral (AP: +2.22, ML +/- 1.7, DV-1.8) or unilateral (AP: +2.22, 

ML - 1.7, DV-1.8). In animals which received unilateral injections, only the injected hemisphere 

was used for recordings. Animals were monitored for ~4 weeks until euthanized for recordings. 

6.3 Electrophysiology 

A. Slice preparation and cell visualization 
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Mice were anesthetized with isoflurane and decapitated. The brain was rapidly removed 

and placed into ice-cold slicing artificial cerebrospinal fluid (ACSF) containing (in mM): 26 

NaHCO3, 1.25 NaHPO4, 208 sucrose, 10 glucose, 2.5 KCl, 1.3 MgCl2, 8 MgSO4 (pH 7.2; aerated 

with 95% O2/5% CO2; 290–300 mOsm/l). The cerebellum was removed using a razor blade and 

brain was glued to the stage of a vibrating microtome (Model VT1000 S, Leica Microsystems, 

Buffalo Grove, IL). The brain was sliced into 300 µm coronal slices. Slices which included 

dorsolateral striatum were cut in half to separate left and right hemispheres. To ensure only 

axons, and not somata, are stimulated in animals injected in the cortex, and to reduce the 

possibility of stimulating thalamocortical collaterals in animals injected in the thalamus, the 

striatum was isolated from cortical and thalamic inputs in all animals before recording. 

Following preparation, slices were stored in room temperature ACSF containing (in mM): 26 

NaHCO3, 1.25 NaHPO4, 10 glucose, 130 NaCl, 3 KCl, 2 MgCl2, 2 CaCl2 (pH 7.2; aerated with 

95% O2/5% CO2; 290–300 mOsm/l). They were allowed to recover for at least 1 hour prior to 

recording. 

Cells were visualized with infrared illumination and differential interference contrast optics 

(i.e., IR-DIC microscopy). MSNs and LCIs were identified by somatic size and basic membrane 

properties (input resistance, capacitance and time constant). LCIs were also identified by 

spontaneous action potential firing in cell attached mode. 

B. Recording and stimulation 

Patch pipettes were filled with cesium methanesulfonate solution containing (in mM): 8 

HEPES, 9 EGTA, 125 cesium methanesulfonate, 4 NaCl, 3 KCl, 1 MgCl2, 10 disodium 

phosphocreatine, 0.1 leupeptin(HCl), 5 MgATP, 1 TrisGTP, (pH 7.2; 270–280 mOsm/l). Also 



118 

4.4 µM QX-314 Chloride (Na+ channel blocker, Tocris 2313) to prevent action potentials and 

biocytin (0.2%) to later identify recorded neurons, were added. Access resistances were 4-6 MΩ. 

After whole-cell configuration was obtained, basic membrane properties were recorded in 

voltage-clamp mode at a membrane holding potential (Vhold) of -70 mV. Only data from cells 

with access resistance values smaller than 30 MΩ (which did not vary more than 20% during the 

course of the experiment) were included. Membrane capacitances and input resistances were 

measured by applying a 10 mV depolarizing step voltage command and using the membrane test 

function integrated in pClamp 8.2 or 10.3 (Axon Instruments, Molecular Devices, Sunnyvale, 

CA). 

Excitatory responses were evoked by a brief light-emitting diode (LED, CoolLED) light 

pulse (2ms duration, 470nm, 15.2 – 18.1mW) at 30 second intervals in the presence of 10 µM 

bicuculline (Tocris 0109) to block GABAA receptor activity. AMPA currents were recorded at a 

holding potential of -70 mV. NMDA currents were recorded at a holding potential of +40 mV, in 

bath applied 10 µM bicuculline and 10 µM 2,3-dihydroxy-6-nitro-7-sulfamoyl-

benzo[f]quinoxaline-2,3-dione (NBQX, Tocris 1044) to block AMPA receptor-mediated 

currents. 

After completion of AMPA and NMDA current recordings, a population of cells 

underwent the paired-pulse protocol to examine probability of release at presynaptic terminals 

(Zucker, 1989) and were applied at 75ms, 100ms, 200ms, and 400ms intervals. This protocol 

was run at both -70 mV and +40 mV to examine paired-pulse ratios (PPRs) mediated by both 

AMPA and NMDA receptors. This helped assure consistency and provide support that the ratios 

observed are a function of presynaptic mechanisms and not a function of the postsynaptic 

receptors. In a separate population of cells, after completion of AMPA and NMDA current 
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recordings, NMDA currents were further examined. NMDA currents before and 14 minutes after 

bath application of 30 µM TBOA (glutamate transporter blocker, Tocris 1223) were compared to 

study alterations of glutamate transporters in HD. Similarly, NMDA currents before and 5, 8, 11, 

and 14 minutes after bath application of 1 µM Ifenprodil (NR2B subunit-containing NMDA 

receptor selective antagonist, Sigma I2892) were compared to study alterations specific to 

NMDA receptors containing the NR2B subunit. 

Recordings of LCIs followed the same protocol as recordings of MSNs. Cell attached 

recordings were initially performed to track the spontaneous firing characteristic of LCIs to help 

identify these neurons. AMPA receptor-mediated currents were recorded at Vhold of -70 mV in 10 

µM bicuculline and followed by recordings of NMDA receptor-mediated currents at Vhold of +40 

mV after the addition of 10 µM NBQX. 

Notably, off target staining occurred on the rare occasion that virus targeted to the cortex 

may have leaked or spread into the striatum. Therefore, to assure responses were evoked by 

presynaptic stimulation, data from slices which contained fluorescent MSN cells bodies instead 

of the desired axonal staining were not used. Also, all AMPA receptor-mediated responses were 

blocked by NBQX. If the responses could not be blocked by the AMPA receptor antagonist, data 

from the corresponding cell were omitted. In addition, all cells with responses whose amplitude 

was larger than 1000 pA were excluded as these large responses were multi-peaked and most 

likely not mediated by direct presynaptic stimulation. 

6.4 Histology 

Some animals injected with virus were retained for histology and did not undergo 

electrophysiology experiments. These animals were perfused with 20 ml of phosphate buffered 

saline (PBS) and then 60 ml of paraformaldehyde (PFA). Whole brains were extracted and fixed 
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in PFA, then moved to 15% sucrose PBS solution, and finally to 30% sucrose PBS solution, 

overnight each. Brains were frozen on dry ice and a cryostat was used to prepare 30 μm thick 

coronal slices of the entire striatum and site of injection. One of every six sections was mounted 

with mowiol mounting medium and imaged with a Leica MZ FLIII fluorescence 

stereomicroscope equipped with a Leica DFC3000 G grayscale USB 3.0 microscope camera to 

visualize viral YFP expression at site of injection and in striatum. 

Slices used for recordings were fixed in paraformaldehyde (PFA) and processed for 

biocytin by standard techniques (Horikawa and Armstrong, 1988) to allow post-hoc 

identification of the recorded MSNs, as well as visualization of virus expression. 

6.5 Data analysis and statistics 

Evoked currents were analyzed offline using Clampfit 10.0 (Axon Instruments, 

Molecular Devices, Sunnyvale, CA). Peak amplitudes were calculated by measuring the 

difference in amplitude between the highest absolute value of the response and average baseline. 

Area was calculated by summing the entire area under the response, from baseline to baseline. 

Rise and decay times were calculated by measuring the time the response took to rise from 10% 

to 90% of the peak amplitude and decay from 90% to 10% of the peak amplitude respectively. 

For each cell, five sweeps measuring AMPA receptor-mediated currents were recorded 30 

seconds apart. Each sweep was analyzed separately and then averaged to find the means for each 

cell. Three sweeps measuring NMDA receptor-mediated currents were recorded 30 seconds apart 

and averaged in a similar manner. Percent change of NMDA receptor-mediated response decay 

times was calculated by dividing the decay time of each NMDA receptor-mediated response 

recorded from an R6/2 mouse by the average NMDA receptor-mediated response from WT 

mice. 
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For cells that underwent TBOA or Ifenprodil treatment, the percent change of peak 

amplitudes, areas, half widths, rise, and decay times, of the NMDA receptor-mediated response 

times were calculated. NMDA/AMPA ratios were calculated for each measure of the evoked 

responses (amplitude, area, rise, and decay times). The ratios were calculated for each analyzed 

neuron and then combined and averages reported. This method of analysis accounts for any 

possible differences in virus expression. Paired-pulse ratios were calculated by dividing the 

amplitude of the second response by the amplitude of the first. Amplitudes were calculated in 

two manners: 1) from baseline of entire trace to each peak (for AMPA and NMDA receptor-

mediated currents) and 2) from where peak begins to top of peak (only for NMDA receptor-

mediated currents). Both analyses are presented in chapter 2. Paired-pulse facilitation (PPF) was 

defined as ratios greater than 1, and paired-pulse depression (PPD) was defined as ratios less 

than 1. 

In the text, data values are presented as mean ± stand error (number of cells). Group 

means were compared using Student’s t-tests or two way ANOVAs followed by Bonferonni t-

tests using SigmaStat software (Version 3.5; SPSS, Chicago, IL). Differences were considered 

statistically significant when p<0.05. In tables and figures, p<0.5 is labeled as *, p<0.1 is labeled 

as **, and p<0.001 is labeled as ***.  
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