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ABSTRACT

Basal Ganglia Function in Genetic Mouse Models of Huntington’s Disease: A Circuit-

Level Approach

By Joshua W. Callahan

Thesis Advisor: Dr. Elizabeth D. Abercrombie

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

that results in motor, cognitive and psychiatric abnormalities. Impairments in the

processing of information between the cortex and basal ganglia are fundamental to the

onset and progression of the HD phenotype. The corticosubthalamic hyperdirect pathway

plays a crucial role in motor selection and blockade of neuronal activity in the STN

results in a hyperkinetic movement syndrome, similar to the HD phenotype.  The aim of

the present study was to examine whether changes in the fidelity of information

transmission between the cortex and STN emerge as a function of phenotype severity in

R6/2 and YAC128 transgenic mouse models of HD.  We performed in vivo extracellular

recordings in the STN of anesthetized mice and measured concomitant cortical activity

with electrocorticogram (ECoG) recordings during brain states that represented global

cortical network synchronization or desynchronization. Dopamine (DA) can have

profound effects on network synchronization between the cortex and basal ganglia and

disturbances in DA transmission have been reported in HD.  To monitor whether

differences existed in DAergic tone in the basal ganglia we used in vivo microdialysis to

measure extracellular striatal DA levels. We found in symptomatic HD transgenic mice

that cortically patterned STN neuronal discharge was progressively disrupted as a

function of phenotypic severity. In addition, the spontaneous activity of STN neurons
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was reduced in symptomatic HD transgenic mice. Stimulation of the ipsilateral cortex

leads to a short latency monosynaptic excitatory response in STN neurons.  Concomitant

to the dissipation of STN entrainment, there was a reduction in the proportion of

responsive STN neurons to cortical stimulation as a function of age.  These results

indicate dysfunction in the flow of information within the corticosubthalamic circuit and

demonstrate progressive disconnection of the hyperdirect pathway in transgenic HD mice.

Glutamatergic STN neurons provide the major excitatory drive to the output nuclei of the

basal ganglia and altered discharge patterns could lead to aberrant basal ganglia output

and disordered motor control.
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CHAPTER 1: INTRODUCTION
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1.1 HUNTINGTON’S DISEASE

1.1.1 Human Neuropathology

Huntington’s disease (HD) is a debilitating neurodegenerative disorder that

affects approximately 3 in every 100,000 individuals worldwide (Pringsheim et al., 2012).

HD is inherited as an autosomal dominant condition and results from a polyglutamine

(CAG) repeat expansion in the 5’ end of the IT15 gene (“interesting transcript 15”) on

chromosome 4 (4p16.3) (Huntington’s Disease Collaborative Research Group, 1993).

The disease occurs when a critical threshold of 37 (median 44) polyglutamine repeats is

exceeded (Kremer et al., 1994) and the length of the CAG repeat expansion is directly

correlated with the severity of symptoms (Ghiglieri et al., 2012). The illness is

inexorably progressive with death occurring on average within 15 to 20 years from the

time of symptom onset (Vonsattel, 2008). To date there is no cure and therapeutic

options are minimal.

While affected individuals are born with the mutated Huntingtin (HTT) gene, HD

is considered a progressive disorder as symptoms do not usually manifest until 30-50

years of age (Nguyen et al., 2010). Symptoms are diverse and include motor, cognitive

and psychiatric disabilities (Huntington’s Disease Collaborative Research Group, 1993).

Motor dysfunction encompasses disturbances that affect both involuntary and voluntary

aspects of movement.  Chorea, defined by the occurrence of irregular and uncontrollable

movements, is the primary involuntary motor disturbance in HD (Mink, 1996). This is

represented in electromyography (EMG) recordings which show variable and random

patterns of muscle activation throughout the body in HD patients (Thompson et al., 1988).
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Involuntary, sustained muscle contractions (dystonia) also manifest in HD and lead to

impaired gait and posture (Vonsattel, 2008).  Chorea and dystonia are often referred to as

hyperkinetic aspects of HD.  Muscle rigidity (hypertonia), inability to initiate movement

(akinesia), slowness in intentional motion (bradykinesia) and difficulty in swallowing

(dysphagia) are common deficits in voluntary motor control in HD patients (Vonsattel,

2008).  These set of symptoms are often referred to as hypokinetic aspects of HD.

Hyperkinetic abnormalities usually emerge earliest while hypokinetic deficits worsen

with disease progression, however, both hyperkinetic and hypokinetic symptoms can

manifest simultaneously (Berardelli et al., 1999).  Cognitive impairments, albeit most

difficult to detect, are thought to manifest before the onset of classical motor symptoms.

The most severe cognitive symptoms include deficits in executive function, memory

decline, behavioral inflexibility and difficulty in spatial perception (Mohr et al., 1991;

Foroud et al., 1995; Lange et al., 1995; Paulsen, 2011; Brooks and Dunnett, 2013; Dumas

et al., 2013).  The prevalence of psychiatric disturbances is the most variable between HD

patients and includes depression, anxiety, aggression, apathy and compulsive behavior

(Adam and Jankovic, 2008; Vonsattel, 2008).  While less common (> 10%), symptoms

can emerge during infantile or juvenile ages and progress at a much more accelerated

pace (Levy et al., 1999).  This aggressive variant results from a larger CAG repeat

expansion (> 60 repeats) and is classified as juvenile or Westphal variant HD (Levy et al.,

1999).  In juvenile HD, hypokinetic impairments are the most dominant clinical

symptoms, with hyperkinetic syndromes rarely being expressed or for only very brief

stints (Robitaille et al., 1997).  Severe cognitive decline and epileptic seizures are also

common symptoms in juvenile HD (Brackenridge, 1980).
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The HTT gene encodes the highly conserved, ubiquitously expressed protein,

huntingtin (htt) (Huntington’s Disease Collaborative Research Group, 1993). The

function of the htt protein is unclear, however, examination of the pathogenesis caused by

the mutated variant (mHtt) has given clues into the diverse role that it plays throughout

the nervous system. The expression of the mHtt protein leads to both gain of function as

well as loss of function effects including transcriptional dysregulation, mitochondrial

deficits, proteosomal dysfunction, impairments in endocytosis and exocytosis, axonal

transport deficits, neuronal degeneration and synaptic dysfunction (Zoghbi and Orr, 2000;

Zuccato et al., 2001; Dunah et al., 2002; Panov et al., 2002; Zeron et al., 2002;

Gunawardena et al., 2003; Luthi-Carter et al., 2003; Steffan et al., 2004). The deletion of

the HTT gene in mice results in embryonic lethality (Duyao et al., 1995) indicating the

critical role that it plays in embryogenesis and normal development.

The precise mechanisms in which mHtt protein expression leads to such

deleterious effects are undetermined in HD. Traditional views posit that the proteolysis

of the mHtt protein into toxic N-terminal fragments is an early and critical pathogenic

event (Davies et al., 1997). It is thought that the exaggerated expression of glutamine

residues on these fragmented mHtt molecules promote abnormal interactions that leads to

the formation of aggregate bodies (Vonsattel, 2008). Accumulations of these aggregate

bodies are termed inclusions and they manifest in intranuclear or cytoplasmic

compartments (Davies et al., 1997). The formation of inclusion bodies in the brain in HD

is one of the earliest pathological events and can be detected long before the onset of

symptoms (Davies et al., 1997; Gomez-Tortosa et al., 2001). As the severity of

symptoms progress, the appearance of inclusion bodies is followed by the selective
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degeneration of principal neurons within the striatum and cortex. While the pronounced

existence of inclusion bodies is undeniably present throughout the nervous system in

human HD and experimental animal models of HD (DiFiglia et al., 1997; Becher et al.,

1998; Gourfinkel-An et al., 1998), recent evidence has indicated that these inclusions

cannot be the only pathogenic factor in HD and that non-cell-autonomous deficits may be

more detrimental. In accordance, studies have failed to find a correlation between mHtt

protein expression and neuronal vulnerability (Fusco et al., 1999). Expression of the

mHtt protein exhibits relative enrichment in cortical pyramidal neurons projecting to the

striatum but relatively low levels in medium spiny neurons of the striatum, which are the

most vulnerable cell type in HD (Fusco et al., 1999; Sapp et al., 1999). Interestingly,

restricting mHtt expression to cortical pyramidal neurons is sufficient to produce mHtt

intranuclear and cytoplasmic aggregation but insufficient to produce motor deficits in

experimental animal models of HD (Gu et al., 2005). Thus, these results suggest that the

HD phenotype is induced by the interactions between cells.

1.1.2 Transgenic Mouse Models of HD

The generation of genetically engineered mouse models has helped to elucidate

impairments underlying HD by allowing the direct examination of the mechanisms that

lead to disease pathogenesis. Transgenic models display unique phenotypes depending

on the size, location and number of copies of the CAG repeat as well as the identity of the

promoter driving transgene expression.  Transgenic HD mouse lines traditionally differ

based upon whether they express only the truncated N-terminal fragment containing the
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CAG repeat sequence of the mutant HTT gene (fragment model) or whether they possess

the complete mutant HTT gene (full-length model). Transgenic mice expressing only N-

terminal fragments display neuropathological changes earlier than mice expressing the

full-length HTT gene (Vonsattel, 2008).  This is thought to occur because fragments of

the mHtt protein are more toxic (Vonsattel, 2008). The most commonly used fragment

model in HD research is the R6/2 strain and the most commonly used full-length model is

the YAC128 strain.

The transgenic R6/2 line was generated by Mangiarini et al. (1996). These mice

express exon 1 of the N-terminal portion of the human HTT gene containing

approximately 160 CAG repeats under the control of the human HTT gene promoter

(Mangiarini et al., 1996). R6/2 mice display a distinct temporal sequence of

neuropathological changes that are similar to those seen in human HD patients and

include N-terminal mHtt protein aggregation, followed by the appearance of inclusion

bodies and the subsequent manifestation of behavioral symptoms (Davies et al., 1997;

Davies et al., 1999; Turmaine et al., 2000). Inclusion bodies are present throughout the

whole R6/2 brain as early as 3 weeks of age (Morton et al., 2000). The extent and

distribution of inclusion bodies is much more widespread in R6/2 mice than that found in

human HD brains (Vonsattel, 2008). As in the human disease, R62 mice display

significant reductions in brain weight that can be detected as early as 4-5 weeks of age

with regional decreases in volume of striatal and cortical areas at 13 weeks of age

(Turmaine et al., 2000; Stack et al., 2005). Interestingly, there exists little, if any, cell

death in R6/2 mice and brain weight reductions are instead more likely the result of

reduced somatic size and loss or thinning of dendrites and spines (Klapstein et al., 2001).
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Cognitive dysfunction also becomes apparent as early as 4 weeks of age as demonstrated

by spatial learning deficits in the Morris water maze task (Lione et al., 1999).

Involuntary movement disturbances are apparent at 6-7 weeks of age and manifest as

dystonic posturing in the hind limbs, which consists of wide splay or limb clasping (Stack

et al., 2005). Age related increases in dystonic posturing have been reported in human

HD patients (Myers et al., 1988; Mahant et al., 2003). In addition, 7-week-old R6/2 mice

spend more time in grooming bouts and less time in quiet wakefulness, indicative of

hyperkinetic disturbances (Hong et al., 2012). At 7-8 weeks of age, R6/2 mice display

deficits in voluntary motor control on the rotarod task (Ferrante et al., 2000; Hickey et al.,

2002). Rotarod deficits have been associated with impairments in both gait timing and

postural instability observed in human HD patients (Tian et al., 1992; Bilney et al., 2005).

Reduced grip strength is also observed in 7-week-old R6/2 mice (Stack et al., 2005)

consistent with deficits seen in human HD patients (Gordon et al., 2000). At 8 weeks of

age, weight loss is observed in R6/2 mice (Higgins et al., 1999; Stack et al., 2005),

similar to the weight loss reported in human HD patients (Djousse et al., 2002; Mahant et

al., 2003). R6/2 mice also develop seizures at variable intervals throughout the course of

the disease. Survival time in R6/2 mice is approximately 13-15 weeks (Ferrante et al.,

2000; Stack et al., 2005). While the R6/2 model recapitulates key features of HD and

serves as an excellent paradigm for rapid screening, a major flaw is that unlike the human

disorder these mice do not develop neuronal loss.  This has hindered the ability to

examine the progressive nature of disease pathogenesis in relation to neuronal

degeneration and led to the development of the YAC128 transgenic mouse line.
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The YAC128 line was generated by Slow et al. (2003).  These mice express the

full-length human HTT gene with approximately 128 CAG repeats under the control of

the human HTT gene promoter.  Phenotype onset is much slower and progressive in

YAC128 mice compared to R6/2 mice. Cognitive dysfunction is apparent at 1-2 months

of age as demonstrated by set-shifting impairments in the T-Maze paradigm (Van

Raamsdonk et al., 2005). Hyperkinetic movement disturbances have been described as

early as 2 months of age as demonstrated by increased spontaneous ambulation in the

open field task (Slow et al., 2003). Unexpectedly, YAC128 mice demonstrate a

progressive increase in body weight at 2 months of age (Van Raamsdonk et al., 2007),

contrary to that seen in R6/2 mice or human HD patients.  Hyperkinetic movement

disturbances are followed by deficits in volitional movement at 6 months of age as

demonstrated by impairments on the rotarod task and reduced grip strength (Van

Raamsdonk et al., 2005). At 9 months of age, YAC128 mice display decreased

spontaneous locomotor activity in the open field task indicating the presence of

hypokinetic deficits (Slow et al., 2003). Nuclear and cytoplasmic inclusion bodies are

detectable in the brain at 12 months of age but are much less abundant than that observed

in R6/2 mice (Slow et al., 2003). Similar to human HD patients, YAC128 mice exhibit

progressive neuronal degeneration in the cortex and striatum (Slow et al., 2003).

Regional decreases in striatal volume develop at 9 month of age in YAC128 mice and are

followed by neuronal loss in the cortex and striatum by 12 months of age (Slow et al.,

2003; Van Raamsdonk et al., 2005).
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1.2 OVERVIEW OF THE BASAL GANGLIA IN HD

1.2.1 Basal Ganglia Anatomy and Physiology

The basal ganglia are an ensemble of subcortical nuclei that are anatomically and

functionally connected and together form a biological neural network.  The basal ganglia

are involved in a variety of motor, associative and limbic functions (Alexander et al.,

1990). The basal ganglia are comprised of the striatum (caudate and putamen), the

globus pallidus (internal and external segments), the subthalamic nucleus (STN) and the

substantia nigra (pars compacta and pars reticulata) (Albin et al., 1989; Alexander et al.,

1990; DeLong, 1990). Excitatory glutamatergic projections from the cortex and thalamus

make up the largest inputs into the basal ganglia and project to the striatum and STN.

Cortical projection neurons to the basal ganglia are categorized into two main

types, intratelencephalic (IT) and pyramidal tract (PT) neurons (Jinnai and Matsuda,

1979; Landry et al., 1984; Wilson, 1987; Cowan and Wilson, 1994; Levesque et al.,

1996; Levesque and Parent, 1998; Wright et al., 1999; Wright et al., 2001; Zheng and

Wilson, 2002; Reiner et al., 2003). Corticostriatal projections arise from IT or PT

neurons in layer III or V of monkeys, dogs, cats and rodents, and although not

exclusively, densely target the principal cell type of the striatum, medium spiny neurons

(MSNs) (Kemp and Powell, 1970; Kitai et al., 1976; Oka, 1980; Royce, 1982; McGeorge

and Faull, 1989). While corticostriatal innervation is dense, each axon makes few

synaptic contacts (Kincaid et al., 1998) and thus shared input among striatal MSNs is

minimal (Kincaid et al., 1998; Zheng and Wilson, 2002). Corticosubthalamic projections

originate from PT neurons in layer V of rats and monkeys that also emit collaterals which
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innervate multiple other brain areas, including striatum, thalamus, lower brainstem and

spinal cord (Rouzaire-Dubois and Scarnati, 1985; Canteras et al., 1990; Nambu et al.,

1996; Mathai and Smith, 2011; Kita and Kita, 2012). The cortex transmits information to

the output nuclei of the basal ganglia nuclei through the STN with the shortest latency

and thus this circuit has been termed the hyperdirect pathway (Nambu et al., 2000).

Evidence indicates that more convergence occurs within corticosubthalamic projections

compared to corticostriatal projections (Haynes and Haber, 2013).

Inputs to the basal ganglia, through the striatum and STN, are integrated and

processed via multiple pathways until reaching the output nuclei, the internal segment of

the globus pallidus (GPi) and the substantia nigra pars reticulata (SNr) (Albin et al., 1989;

Alexander et al., 1990; DeLong, 1990). Traditional basal ganglia models posit that this is

completed through three partially overlapping pathways (Alexander and Crutcher, 1990;

Nambu, 2011): (1) Direct pathway – Comprised of GABAergic MSNs in the striatum

that express D1 dopamine receptors, substance P and dynorphin and provide

monosynaptic inhibition to the GABAergic output nuclei. (2) Indirect pathway –

Comprised of GABAergic MSNs in the striatum that express D2 dopamine receptors and

proenkephalin/enkephalin (PENK/ENK) and provide polysynaptic disinhibition, through

GPe and STN, to the GABAergic output nuclei. (3) Hyperdirect pathway – Comprised of

monosynaptic cortical afferents to glutamatergic STN neurons that provide excitation to

the GABAergic output nuclei. Models suggest that activity in the direct pathway sends a

“go” signal to facilitate the execution of an appropriate command by disinhibiting basal

ganglia targets such as the thalamus and brainstem (Bronfeld and Bar-Gad, 2011). In

contrast, activity in the indirect pathway or hyperdirect pathway sends a “no go” signal to
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suppress the execution of competing responses by increasing inhibition on basal ganglia

targets (Alexander et al., 1990; Mink, 1996; Frank, 2006; Schmidt et al., 2013). In

addition, neurons from the SNc send diffuse dopaminergic (DA) projections to the

striatum, as well as other basal ganglia nuclei, and modulate the relative balance of these

pathways by exciting direct pathway MSNs via D1 receptors while inhibiting indirect

pathway MSNs via D2 receptors (Gerfen, 1992).

1.2.2 Anatomical Disturbances in HD

The most prominent morphological change in HD is the selective degeneration of

the striatum which is associated with pronounced loss of MSNs (Vonsattel et al., 1985;

Vonsattel and DiFiglia, 1998). Specifically, loss of indirect pathway MSNs occurs

earliest while loss of direct pathway MSNs occurs later in the disease progression (Albin

et al., 1989; Albin et al., 1990; Richfield et al., 1991; Richfield and Herkenham, 1994;

Hedreen and Folstein, 1995; Sapp et al., 1995; Sapp et al., 1999). Early animal models of

HD utilized excitotoxins to selectively destroy MSNs and recapitulate the striatal loss

associated with the disease (Coyle and Schwarcz, 1976; Coyle et al., 1977). Concomitant

to striatal degeneration, the cortex also undergoes dramatic structural alterations.

Thinning of the cerebral cortex is widespread and develops progressively throughout the

disorder (Rosas et al., 2002; Rosas et al., 2006; Rosas et al., 2008a; Rosas et al., 2008b;

Rosas et al., 2011). Reductions in cortical volume can be measured early and followed

by the selective degeneration of pyramidal neurons (Halliday et al., 1998; Vonsattel and

DiFiglia, 1998). Cell loss is greatest in the motor, prefrontal and sensorimotor cortex
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although atrophy takes place across the entire cortical mantle (Jernigan et al., 1991;

Aylward et al., 1998; Halliday et al., 1998; Kassubek et al., 2004; Selemon et al., 2004).

While neuronal loss is a pronounced feature of HD, transgenic mouse models

have demonstrated that the disease phenotype emerges prior to cell loss (Raymond et al.,

2011). In R6/2 mice, neuronal loss is absent, yet motor impairments are evident as early

as 6 weeks of age (Davies et al., 1997; Turmaine et al., 2000). Similarly, in YAC128

mice, behavioral symptoms manifest before neuronal death in the striatum and cortex

(Slow et al., 2003). Recent evidence in transgenic mouse models of HD suggests that

neuronal dysfunction precedes neuronal loss and that such alterations contribute

dramatically to the HD phenotype (Levine et al., 2004; Cepeda et al., 2007; Miller et al.,

2011; Raymond et al., 2011).

1.2.3 Circuit Dysfunction in HD

Synaptic dysfunction in cortico-basal ganglia circuits is an early and dynamic

event in HD transgenic mouse models. Multiple studies have reported signs of early

increased excitability of cortical pyramidal neurons in R6/2 and YAC128 mice (Walker

et al., 2008; Cummings et al., 2009; Joshi et al., 2009; Andre et al., 2011b). Pyramidal

neurons in the prefrontal cortex spontaneously discharge at higher rates in 7-week-old

R6/2 mice (Walker et al., 2008). Spontaneous IPSP currents in cortical pyramidal

neurons are diminished early in HD transgenic mice and suggest that GABAergic

neurotransmission is reduced which could lead to disinihibition (Gu et al., 2005). In

addition, changes in the intrinsic membrane properties of cortical pyramidal neurons take
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place in R6/2 mice and include increased input resistance and lower rectification (Stern,

2011). Collectively, these changes are thought to lead to increased excitatory synaptic

transmission into the basal ganglia at early ages in transgenic mouse models of HD. In

accordance, in presymptomatic YAC128 mice, corticostriatal glutamate release is

augmented (Joshi et al., 2009; Andre et al., 2011b) and glutamate mediated postsynaptic

currents evoked by cortical stimulation are increased in striatal MSNs (Graham et al.,

2009; Joshi et al., 2009).

Strikingly, early increased excitability in the cortex is followed by a progressive

reduction in excitatory drive (Cepeda et al., 2007). In contrast to early age points,

glutamate release is decreased from cortical terminals at late stages in YAC128 mice

(Joshi et al., 2009; Andre et al., 2011a). The frequency of spontaneous EPSP currents in

striatal MSNs is reduced in symptomatic transgenic HD mice and becomes more evident

as the disease phenotype advances (Cepeda et al., 2003; Milnerwood and Raymond,

2007; Cummings et al., 2010).  In addition, glutamate mediated postsynaptic currents

evoked by cortical stimulation are significantly reduced in striatal MSNs and higher

stimulus intensity is necessary to elicit synaptic currents in R6/2 and YAC128 mice

(Klapstein et al., 2001; Laforet et al., 2001; Graham et al., 2009; Joshi et al., 2009). Thus,

biphasic alterations in cortical excitatory drive on basal ganglia targets manifest as a

function of disease progression in transgenic HD mouse models.

The cortex and thalamus are the main providers of entrant excitatory

glutamatergic inputs into the basal ganglia via two structures, the striatum and the

subthalamic nucleus (STN). While corticostriatal transmission has been examined

extensively in HD, neural transmission within the corticosubthalamic pathway remains



14
uninvestigated thus far. Glutamatergic STN neurons control the activity of the same

target neurons as the striatum and provide a major excitatory drive on the output nuclei of

the basal ganglia that counteracts the inhibitory influence exerted by GABAergic striatal

MSNs. Studies point to a critical role of the cortex and STN in modulating basal ganglia

neuronal activity through the hyperdirect pathway (Fujimoto and Kita, 1993; Maurice et

al., 1998; Nambu et al., 2000; Magill et al., 2001; Magill et al., 2004; Sharott et al., 2005;

Mathai and Smith, 2011; Nambu, 2011). Specifically, the hyperdirect pathway has been

implicated in action suppression (Aron and Poldrack, 2006; Frank, 2006; Jahfari et al.,

2011) and blockade of STN neuronal activity through discrete lesions or pharmacological

inactivation (Carpenter et al., 1950; Hamada and DeLong, 1992) produces hyperkinetic

movement disorders which mimic Huntington’s chorea.  Based on the importance of

control exerted by the STN on motor commands, elucidating alterations in processing

between the cortex and STN could have valuable implications for understanding HD

pathogenesis.

1.3 THE SUBTHALAMIC NUCLEUS (STN) AND BASAL GANGLIA CIRCUIT

FUNCTION

1.3.1 Intrinsic Properties of STN neurons

STN neurons possess intrinsic membrane properties that lead to autonomous tonic

firing in the absence of synaptic input (Overton and Greenfield, 1995; Beurrier et al.,

1999; Bevan and Wilson, 1999; Beurrier et al., 2000; Song et al., 2000). This

autonomous pacemaking activity is generated primarily from persistent and resurgent
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voltage-dependent sodium currents (Beurrier et al., 1999; Bevan and Wilson, 1999;

Beurrier et al., 2000; Do and Bean, 2003). The persistent sodium current exhibits slow

inactivation kinetics and is the principal pacemaker for autonomous activity in STN

neurons (Bevan and Wilson, 1999). The resurgent sodium current activates immediately

following a spike and leads to an inward current during afterhyperpolarization that

depolarizes the membrane back towards spike threshold (Do and Bean, 2003). These

channels allow STN neurons to fire with tonic regularity at rest in a self sustained single

spike discharge. In addition, two potassium channels contribute to the rate and regularity

of spiking in STN neurons. Voltage-gated potassium channels (KV3) facilitate high-

frequency firing by reducing sodium channel inactivation (Rudy and McBain, 2001).

Small conductance calcium-activated potassium channels (SKCa) open briefly during

each action potential and hyperpolarize STN neurons back to steady state membrane

potential, helping to promote firing regularity (Bevan and Wilson, 1999; Rudy and

McBain, 2001; Hallworth et al., 2003). Cooperatively, these currents engender the ability

of STN neurons to spontaneously discharge at high rates.

STN neurons also have intrinsic characteristics that allow them to switch from

single spike to burst firing modes of discharge (Bevan et al., 2000; Kass and Mintz, 2006).

While still under investigation, it is postulated that burst firing is induced by the

activation of voltage-dependent calcium channels that are normally inactive at resting

membrane potentials.  Specifically, it is thought that hyperpolarization leads to the

activation of low-threshold T/R calcium currents that depolarize STN neurons to the

threshold potential of L-type calcium currents and then inactivate. L-type calcium

currents are slowly inactivating and depolarize the membrane to a plateau phase during
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which bursts of spikes are evoked. The precipitant increase in intracellular calcium

activates calcium-activated potassium channels and together with L-type channel

inactivation leads to a gradual decline of the burst plateau.  This results in

hyperpolarization of the membrane, deinactivation of low-threshold T/R calcium currents

and renewal of the cycle. Interestingly, while the mechanisms are unresolved, STN

neurons can exhibit prolonged plateau periods after a burst that lack spike activity. These

“silent plateaus” represent a depolarization block that could be important for modulating

the responses to synaptic inputs (Kass and Mintz, 2006). It is currently unknown whether

all STN neurons have the intrinsic characteristics needed to generate plateau potentials or

whether such neurons only represent a fraction of the total STN population. During

normal conditions, external synaptic inputs will be exerted within the context of this

intrinsic activity to shape STN neuronal discharge.

1.3.2 Excitatory Input Signals to the STN

STN neurons receives excitatory glutamatergic afferents from extensive areas of

the cortex, the parafasicular nucleus of the thalamus and the pedunculopontine nucleus

(Kitai and Deniau, 1981; Jackson and Crossman, 1983; Sugimoto et al., 1983; Afsharpour,

1985; Rouzaire-Dubois and Scarnati, 1985; Canteras et al., 1988; Fujimoto and Kita,

1993; Feger et al., 1994; Lavoie and Parent, 1994; Bevan et al., 1995; Mouroux et al.,

1995; Parent and Hazrati, 1995). The STN can be topographically divided into functional

territories based upon connections with segregated regions. Dorsolateral and

dorsomedial STN neurons receive motor-related projections, ventrolateral STN neurons
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receive associative-related inputs and ventromedial STN neurons receive limbic input

(Monakow et al., 1978; Nambu et al., 1996; Shink et al., 1996; Karachi et al., 2005). The

most extensive input to the STN originates from motor regions and the anterior cingulate

cortex (Monakow et al., 1978; Kitai and Deniau, 1981; Afsharpour, 1985; Canteras et al.,

1988; Bevan et al., 1995; Parent and Hazrati, 1995). Interestingly, the dendrites of

individual STN neurons extend across multiple functional regions which suggest high

levels of functional convergence (Mathai and Smith, 2011; Haynes and Haber, 2013).  In

rats, corticosubthalamic projections from functionally distinct cortical regions have been

shown to converge onto single STN neurons (Kolomiets et al., 2001).

STN neurons are enriched with ionotropic glutamate receptors, NMDAR and

AMPAR, as well as group I metabotropic glutamate receptors, mGluR1 and mGluR5,

located along the plasma membrane near asymmetric glutamatergic synapses (Bevan et

al., 1995; Clarke and Bolam, 1998; Kuwajima et al., 2004). Due to the high input

resistance and short refractory period in STN neurons, excitatory inputs can trigger action

potentials with minimal delays and produce strong excitation even when small EPSPs are

evoked (Nakanishi et al., 1987; Beurrier et al., 1999; Bevan and Wilson, 1999; Beurrier

et al., 2000). As such, STN neurons represent a potent substrate for cortical entrainment

and multiple studies have demonstrated that the cortex can powerfully pattern rhythmic

activity in the STN (Magill et al., 2000, 2001; Magill et al., 2004; Mallet et al., 2008).

1.3.3 Inhibitory Input Signals to the STN
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The primary source of synaptic innervation to the STN arises from the GPe,

which provides an extensive GABAergic input that is spread across the entire structure

(Van der Kooy and Kolb, 1985; Smith et al., 1990; Moriizumi and Hattori, 1992). The

GPe exerts a tonic inhibitory influence over the STN that is mediated through GABA-A

receptors and has a powerful effect on patterning STN neuronal discharge (Moriizumi

and Hattori, 1992; Bevan et al., 1997; Bevan et al., 2002; Bevan et al., 2007). While GPe

neurons fire persistently, their inputs are subject to synaptic depression (Atherton et al.,

2013).  This leads to weak background inhibition and nonsynchronized patterns of

discharge under resting states (Atherton et al., 2013). The STN and GP are also

reciprocally connected and under certain conditions the two nuclei can form a powerful

pacemaker (Plenz and Kital, 1999). Large or multiple GABA-A receptor-mediated IPSPs

can produce sufficient hyperpolarization in STN neurons to activate low-threshold

calcium currents which generate rebound bursts of action potentials (Nakanishi et al.,

1987; Beurrier et al., 1999; Bevan and Wilson, 1999; Beurrier et al., 2000; Bevan et al.,

2000; Song et al., 2000). In turn, burst firing in STN neurons leads to excitation of GPe

neurons and the cycle is renewed leading to synchronized burst patterns. The level of

polarization of STN neurons is critical in determining the impact of GPe synaptic input

and the patterns of response.

1.3.4 Neuromodulatory Input to the STN

The STN receives monoaminergic inputs from the SNc and the dorsal raphe

nucleus as well as acetylcholinergic inputs from the pedunculopontine nucleus (Brown et
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al., 1979; Jackson and Crossman, 1983; Mori et al., 1985; Lavoie et al., 1989; Canteras et

al., 1990; Lavoie and Parent, 1990, 1994; Bevan et al., 1995; Hassani et al., 1997;

Cossette et al., 1999; Hedreen, 1999; Francois et al., 2000). Both D1 and D2 receptors

are present in the STN and thought to exert excitatory effects on neuronal activity in the

structure (Johnson et al., 1994; Francois et al., 2000; Ni et al., 2001a; Ni et al., 2001b).

Locally infused DA agonists cause an increase in the frequency of firing of STN neurons

thought to occur directly through the activation of postsynaptic D1 receptors (Kreiss et al.,

1996; Kreiss et al., 1997). In addition, D2 receptors are expressed on GPe axon terminals

and through presynaptic inhibition, can reduce the magnitude of evoked GABA-A IPSPs

in STN neurons and increase the frequency of autonomous single spiking (Shen and

Johnson, 2000; Cragg et al., 2004). Serotonin and acetylcholine are both involved in the

regulation of the sleep-wake cycle and may effectively modulate STN neuronal

excitability during these periods (Canteras et al., 1990; Lavoie and Parent, 1990; Xiang et

al., 2005).

1.3.5 STN Output Signals

Decreases or increases in the discharge of inhibitory output neurons facilitates or

suppresses the activity of basal ganglia targets, such as thalamocortical circuits, which is

thought to lead to the execution of an appropriate command (Albin et al., 1989;

Alexander et al., 1990; DeLong, 1990). Dendrites of GABAergic output nuclei neurons

are densely covered with excitatory terminals from STN neurons as well as inhibitory

terminals from striatal and GPe neurons (Francois et al., 1984). STN neurons project
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diffusely and synapse on the proximal dendrites of output nuclei neurons whereas striatal

and GPe inputs are more spatially focused (Difiglia et al., 1982; Hazrati and Parent,

1992a, b; Shink and Smith, 1995). It is posited by models of action selection that the

combined effects of spatially focused inhibitory projections from the striatum and

spatially diffuse excitatory projections from the STN enable selective movement related

patterns (Mink, 1996; Nambu et al., 2002; Frank, 2006). Specifically, during the initial

stages of a response, activation of the hyperdirect pathway elicits rapid excitation of STN

neurons. In turn, STN neuronal activation produces widespread, divergent excitation of

GABAergic output nuclei neurons, promoting inhibition of basal ganglia targets and

suppressing unintended motor commands. Through more slowly conducting circuits,

cortical excitation of direct pathway MSNs leads to focused suppression of select

subpopulations of output nuclei neurons.  This disinhibition actively releases appropriate

basal ganglia targets from normal inhibitory control and facilitates the execution of a

proper movement. Subsequently, activation of indirect pathway striatal MSNs disinhibits

neuronal activity in the STN, further increasing the excitatory drive on inhibitory output

nuclei neurons and terminating the selected command in favor of subsequent motor

sequences.  Thus, STN neurons effectively act as a brake on basal ganglia mediated

behavioral action through their excitatory output signals. (Nambu et al., 2000; Nambu et

al., 2002; Aron and Poldrack, 2006; Frank, 2006; Nambu, 2011; Schmidt et al., 2013).

In addition to traditional basal ganglia output targets, STN neurons send sparse

projections to the striatum (Nauta and Cole, 1978; Beckstead, 1983; Royce and Laine,

1983; Kitai and Kita, 1987; Parent and Smith, 1987), the thalamus (Nauta and Cole,

1978) and the cerebral cortex (Kitai and Kita, 1987; Degos et al., 2008).  STN neurons
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also send excitatory projections to the SNc (Lee and Tepper, 2009; Pazo et al., 2010).

The STN exerts a tonic excitatory influence over the activity of this structure and

alterations within the STN, or indirectly cortex, can modulate DAergic discharge patterns

(Shimo and Wichmann, 2009; Pazo et al., 2010). Through local bicuculline infusions it

was shown that STN activation could lead to increased bursting of SNc DA neurons

(Smith and Grace, 1992; Chergui et al., 1994). Alternatively, STN lesions result in

reductions in the burst discharge of DA neurons (Smith and Grace, 1992).

1.4 DOPAMINERGIC INFLUENCE ON BASAL GANGLIA PROCESSING

1.4.1 Modulation of Basal Ganglia

DA is crucial for the execution of movements and goal-directed behavior

(Bradbury et al., 1985; Hollerman and Schultz, 1998; Missale et al., 1998; Fiorillo et al.,

2003; Schultz, 2007; Joshua et al., 2009). DA neurons in the SNc innervate all nuclei of

the basal ganglia, with the densest projection terminating in the striatum (Schultz, 2007;

Joshua et al., 2009). DA is thought to induce dynamic changes throughout the basal

ganglia network by weakening or strengthening synaptic connections and in turn acts as a

reward prediction error signal (Hollerman and Schultz, 1998; Schultz, 1998a, b, 2007;

Joshua et al., 2009). Phasic DA release during error feedback leads to transient excitation

of direct pathway MSNs and transient inhibition of indirect pathway MSNs to selectively

strengthen responses that result in positive feedback. In turn, DA plays a pivotal role in

overall network excitability and the response selection of motor commands.
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1.4.2 Role of Dopamine in HD

Disturbances in DA transmission have been reported in HD, however, the

trajectory of these changes is unresolved.  Kish et al. (1987) described a reduction in DA

content in the striatum of HD patients but separate groups have found no change in

striatal DA concentrations (Reynolds and Garrett, 1986) and others have even reported

elevated amounts (Spokes, 1980). These studies were based on postmortem tissue assays,

which are limited because they cannot delineate intracellular versus extracellular

concentrations and as a result are not a sensitive index of synaptic change. In HD animal

models, evidence indicates that extracellular striatal DA transmission may be

compromised even in the absence of tissue depletion.  Johnson et al. (2006) used fast-

scan cyclic voltammetry to demonstrate that evoked DA release is attenuated in vitro in

6-week-old R6/2 mice. Similarly, Hickey et al. (2002) reported that motor activity is

depressed in response to AMPH beginning at 6 weeks of age. While these results suggest

that DA release is diminished in transgenic mouse models of HD, exactly how DAergic

transmission is affected as a function of disease progression is largely unresolved.
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CHAPTER 2: RELATIONSHIP BETWEEN SUBTHALAMIC NUCLEUS (STN)

NEURONAL ACTIVITY AND ELECTROCORTICOGRAM (ECoG) IS

ALTERED IN THE R6/2 MOUSE MODEL OF HUNTINGTON'S DISEASE
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2.1 ABSTRACT

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

in which impairments in the processing of information between the cortex and basal

ganglia are fundamental to the onset and progression of the HD phenotype.  Excitatory

cortical inputs into the basal ganglia through the subthalamic nucleus (STN) play a

pivotal role in motor selection and blockade of neuronal activity in the STN results in a

hyperkinetic movement syndrome, similar to the HD phenotype.  The aim of the present

study was to examine the relationship between neuronal activity in the STN and cortex in

an animal model of HD.  We performed extracellular recordings in the STN to measure

unit activity and local-field potentials (LFPs) in the R6/2 transgenic mouse model of HD.

These recordings were obtained during epochs of simultaneously acquired

electrocorticographic (ECoG) in extreme brain states representative of global cortical

network synchronization or desynchronization.  Cortically patterned STN neuronal

discharge was less phase-locked in R6/2 mice which is likely to result in less efficient

coding of cortical inputs by the basal ganglia.  In R6/2 mice, the power of the ECoG

concentrated in lower frequencies (0.5-4 Hz) was diminished and the power expressed in

higher frequencies (30-100 Hz) was increased.  In addition, the spontaneous activity of

STN neurons in R6/2 mice was characterized by reduced firing rates and less tonic

discharge patterns.  Glutamatergic STN neurons provide the major excitatory drive to the

output nuclei of the basal ganglia and altered discharge patterns could lead to aberrant

basal ganglia output and disordered motor control.
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2.2 INTRODUCTION

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

that results in motor, cognitive and psychiatric abnormalities.  Evidence indicates that

dysfunction across the cerebral cortex is fundamental to the onset and progression of the

HD phenotype in humans and animal models of the disease (DiFiglia et al., 1997; Rosas

et al., 2002; Cepeda et al., 2003).  Dynamic changes occur specifically within cortico-

basal ganglia circuitry and result in structural and functional alterations that lead to

pathological behavioral output (Sapp et al., 1999; Cepeda et al., 2007; Miller et al., 2011).

The consequences of altered cortical drive on the flow of information within cortico-basal

ganglia loops are not fully understood and elucidating such alterations could have

valuable implications for understanding the precise pathological changes that drive HD

disease progression.

The cortex is the main provider of entrant excitatory glutmatergic inputs into the

basal ganglia via two structures, the striatum and the subthalamic nucleus (STN).  The

cortex recruits STN neurons at much shorter latencies than striatal projection neurons

(Magill et al., 2004) and studies point to a critical role of the cortex and STN in sculpting

basal ganglia network activity (Fujimoto and Kita, 1993; Maurice et al., 1998; Nambu et

al., 2000; Magill et al., 2001; Litvak et al., 2011).  These signals play an important

function in movement selection, procedural learning, habit formation and motivational

processes (Hamada and DeLong, 1992; Mink, 1996; Baunez and Robbins, 1997; Barnes

et al., 2005).  In turn, glutamatergic neurons of the STN provide the major excitatory

drive to the output structures of the basal ganglia (Smith and Parent, 1988; Bevan and
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Wilson, 1999).  Blockade of neuronal activity in the STN produces hyperkinetic

movement disorders, which mimic chorea, the most common symptom of HD.  In animal

models, unilateral electrolytic lesions (Whittier and Mettler, 1949), transient

pharmacological inactivation (Carpenter et al., 1950) and toxic lesions (Hamada and

DeLong, 1992) restricted to the STN result in excessive, involuntary movements of the

contralateral limbs reflecting the importance of control exerted by the STN on motor

commands.  Presently, it is unknown how neural activity between the cortex and STN is

affected as a function of the expression of the mutant huntingtin (mHtt) protein.

The generation of genetic mouse models has helped to elucidate network

alterations underlying HD by allowing the direct examination of mechanisms that lead to

disease pathogenesis (Raymond et al., 2011).  In order to examine neural processing

between the cortex and STN we utilized the R6/2 transgenic mouse model of HD (see

Experimental Procedures).  We tested the hypothesis that synchronous neural activity

between the STN and cortex, as previously described in rats (Magill et al., 2000, 2001),

would be disrupted as a function of the mHtt protein.  We performed in vivo extracellular

unit recordings in the STN and measured concomitant cortical activity via

electrocorticogram (ECoG) in R6/2 mice to assess changes in the complex coding of

information between these two regions in HD.

2.3 EXPERIMENTAL PROCEDURES

Animals. Male R6/2 transgenic mice (n = 6) and male control mice (n = 9) were studied

in the present experiments.  All mice were purchased from Jackson Laboratories (Bar
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Harbor, ME, USA) at 6 weeks of age.  Animal orders were timed such that studies for

each cohort began approximately 2 weeks after arrival at the animal colony (8–9 weeks

of age).  The transgenic R6/2 mouse strain (B6CBA-Tg(HDexon1)62Gpb/1J) was created

by Mangiarini and colleagues (1996) and is a fragment model of HD that carries a

random insertion of exon 1 of the human Huntingtin (HTT) gene with approximately 160

 5 polyglutamine repeats (Jackson Laboratories).  The resultant expression of the CAG

expansion region of the HTT gene produces animals that recapitulate behavioral and

neuropathological aspects of human HD with notably early onset and rapid progression of

the phenotype (Mangiarini et al., 1996).  The wild-type (WT) control mouse strain (strain

B6CBAF1/J) is the parent strain from which the R6/2 line was developed (Mangiarini et

al., 1996).

Mice were housed individually in plastic microisolator cages with food and water

available ad libitum.  The mice were maintained under conditions of constant temperature

(21°C) and humidity (40%) with a 12-hour light/dark cycle (0700 h on/1900 h off).  The

R6/2 transgenic mice are of generally poor overall health, therefore measures to assist in

the maintenance of their vitality were included in the animal husbandry procedures.

Moistened food pellets and HydroGel wells (ClearH20, Portland, ME) were placed on the

floor of the home cage to facilitate caloric intake and hydration.  Nesting pads, composed

of compressed cotton fibers, also were provided.  All reasonable effort was made in order

to minimize animal suffering and to limit the number of animals utilized for these

experiments.  Animal procedures were conducted in accordance with the National

Institutes of Health Guide for the Care and Use of Laboratory Animals and were

approved by Rutgers University Institutional Animal Care and Use Committee.
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Rotarod testing. Potential phenotypic impairment of motor performance was examined

using the rotarod task (Economex; Columbus Instruments, Columbus, OH).  This task is

the most widely used paradigm for assessment of motor function in HD animal models

and is a sensitive measure for detecting the progressive gait and balance abnormalities

that are characteristic of R6/2 mice (Pallier et al., 2009).  R6/2 and WT mice were trained

on the rotarod treadmill task at 10 rpm for three consecutive trials (60 s maximum

duration) one day prior to testing.  On the test day, motor performance at five fixed

speeds (5, 10, 15, 20, and 25 rpm) was measured (60 s interspeed interval) for two

separate trials (5 min intertrial interval).  Fall latencies (60 s cutoff) at each speed were

averaged across trials for each subject.  One WT subject was excluded from this

component of the experimental protocol due to the presence of a hindpaw laceration that

interfered with task performance.

Electrophysiological Studies

Surgical protocol. Extracellular recording of STN neuronal activity along with

simultaneous acquisition of ECoG signal was carried out in the same mice that

participated in the rotarod testing.  Anesthesia was initiated by administration of urethane

(1.25 g/kg, i.p.; Sigma-Aldrich Corporation, St. Louis, MO).  Following the loss of

righting reflexes, an appropriate surgical level of anesthesia was achieved by

administration of a solution containing ketamine (80-100 mg/kg, i.p.; Phoenix

Pharmaceutical Inc., St. Joseph, MO) combined with xylazine (10 mg/kg, i.p.; Sigma-

Aldrich Corporation, St. Louis, MO).  Supplemental doses of ketamine (30 mg/kg, i.p.)
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plus xylazine (3 mg/kg, i.p.) were used for the remainder of the experiment as needed

(Magill et al., 2000; Mallet et al., 2008). Sterile saline (0.9% w/v) served as the vehicle

for all drug solutions. Throughout the experiment, the effectiveness of this anesthetic

technique was verified by subjective observation of the ECoG signal, the respiration rate,

and by testing for the presence of reflex withdrawal to cutaneous paw pinch and corneal

stimulation (Whelan and Flecknell, 1992).  Subsequent to anesthetization of the mouse,

local anesthetic (bupivacaine hydrochloride solution, 0.5%, APP Pharmaceuticals,

Schaumburg, IL) was injected beneath the scalp (0.1 ml, s.c.) and the animal was placed

into a stereotaxic frame (David Kopf Instruments, Tujunga, CA).  With the skull flat, a

craniotomy was performed directly above the STN at the following coordinates: AP: -2.1

mm, ML: ±1.6 mm relative to bregma (Franklin and Paxinos, 2008) and the underlying

dura mater was carefully resected. A second craniotomy was performed directly above

the ipsilateral primary motor cortex (M1) at the following coordinates: AP: +2.1 mm,

ML: ±2.0 mm relative to bregma (Franklin and Paxinos, 2008).   Body temperature was

maintained at 37 ± 0.5°C using a heating pad.  Lactated ringer’s solution (Fisher

Scientific, Suwanee, GA) was administered (1.0-2.0 ml/30 g, s.c.) approximately every 2-

3 h to prevent dehydration.

The sensitivity of R6/2 mice to anesthesia has been noted previously (Stern, 2011).

Despite extensive empirical work aimed at optimizing the present protocol, the morbidity

rate was ~40% in R6/2 mice versus 0% for WT mice.  For the benefit of other

investigators wishing to utilize R6/2 mice under anesthetized conditions, we report here

that preliminary attempts with the anesthetic agents isoflurane (0.5-3.0 % vol

concentration) and Avertin (2, 2, 2-Tribromoethanol) (400 mg/kg, i.p.) provided
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unacceptable outcomes.  While neither of these agents was problematic in terms of

morbidity, both were associated with effects upon ECoG activity that precluded their use

in the examination of the dependent measures of interest in the present studies.

Isoflurane induces a burst-suppression pattern in the ECoG that ultimately leads to a

continuous isoelectric ECoG signal characteristic of comatose states (Brenner, 1985;

Ferron et al., 2009).  We found that Avertin produced ECoG signals consisting of an

unusual pattern of low frequency oscillations entirely lacking in higher frequency

components.  To our knowledge, this is the first report of this unusual action of Avertin

upon cortical activity.   Thus, we determined that in mice, as in rats (Magill et al., 2000;

Mallet et al., 2008), a combination of urethane followed by supplemental doses of

ketamine plus xylazine gave the best outcome in terms of preparation viability for the

dependent measures of interest as well as overall survival.

STN activity. Extracellular action potentials generated by single STN neurons and local

field potentials (LFP) in STN were recorded from single 10–25 MΩ glass recording

pipettes (tip diameter ~1.0-2.0 μm) filled with a 0.5 M NaCl solution containing 2%

pontamine sky blue (Sigma-Aldrich Corporation, St. Louis, MO).  The electrode was

lowered to a point ~500 m above STN and then slowly was advanced in 1.0-10 m

increments using a micropositioner (Model 2660, David Kopf Instruments, Tujunga, CA)

until a well-isolated single unit recording was obtained.  Units characteristic of STN

neurons recorded in rats such as ~10 Hz firing rates with biphasic waveforms (Magill et

al., 2000) were encountered 4.0-4.5 mm below dura (see Figure 1).  For all analyses,

recordings were used if they were obtained when the electrode track was between AP -
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1.82 mm to -2.30 mm (relative to bregma).  Recordings typically lasted for 2-10 min.

The amplified neuronal signals were band-pass filtered between 300 and 20 kHz (Model

1800, A-M Systems Microelectrode Amplifier, Sequim, WA).  Amplified LFP signals

were band-pass filtered between 0.1 and 20 kHz (A-M Systems Microelectrode Amplifier,

Sequim, WA) and digitized on-line using a PC and a Micro1401 interface (Cambridge

Electronic Design, Cambridge, UK) using Spike2 data acquisition and analysis software

(Cambridge Electronic Design, Cambridge, UK).  Single unit activity was sampled at 21

kHz and the LFP signal was down-sampled to 500 Hz and low-pass filtered at 100 Hz

(Butterworth filter).  Data from all recording sessions were visually inspected off-line and

epochs with breathing or electrical artifacts were discarded.

ECoG activity. A bipolar nylon coated stainless steel electrode (outer diameter 100 μm,

contact separation < 100 μm) used for ECoG recording was stereotaxically implanted and

fixed to the skull using dental cement (Orthodontic Acrylic Resin, Lang Dental

Manufacturing Co, Wheeling, IL).  A steel screw was fixed into place over the ipsilateral

cerebellum to serve as a reference electrode.  Raw ECoG was band-pass filtered between

0.1 and 100 Hz (Grass P5 Series Preamplifier; West Warwick, RI).  The resulting

amplified ECoG signal was sampled at 500 Hz and digitized on-line with Spike2 data

acquisition and analysis software (Cambridge Electronic Design, Cambridge, UK).

The ECoG was monitored continuously throughout all recording sessions.  Global

cortical network activity was observed to transition in distinct stages between a high-

voltage, slow activity pattern (synchronized) and low-voltage periods containing a

heterogeneous pattern (desynchronized).  Epochs of synchronized activity are

characterized by recurring large amplitude, low-frequency (0.5-4 Hz) oscillations in the
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ECoG.  The transition to epochs of desynchronized ECoG occurred spontaneously.

Importantly, during these desynchronized epochs, the animal did not show any signs of

reflexive responses or marked changes in respiration, indicating anesthesia levels were

sufficient throughout the recordings.

Data Analysis

STN single-unit activity. In order to assess the discharge properties of STN neurons, 30

sec epochs of ECoG composed of easily discernable synchronized or desynchronized

patterns were identified by visual inspection offline and a portion of the coincident STN

spike train consisting of 500 spikes was isolated and further analyzed.  The mean firing

rate (spikes per second; Hz) for each STN neuron was calculated.  Spike train regularity

was determined by calculating the coefficient of variation (CV) of the interspike interval

(ISI) distribution (ISI standard deviation/ISI mean).  A more detailed analysis of the STN

spike train patterns was conducted using an automatic burst detection algorithm

implemented with custom-derived scripts for use with Spike2 (Cambridge Electronic

Design, Cambridge, UK).  Specifically, individual ISI histograms were constructed using

a bin size determined by dividing the longest ISI in the spike train into 1000 bins. Bursts

were defined as an epoch containing a sequence of two or more spikes beginning with an

ISI 40 bins larger than the mode of the ISI distribution and ending with an ISI 80 bins

larger than the mode.  These parameters were empirically defined and upon comparison

with alternative burst detection algorithms (such as fixed parameter settings and Poisson

Surprise) we determined that this script was most accurate for our dataset.  Further, the

criteria chosen were specifically designed to identify events of clustered spiking that

occur in response to cortical synchronization and are different than that which would be



33
classically used to define the bursting of STN neurons or other neuronal subtypes during

desynchronized states.  Thus, the burst detection algorithm was only used for the analysis

of spike trains recorded during synchronized conditions.  For each epoch of STN activity,

the number of bursts, percentage of spikes per burst, mean spikes per burst, ISI within

bursts, burst duration and interburst duration was compared.  Lomb periodograms were

estimated from the autocorrelograms of spike trains to quantify the significance of any

patterns of periodic, oscillatory activity that might be present (Kaneoke and Vitek, 1996).

Autocorrelograms were constructed with 20 ms bins and 4 s of lag time for each epoch of

STN activity analyzed.  The frequency bin that contained the highest power within the

Lomb periodogram was used as a measure of the dominant oscillatory frequency in a

given spike train.  We considered oscillations significant if spectral power within these

peaks was significantly greater than expected in comparison with independent Guassian

random variables (p < 0.05).  Those neurons that displayed significant peaks in the

periodogram spectra between 0.5-4 Hz were classified as exhibiting significant low-

frequency oscillations and termed LFO in the subsequent text.

Cortical ECoG activity. In order to assess the spectral composition of ECoG we

performed Fast Fourier transform (FFT) analysis.  Estimates of the spectral power density

were extracted via Welch’s periodogram method using a Hanning window with 50%

overlap and a resolution frequency of 0.242 Hz.  Estimates were summed within the

following frequency bins to obtain the power densities of low frequency and higher

frequency bandwidths: 0.5-4 Hz, 4-7 Hz, 7-13 Hz, 13-30 Hz and 30-100 Hz.

Coherence between STN activity and ECoG. Coherence measures the amount of linear
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correlation between two time series as a function of frequency and is an absolute value

that varies between 0, no systematic phase relationship between two signals, and 1,

indicating a perfect phase relationship (i.e. phase-locked).  The coherence between STN

activity (unit firing or LFP) with coincident ECoG was calculated using the multitaper

method implemented in the Chronux 2.0 data analysis toolbox (Bokil et al., 2010) for

Matlab (MathWorks).  Coherence spectra were estimated for the frequency range from

0.5-100 Hz.  We extracted the peak coherence value for statistical comparison.

Histology. To identify the location of recorded sites, at the end of each experiment the

electrode placement of the last recorded neuron was marked with an iontophoretic deposit

of pontamine sky blue (15-20 min, -20 μA, constant current injection). Upon completion

of each experiment, animals were administered a lethal dose of sodium pentobarbital and

were perfused intracardially with 0.9% saline followed by 10% formaldehyde.  Brains

were extracted and post-fixed in fresh fixative overnight at 4°C and transferred to 30%

sucrose in phosphate buffer solution at 4°C for cryoprotection.  Coronal sections of 60

μm thickness were obtained and stained with Neutral Red (Sigma-Aldrich Corporation,

St. Louis, MO) to verify the recording site in the STN (Fig. 1).
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Figure 1: Schematic coronal diagrams of the mouse brain indicating the location of
electrode tracks in the STN (modified from Franklin and Paxinos, 2008) of WT (black)

and R6/2 (red) mice.  Numbers indicate distance (mm) posterior to bregma.

Statistical analysis. All data are presented as mean ± SEM.  Data were analyzed with a t-

test for unpaired comparisons and by using a Mann-Whitney U-test in the case of non-

normal distributions.  Between-group differences for paired comparisons were assessed

using two-way ANOVA.  When appropriate, two-way ANOVA determinations were

followed by Bonferroni’s post-hoc test.  For the analysis of within-group effects for

paired comparisons, one-way ANOVA was used coupled to Bonferroni’s post-hoc test.

Between-group differences for three comparisons were assessed using one-way ANOVA

coupled to Bonferroni’s post-hoc test when appropriate.  For the analysis of group
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differences for three comparisons with non-normal distributions, a Kruskal-Wallis test

was used together with Dunn’s post-hoc test.  Differences were considered statistically

significant when p < 0.05.

2.4 RESULTS

Experimental overview. As summarized in Table 1, a total of nine WT (n = 65 STN

neurons) and six R6/2 mice (n = 45 STN neurons) were included in the present

experiments.  The number of epochs of single unit STN activity acquired for each animal

during simultaneously recorded synchronized or desycnchronized ECoG is provided.

The number of epochs acquired varied across animals and, in some cases, recording

conditions permitted STN activity to be acquired from a single neuron during both ECoG

states in WT (n = 7 neurons) and R6/2 mice (n = 8 neurons), although this was not the

norm.  The total number of epochs analyzed for each condition in each group is specified

in Table 1.  For the R6/2 group, ~20% of STN recordings (6/28) obtained during the

synchronized ECoG state did not exhibit significant periodicity in their spike trains

according to the Lomb analysis and termed tonic in the subsequent text.  Data collected

from tonic neurons were therefore analyzed separately.  Also provided in Table 1 is the

fall latency for the fastest speed on the rotarod task (25 rpm) for each animal.
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Table 1. Overview of STN single unit data collected during synchronized and

desynchronized ECoG states.

WT Rotarod
25 rpm
(sec)

Synch
Epochs

Desynch
Epochs

R6/2 Rotarod
25 rpm
(sec)

Synch
Epochs

Desynch
Epochs

1 60 4 1 1 2 - 8
2 60 1 1 2 17 7 (3) * 1
3 60 5 2 3 4.5 8 (1) * 2
4 60 9 5 4 10.5 (1) * 3
5 60 3 3 5 10 2 1
6 57 12 (1) * - 6 52 10 (1) * 10
7 59 - 9
8 N/A - 5
9 56 5 7

TOTAL
(N=9)

39 (1) * 33 TOTAL
(N=6)

28 (6) * 25

Table 1: * Indicates STN recordings (500 spikes) obtained during synchronized ECoG
epochs (30 sec) with non-significant Lomb periodicity value for STN unit.  For the R6/2

group (referred to as ‘tonic’), these data were analyzed separately (n = 6).  The single
case for the WT group was excluded from analysis.

Motor performance on the rotarod task. Fall latencies were significantly reduced as a

function of speed [F (4, 48) = 15.55; p < 0.01] and genotype [F (1, 48) = 18.55; p < 0.01].

Furthermore, there was a significant speed x genotype interaction [F (4, 48) = 10.93; p <

0.01].  Planned comparisons indicated that fall latencies in R6/2 mice were significantly

reduced relative to WT mice at 15, 20, and 25 rpm (Fig. 2).
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Figure 2: Rotarod performance comparison of WT and R6/2 mice as a function of
rotation speed.  All data are mean ± SEM. * indicates significantly different from WT, p

< 0.05; ** indicates significantly different from WT, p < 0.01.

Firing properties of STN neurons are dependent on ECoG state. Figure 3 shows a

representative example depicting the patterns of activity of STN units during

synchronized and desynchronized ECoG epochs. STN neurons preferentially fire bursts

of action potentials that are phase-locked to cortical up states during synchronized ECoG

epochs.  In contrast, STN neurons fire with more tonic regularity during desynchronized

ECoG epochs.
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Figure 3: Representative neuronal activity in the STN and concomitant ECoG collected
from WT mice.  (A) LFO STN neuron (firing rate = 8.34 Hz; CV = 1.36; lomb frequency
= 1.45 Hz) recorded during synchronized ECoG epoch (total power = 734.50 μV; 0.5-4
Hz power = 628.80 μV; 4-7 Hz power = 62.95 μV; 7-13 Hz power = 29.60; 13-30 Hz
power = 11.00; and 30-100 Hz power = 2.18 μV; dominant frequency = 1.45 Hz). (B)

Tonically firing STN neuron (firing rate = 17.23 Hz; CV = 0.59) recorded during
desynchronized ECoG epoch (total power = 53.97 μV; 0.5-4 Hz power = 36.55 μV; 4-7

Hz power = 7.14 μV; 7-13 Hz power = 4.28; 13-30 Hz power = 3.43; and 30-100 Hz
power = 2.58 μV).

STN spike train activity in the synchronized ECoG state in R6/2 mice. In R6/2 mice,

tonic neurons discharged with significantly reduced spike rates (8.97 ± 2.26 Hz) relative

to LFO neurons recorded from the STN (15.13 ± 0.78 Hz) [H = 8.64, d.f.= 2, p < 0.05]

(Table 2). Moreover, the CV of tonic neurons (0.69 ± 0.12) was significantly less than

that of LFO neurons recorded from the STN in both R6/2 (1.36 ± 0.05) and WT mice

(1.40 ± 0.08) [H = 12.26, d.f.= 2, p < 0.01] (Table 2).  The number of burst events in LFO
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neurons recorded from R6/2 mice (54.18 ± 2.92) was significantly less than that in LFO

neurons recorded from WT mice (63.95 ± 4.07) [U (58) = 299.0; p < 0.05] (Table 2).

However, the number of action potentials per burst in LFO neurons recorded from R6/2

mice (8.03 ± 0.79) was significantly greater that that in LFO neurons recorded from WT

mice (8.18 ± 0.55) [U (58) = 301.0; p < 0.05] (Table 2).  In addition, the duration

between burst events was significantly shorter in LFO neurons recorded from R6/2 mice

(446.2 ± 19.38 ms) relative to LFO neurons recorded from WT mice (601.1 ± 29.97 ms)

[U (58) = 167.0; p < 0.01] (Table 2).  There was no significant difference between

genotypes in the percentage of spikes within bursts [t (58) = 0.02; p = 0.49], the ISI of

spikes within bursts [U (58) = 362.5; p = 0.20] or the burst duration [t (58) = 0.01; p =

0.49] in LFO neurons.  In addition, there was no significant difference between genotypes

in the peak oscillating frequency of the spike train in LFO neurons [U (58) = 343.5; p =

0.13] (Table 2).

STN spike train activity in the desynchronized ECoG state in R6/2 mice. Neurons

recorded from the STN in R6/2 mice (10.71 ± 0.97 Hz) discharged with significantly

slower firing rates compared to units recorded in WT mice (17.23 ± 1.40 Hz) [U (56) =

197.0; p < 0.01] (Table 2). In addition, the CV of the ISI distribution was significantly

larger in STN neurons recorded from R6/2 mice (0.96 ± 0.12) in comparison to WT mice

(0.59 ± 0.03) [U (56) = 240.0; p < 0.01] (Table 2).
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Table 2.  Firing properties of STN neurons.

Synchronized Epochs Desynchronized Epochs
WT R6/2 LFO R6/2 tonic WT R6/2

Firing rate (Hz) 12.52 ± 1.23 15.13 ± 0.78 8.97 ± 2.26 # 17.23 ± 1.40 10.71 ± 0.97 **

CV 1.40 ± 0.08 1.36 ± 0.05 0.69 ± 0.12 ** ## 0.59 ± 0.03 0.96 ± 0.12 **

Number of bursts 63.95 ± 4.07 54.18 ± 2.92 * - - -
Spikes per burst 8.03 ± 0.79 8.18 ± 0.55 * - - -

Interburst duration (ms) 601.1 ± 29.9 446.2 ± 19.4 ** - - -
Lomb freq (Hz) 1.37 ± 0.05 1.48 ± 0.12 - - -

Table 2: All data are mean ± SEM. * indicates significantly different from WT, p <
0.05; ** indicates significantly different from WT, p < 0.01; # indicates significantly

different from R6/2 LFO, p < 0.05; ## indicates significantly different from R6/2 LFO, p
< 0.01.

Spectral composition of ECoG in the synchronized state. The dominant frequency of the

ECoG was significantly higher during recording epochs in both LFO (1.78 ± 0.18 Hz)

and tonic STN neurons (1.68 ± 0.05 Hz) in R6/2 mice in comparison to those collected

from LFO neurons in WT mice (1.42 ± 0.04 Hz) [F (2, 63) = 8.63; p < 0.01].  The total

power of the ECoG within the lowest frequency bandwidth (0.5-4 Hz) was significantly

diminished during recording epochs in both LFO and tonic neurons in R6/2 mice in

comparison to those collected from LFO neurons in WT mice [H = 18.52, d.f.= 2, p <

0.01] (Figure 4A).  The total power of the ECoG in higher frequencies (4-100 Hz) was

significantly skewed as a function of genotype [F (2, 63) = 5.13; p < 0.01] and bandwidth

[F (3, 63) = 62.20; p < 0.01] and there was a significant genotype x bandwidth interaction

[F (6, 63) = 12.20; p < 0.01].  Planned comparisons indicated that the power within 13-30

Hz and 30-100 Hz was greater during recording epochs in LFO neurons in R6/2 mice

relative to those collected from LFO neurons in WT mice (Fig. 4B).  Furthermore, the

power within 4-7 Hz was less during recording epochs in tonic neurons in R6/2 mice in

comparison to those collected from LFO neurons in WT mice (Fig. 4B).  In addition, the
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power within 4-7 Hz and 7-13 Hz was lower during recording epochs in tonic neurons

relative to those collected from LFO neurons recorded in R6/2 mice (Fig. 4B).

Figure 4: ECoG spectral power acquired in synchronized epochs concomitant to the
recording of WT STN neurons (ECoG dominant frequency = 1.42 Hz), R6/2 LFO STN

neurons (ECoG dominant frequency = 1.68 Hz) and R6/2 tonic STN neurons (ECoG
dominant frequency = 1.78 Hz).  (A) Total power spectral density of ECoG within low

frequency components.  (B) Total power spectral density of ECoG within high frequency
components.  All data are mean ± SEM. * indicates significantly different from WT, p <

0.05; ** indicates significantly different from WT, p < 0.01; # indicates significantly
different from R6/2 LFO, p < 0.05.

Coherence between STN activity and ECoG in the synchronized state. The magnitude of

the coherence between STN unit spiking and ECoG specifically within the lowest

frequency bandwidth (0.5-4 Hz) was significantly reduced in both LFO neurons (0.63 ±

0.04) and tonic neurons (0.56 ± 0.06) in R6/2 mice compared to WT mice (0.81 ± 0.02)

[H = 19.77, d.f.= 2, p < 0.01] (Fig. 5C).  Likewise, the magnitude of the coherence

between STN LFP activity and ECoG specifically within the lowest frequency bandwidth

was significantly reduced in R6/2 mice (0.69 ± 0.2) relative to WT mice (0.83 ± 0.02)  [t

(7) = 4.91; p < 0.01; n = 6 WT, n = 3 R6/2].
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Figure 5: Oscillatory entrainment of STN neuronal activity during synchronized ECoG
epochs in WT and R6/2 mice.  (A) R6/2 LFO STN neuron (firing rate = 17.68 Hz; CV =
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1.82; lomb frequency = 1.48 Hz) recorded during synchronized ECoG epoch (total power

= 662.1 μV; 0.5-4 Hz power = 561.0 μV; 4-7 Hz power = 50.59 μV; 7-13 Hz power =
22.17; 13-30 Hz power = 15.27; and 30-100 Hz power = 13.00 μV; dominant frequency =
1.21 Hz). (Bottom panel) Magnified demonstration of phase synchronization of neuronal
discharge to coincident ECoG LFO.  (B) R6/2 tonic STN neuron (firing rate = 4.31 Hz;

CV = 0.56; lomb frequency = N/A Hz) recorded during synchronized ECoG epoch (total
power = 286.8 μV; 0.5-4 Hz power = 222.9 μV; 4-7 Hz power = 27.41 μV; 7-13 Hz
power = 13.56; 13-30 Hz power = 14.75; and 30-100 Hz power = 8.20 μV; dominant

frequency = 1.78 Hz). (C) Coherence between STN neuronal spike discharge and
coincident ECoG activity as a function of frequency.  All data are mean ± SEM. **

indicates significantly different from WT, p < 0.01.

Spectral composition of ECoG in the desynchronized state. The total power of the ECoG

within the lowest frequency bandwidth (0.5-4 Hz) was significantly attenuated during

recording epochs in STN neurons in R6/2 mice in comparison to WT mice [t (56) = 5.18;

p < 0.01] (Figure 6A).  The total power of the ECoG in higher frequencies (4-100 Hz)

was significantly altered as a function of genotype [F (1, 56) = 8.49; p < 0.01] and

bandwidth [F (3, 56) = 14.12; p < 0.01] and there was a significant genotype x bandwidth

interaction [F (3, 56) = 33.14; p < 0.01].  Planned comparisons indicated that the power

within 13-30 Hz and 30-100 Hz was higher during recording epochs in STN neurons in

R6/2 mice in comparison to those collected from STN neurons in WT mice (Fig. 6B).  In

addition, the power within 4-7 Hz was diminished during recording epochs in STN

neurons in R6/2 mice in comparison to those collected from STN neurons in WT mice

(Fig. 6B).
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Figure 6: ECoG spectral power acquired in desynchronized epochs concomitant to the
recording of WT and R6/2 STN neurons.  (A) Total power spectral density of ECoG

within low frequency components.  (B) Total power spectral density of ECoG within high
frequency components. ** indicates significantly different from WT, p < 0.01.

Coherence between STN activity and ECoG in the desynchronized state. We found no

significant difference in the magnitude of the coherence between STN unit spiking and

ECoG within the lowest frequency bandwidth (0.5-4 Hz) in R6/2 (0.32 ± 0.02) as

compared to WT mice (0.31 ± 0.01) [U (56) = 412.0; p = 0.50] (Fig. 7B).  Likewise, we

report no significant difference in the magnitude of the coherence between STN LFP

activity and ECoG within the lowest frequency bandwidth across genotypes [t (2) = 0.88;

p = 0.24; n = 2 WT, n = 2 R6/2].
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Figure 7: Spontaneous neuronal activity in the STN during desynchronized ECoG
epochs in WT and R6/2 mice.  (A) Representative neuronal activity in the STN (firing
rate = 7.35 Hz; CV = 1.16) and concomitant ECoG (total power = 30.89 μV; 0.5-4 Hz
power = 12.11 μV; 4-7 Hz power = 3.58 μV; 7-13 Hz power = 3.48; 13-30 Hz power =

8.78; and 30-100 Hz power = 2.94 μV) collected from R6/2 mouse during
desynchronized ECoG epoch. (B) Coherence between STN neuronal spike discharge and

coincident ECoG activity as a function of frequency.  All data are mean ± SEM.

2.5 DISCUSSION

The present study was undertaken to investigate how the flow of information

between the cerebral cortex and the STN is altered as a function of the expression of the
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mHtt protein in the R6/2 transgenic mouse model of HD.  Our results demonstrate that

cortically patterned STN neuronal discharge is markedly less synchronized in R6/2 mice.

In addition, the spontaneous activity of STN neurons in the absence of synchronized

cortical input is diminished in R6/2 mice.

Under urethane anesthesia cortical activity alternates between two principal

patterns, synchronized and desynchronized states, which have differential effects on

shaping the neuronal activity in the STN (Magill et al., 2000, 2001; Mallet et al., 2008).

During synchronized ECoG states, large ensembles of cortical neurons coherently

oscillate between a depolarized up state and a silent hyperpolarized down state (Steriade,

2001).  This pattern of rhythmic activity is expressed in the ECoG as recurring large

amplitude oscillations in the low-frequency (~1 Hz) range (Steriade et al., 1993; Amzica

and Steriade, 1998).  Such rhythmic cortical discharge has a powerful synchronizing

effect on STN activity and leads to the entrainment of neuronal firing in the STN (Magill

et al., 2000, 2001; Bevan et al., 2002).  Similar to that reported in rats during

synchronized ECoG conditions (Magill et al., 2000, 2001), we observed significant LFO

discharge characteristics in the spike trains of all STN neurons recorded from WT mice.

STN unit and LFP activity were phase-locked to cortical up states and highly

synchronized with concomitant LFO cortical activity.  Thus, the urethane-anesthetized

animal enables control over ECoG organization and serves as an effective model for

assessing the functional connectivity between the cortex and the STN (Magill et al., 2000,

2001; Mallet et al., 2008).  In contrast to epochs of cortical synchronization,

desynchronization is related to a persistently depolarized state and associated with a

reduction of power in low frequency ranges and increases of power in higher frequency
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ranges in the ECoG (Steriade, 2001).  Hence, desynchronization rapidly restructures the

spectral composition of cortical activity and as a result the powerful synchronizing drive

of the cortex on the STN is obliterated.  During desynchronized ECoG states, STN

neurons discharge with higher firing rates and tonic regularity and this autonomous

activity is largely a result of intrinsic mechanisms, such as persistent sodium currents

(Bevan and Wilson, 1999).  To our knowledge this is the first study to perform in vivo

electrophysiological recordings of the extracellular activity in the STN of mice and our

results are similar to that reported previously in rats (Magill et al., 2000, 2001).

During synchronized ECoG states, powerful cortical LFO transmission is

propagated to the STN and in contrast to the homogenous patterns of phase locked

spiking that we reported in WT mice, strikingly, ~20% of STN neurons recorded from

R6/2 mice failed to discharge with LFO patterns.  The firing rate and pattern of activity in

these tonic STN neurons resembled that observed in the desynchronized ECoG state,

when cortical entrainment is less prominent and spiking is more autonomous (Bevan et

al., 2002), and thus it is tempting to speculate that this segment of neurons is

disconnected from cortical input.  Cortical entrainment of STN neuronal activity during

synchronized ECoG conditions is believed to occur via monosynaptic connections in the

hyperdirect pathway (Magill et al., 2001).  Specifically these connections are thought to

arise from long range pyramidal tract neurons (PT) (Kita and Kita, 2012).  Interestingly,

at the 9-week age point that we investigated in R6/2 mice there is no significant cortical

neuronal loss.  However, Rosas et al. (2006) demonstrated using diffusion tensor imaging

that white matter alterations in PT axons occurred early in HD and were independent of

neuronal atrophy.  Thus, anatomical changes in the connectivity within the
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cortiosubthalamic tract could disturb the flow of information between these two nodes

even in the absence of neuronal atrophy in the cortex of R6/2 mice.

While the remainder of neurons (~80%) from the STN population in R6/2 mice

fired with expected LFO discharge during synchronized ECoG states, there was a marked

change in the nature of the relationship between oscillatory activity in the STN and the

cortex.  R6/2 STN LFO neurons fired with significantly fewer bursts and the degree of

phase locking between STN spiking and concomitant cortical LFO activity was

significantly reduced.  Of note, the firing rate in R6/2 STN LFO neurons was slightly

higher and these neurons discharged with increased incidence of spikes per burst in

comparison to WT mice, further suggesting that synaptic drive is altered in the STN of

R6/2 mice.  Loss of entrainment of STN activity was also seen at the network level as the

coherence between the STN LFP and cortical LFO activity was attenuated.  Thus, these

results suggest that cortical rhythms are less effectively transmitted to the STN in R6/2

mice.

The overall spectral composition of cortical activity during synchronized states

was altered in R6/2 mice which could lead to altered drive in the STN.  Specifically, the

density of power concentrated in low frequencies was reduced and the power expressed

in higher frequencies was increased in R6/2 mice.  Optical stimulation experiments have

suggested that the locus of the LFO genesis originates from the synchronization of

excitatory pyramidal neurons in deep cortical layers (mainly layer V) (Hughes and

Crunelli, 2013; Kuki et al., 2013).  Walker et al. (2008) demonstrated that the correlated

firing among putative pyramidal neurons is reduced in the prefrontal cortex of R6/2 mice

indicating impairments in synchrony.  Morphological changes also can occur in
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pyramidal neurons in R6/2 mice and include diminished dendritic area, reduced number

of dendritic spines and impaired glutamate receptor function (Andre et al., 2006;

Cummings et al., 2009).  These factors could further contribute to the loss in correlated

activity between pyramidal neurons in R6/2 mice and subsequent reductions in cortical

LFO activity.  In contrast to the reductions in power of oscillations in the low frequency

range in R6/2 mice, oscillations in higher frequency ranges were increased.  The firing

rates of cortical neurons are increased in R6/2 mice (Walker et al., 2008) and several

groups have demonstrated that cortical neurons in R6/2 mice are hyperexcitable (Cepeda

et al., 2007; Cummings et al., 2009).  In accordance, Stern (2011) demonstrated that

cortical neurons can transition from down states to up states more easily, which could

also account for the increase in the dominant frequency of the cortical LFO in R6/2 mice.

These influences could contribute to the increased expression of higher frequencies in

R6/2 mice.  In addition, the STN receives afferents from a variety of other sources that

are in a position to modulate STN neuronal activity and we cannot rule out these

influences.  These include projections from the parafasicular nucleus of the thalamus

(Bevan et al., 1995), dorsal raphe nuclei (Lavoie and Parent, 1990), substantia nigra pars

compacta (Hassani et al., 1997), and the pedunculopontine nucleus (Jackson and

Crossman, 1983).

While investigating neural patterns of activity in the STN during synchronized

ECoG states is invaluable for determining the fidelity of transmission in

corticosubthalamic pathways, activity measured during desynchronized conditions is

advantageous in that it more closely resembles activity patterns seen during wakefulness

(Steriade, 2001).  This is especially important in lieu of the fact that chorea manifests
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during waking and is absent during states resembling synchronized ECoG conditions,

such as sleep (Morton, 2013).  During desynchronized ECoG conditions the density of

power concentrated in low frequencies was diminished and the power expressed in higher

frequencies was increased in R6/2 mice. Similar spectral differences have been reported

by other groups in R6/2 mice (Hong et al., 2012; Fisher et al., 2013; Kantor et al., 2013)

and seem to be a pathological signature of global cortical activity in R6/2 mice.  During

desynchronized ECoG epochs, we found significant reductions in the firing rates of STN

neurons recorded from R6/2 mice as compared to WT mice.  In addition, the discharge

patterns of STN neurons in R6/2 mice were significantly less regular as compared to WT

mice.  Hence, the highly conserved fast spiking, tonic discharge during desynchronized

ECoG conditions in STN neurons (Bevan et al., 2002) is disrupted as a function of the

mHtt protein.  The importance of continuous persistent discharge by STN neurons is

exemplified by the fact that experimental or pathological disruption of repetitive firing in

the STN is associated with hyperkinetic symptoms (Crossman, 1989; Hamada and

DeLong, 1992) similar to that seen in HD.  There are several mechanisms that could

drive the abnormally patterned discharge of STN neurons during desynchronized states

that will need to be addressed in future studies.  As striatal degeneration is a cardinal

pathology in HD, disinhibition of neurons in the globus pallidus external segment (GPe)

could result in an augmented GABAergic tone in the STN in HD.  The GPe exerts a

powerful GABAergic control over the STN (Smith et al., 1990; Bevan et al., 2007) and

neuronal network simulations have indicated that irregular activity can arise in the STN

when GPe inhibition is strong and striatal inhibition is weak (Terman et al., 2002).  In
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addition, we cannot rule out the possibility that intrinsic membrane properties of STN

neurons are altered as function of the expression of the mHtt protein in R6/2 mice.

The present results show profound reductions in the response of STN neurons to

coordinated cortical inputs, as well as overall reductions in spontaneous discharge.  The

dramatic reductions in the activity of STN neurons could lead to diminished fidelity of

information transmission in the basal ganglia and disordered motor control in HD.
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3.1 ABSTRACT

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

that results in motor, cognitive and psychiatric abnormalities.  Dysfunction in neuronal

processing between the cortex and the basal ganglia is fundamental to the onset and

progression of the HD phenotype.  The corticosubthalamic hyperdirect pathway plays a

crucial role in motor selection and blockade of neuronal activity in the STN results in

hyperkinetic movement abnormalities, similar to the HD phenotype.  The aim of the

present study was to examine whether changes in the fidelity of information transmission

between the cortex and STN emerge as a function of phenotypic severity in the YAC128

mouse model of HD.  We performed in vivo extracellular recordings in the STN and

measured concomitant cortical activity via electrocorticogram (ECoG) during brain states

that represented global cortical network synchronization or desynchronization.  At early

ages in YAC128 mice, cortical and STN neuronal activity exhibited patterns of

hyperexcitability. However, cortical entrainment of STN neuronal activity was

progressively disrupted and spontaneous firing rates were reduced. Stimulation of the

ipsilateral cortex leads to a short latency excitatory response in STN neurons that is

generated by excitation of monosynaptic terminals in the hyperdirect pathway.

Concomitant to the dissipation of STN entrainment, there was a reduction in the

proportion of responsive STN neurons to cortical stimulation as a function of age.  These

results indicate dysfunction in the flow of information within the corticosubthalamic

circuit and demonstrate progressive disconnection of the hyperdirect pathway in a

transgenic mouse model of HD.
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3.2 INTRODUCTION

Huntington’s disease (HD) is a genetically inherited neurodegenerative disorder

that results in progressive motor, cognitive and psychiatric abnormalities.  Anatomical

and functional alterations take place within the connections between the cortex and basal

ganglia that seem to be fundamental to HD onset and progression (DiFiglia et al., 1997;

Rosas et al., 2002; Cepeda et al., 2003; Raymond et al., 2011). These changes are

dynamic and complex as they progress over time and it remains unresolved how cortical

targets in the basal ganglia network are affected and contribute to disease pathogenesis.

The cortex is the main provider of entrant excitatory glutamaterigic inputs into the

basal ganglia via two structures, the striatum and the subthalamic nucleus (STN).  The

cortex transmits information to the output nuclei of the basal ganglia nuclei through the

STN with the shortest latency and thus this circuit has been termed the hyperdirect

pathway (Nambu et al., 2000).  Studies point to a critical role of the cortex and STN in

modulating basal ganglia neuronal activity through the hyperdirect pathway (Fujimoto

and Kita, 1993; Maurice et al., 1998; Magill et al., 2000; Nambu et al., 2000; Magill et al.,

2001; Magill et al., 2004; Sharott et al., 2005). Specifically, the hyperdirect pathway has

been implicated in action suppression (Aron and Poldrack, 2006; Frank, 2006; Jahfari et

al., 2011) and blockade of STN neuronal activity through discrete lesions or

pharmacological inactivation (Whittier and Mettler, 1949; Carpenter et al., 1950; Hamada

and DeLong, 1992) produces hyperkinetic movement disorders which mimic chorea, the

most common symptom of HD.  Progressive synaptic disconnection of cortical input at

the level of the striatum has been reported in HD (Cepeda et al., 2007; Miller et al., 2011;
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Unschuld et al., 2012), however, neural transmission within the corticosubthalamic

pathway remains relatively uninvestigated thus far.  Based on the importance of control

exerted by the STN on motor commands, elucidating alterations in processing between

the cortex and STN could have valuable implications for understanding the

pathophysiology of HD.

The generation of genetic mouse models has helped to reveal network alterations

underlying HD by allowing the direct investigation of pathogenic mechanisms (Raymond

et al., 2011).  In order to examine the fidelity of neuronal processing between the cortex

and STN we utilized the YAC128 transgenic mouse model of HD.  YAC128 mice exhibit

a progressive neurological phenotype and develop HD-like symptoms as a function of

age (Slow et al., 2003; Van Raamsdonk et al., 2005).  We performed in vivo extracellular

single unit recordings in the STN and measured concomitant cortical activity via

electrocorticogram (ECoG) across three different age points in YAC128 mice in order to

examine the progressive nature of corticosubthalamic alterations in relation to phenotypic

severity.  Furthermore, we investigated the short latency excitatory responses of STN

neurons to focal cortical stimulation to assess the impact of evoked hyperdirect pathway

activation in YAC128 mice.
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3.3 EXPERIMENTAL PROCEDURES

Animals. Male YAC128 transgenic mice and male control mice were studied in the

present experiments.  All mice were shipped from the Hayden colony at University of

British Columbia or purchased from Jackson Laboratories (Bar Harbor, ME, USA). The

transgenic YAC128 mouse strain (FVB-Tg(YAC128)53Hay/J) carries a random insertion

of the human Huntingtin (HTT) gene with approximately 128 polyglutamine (CAG)

repeats (Jackson Laboratories).  The resultant expression of the CAG expansion region of

the HTT gene produces animals that recapitulate behavioral and neuropathological

aspects of human HD with a progressive disease phenotype (Slow et al., 2003).  The

wild-type (WT) control mouse strain (strain FVB/NJ) is the parent strain from which the

YAC128 line was developed (Slow et al., 2003).  Studies for each cohort began at

approximately 2, 8, and 12 months in YAC128 mice and their respective WT controls.

Mice were housed individually in plastic microisolator cages with food and water

available ad libitum.  The mice were maintained under conditions of constant temperature

(21°C) and humidity (40%) with a 12-hour light/dark cycle (0700 h on/1900 h off).  All

reasonable effort was made in order to minimize animal suffering and to limit the number

of animals utilized for these experiments.  Animal procedures were conducted in

accordance with the National Institutes of Health Guide for the Care and Use of

Laboratory Animals and were approved by Rutgers University Institutional Animal Care

and Use Committee.
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Rotarod testing. Potential phenotypic impairment of motor performance was examined

using the rotarod treadmill task (Economex; Columbus Instruments, Columbus, OH).

This task is the most widely used paradigm for assessment of motor function in HD

animal models and is a sensitive measure for detecting the progressive gait and balance

abnormalities that are characteristic of transgenic HD mice (Pallier et al., 2009).

YAC128 and WT mice were trained on the rotarod task at 10 rpm for five consecutive

trials (60 s maximum duration) one day prior to testing.  On the test day, motor

performance at five fixed speeds (5, 10, 15, 20, and 25 rpm) was measured (60 s

interspeed interval) for two separate trials (5 min intertrial interval).  Fall latencies (60 s

cutoff) at each speed were averaged across trials for each subject.

Open field testing. Quantitative analysis of locomotor activity was examined using the

open field test.  Spontaneous locomotor activity of YAC128 and WT mice was monitored

for 60 min via automated activity chambers (51 cm × 32 cm × 20 cm) equipped with

infrared photobeams (Flexfield, San Diego Instruments, Inc., San Diego, CA, USA).

Electrophysiological Studies

Surgical protocol. Extracellular recording of STN neuronal activity along with

simultaneous acquisition of ECoG signal was carried out in the same mice that

participated in the rotarod and open field testing.  Anesthesia was initiated by

administration of urethane (1.25 g/kg, i.p.; Sigma-Aldrich Corporation, St. Louis, MO).

Following the loss of righting reflexes, an appropriate surgical level of anesthesia was

achieved by administration of a solution containing ketamine (80-100 mg/kg, i.p.;
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Phoenix Pharmaceutical Inc., St. Joseph, MO) combined with xylazine (10 mg/kg, i.p.;

Sigma-Aldrich Corporation, St. Louis, MO).  Supplemental doses of ketamine (30 mg/kg,

i.p.) plus xylazine (3 mg/kg, i.p.) were used for the remainder of the experiment as

needed (Magill et al., 2000; Mallet et al., 2008).  Sterile saline (0.9% w/v) served as the

vehicle for all drug solutions. Throughout the experiment, the effectiveness of this

anesthetic technique was verified by subjective observation of the ECoG signal, the

respiration rate, and by testing for the presence of reflex withdrawal to cutaneous paw

pinch and corneal stimulation (Whelan and Flecknell, 1992).  Subsequent to

anesthetization of the mouse, local anesthetic (bupivacaine hydrochloride solution, 0.5%,

APP Pharmaceuticals, Schaumburg, IL) was injected beneath the scalp (0.1 ml, s.c.) and

the animal was placed into a stereotaxic frame (David Kopf Instruments, Tujunga, CA).

With the skull flat, a craniotomy was performed directly above the STN at the following

coordinates: AP: -2.1 mm, ML: ±1.6 mm relative to bregma (Franklin and Paxinos, 2008)

and the underlying dura mater was carefully resected. A second and third craniotomy

was performed directly above the ipsilateral and contralateral primary motor cortex (M1)

at the following coordinates: AP: +2.1 mm, ML: ±2.0 mm relative to bregma (Franklin

and Paxinos, 2008).   Body temperature was maintained at 37 ± 0.5°C using a heating pad.

Lactated ringer’s solution (Fisher Scientific, Suwanee, GA) was administered (1.0-2.0

ml/30 g, s.c.) approximately every 2-3 h to prevent dehydration.

STN activity. Extracellular action potentials generated by single STN neurons and local

field potentials (LFP) in STN were recorded from single 10–25 MΩ glass recording

pipettes (tip diameter ~1.0-2.0 μm) filled with a 0.5 M NaCl solution containing 2%
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pontamine sky blue (Sigma-Aldrich Corporation, St. Louis, MO).  The electrode was

lowered to a point ~500 m above STN and then slowly was advanced in 1.0-10 m

increments using a micropositioner (Model 2660, David Kopf Instruments, Tujunga, CA)

until a well-isolated single unit recording was obtained.  Units characteristic of STN

neurons recorded in rats such as ~10 Hz firing rates with biphasic waveforms (Magill et

al., 2000) were encountered 4.0-4.5 mm below dura (see Figure 1).  For all analyses,

recordings were used if they were obtained when the electrode track was between AP -

1.94 mm to -2.30 mm (relative to bregma).  Recordings typically lasted for 2-10 min.

The amplified neuronal signals were band-pass filtered between 300 and 20 kHz (Model

1800, A-M Systems Microelectrode Amplifier, Sequim, WA).  Amplified LFP signals

were band-pass filtered between 0.1 and 20 kHz (A-M Systems Microelectrode Amplifier,

Sequim, WA) and digitized on-line using a PC and a Micro1401 interface (Cambridge

Electronic Design, Cambridge, UK) using Spike2 data acquisition and analysis software

(Cambridge Electronic Design, Cambridge, UK).  Single unit activity was sampled at 21

kHz and the LFP signal was down-sampled to 500 Hz and low-pass filtered at 100 Hz

(Butterworth filter).  Data from all recording sessions were visually inspected off-line and

epochs with breathing or electrical artifacts were discarded.

ECoG activity. A stainless steel screw used for ECoG recording was secured into the

skull and positioned in contact with the dura matter directly above the contralateral M1.

Another stainless steel screw was secured into the skull and positioned in contact with the

dura matter over the contralateral cerebellum to serve as a reference electrode.  Raw

ECoG was band-pass filtered between 0.1 and 100 Hz (Grass P5 Series Preamplifier;

West Warwick, RI).  The resulting amplified ECoG signal was sampled at 500 Hz and
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digitized on-line with Spike2 data acquisition and analysis software (Cambridge

Electronic Design, Cambridge, UK).

The ECoG was monitored continuously throughout all recording sessions.  Global

cortical network activity was observed to transition in distinct stages between a high-

voltage, slow activity pattern (synchronized) and low-voltage periods containing a

heterogeneous pattern (desynchronized).  Epochs of synchronized activity are

characterized by recurring large amplitude, low-frequency (0.5-4 Hz) oscillations in the

ECoG.  The transition to epochs of desynchronized ECoG occurred spontaneously.

Importantly, during these desynchronized epochs, the animal did not show any signs of

reflexive responses or marked changes in respiration, indicating anesthesia levels were

sufficient throughout the recordings.

Cortical stimulation. A bipolar nylon coated stainless steel electrode (outer diameter 100

μm, contact separation < 100 μm) used for focal electrical stimulation was stereotaxically

implanted in the ipsilateral M1 and fixed to the skull using dental cement (Orthodontic

Acrylic Resin, Lang Dental Manufacturing Co, Wheeling, IL).  Electrical stimuli

consisting of single square wave pulses of 0.3 ms duration and 0.6 mA amplitude were

delivered at a frequency of 0.67 Hz using a constant current (Model 2100, A-M Systems

Isolated Pulse Stimulator, Sequim, WA).

Data Analysis

STN single-unit activity. In order to assess the discharge properties of STN neurons, 30

sec epochs of ECoG composed of easily discernable synchronized or desynchronized

patterns were identified by visual inspection offline and a portion of the coincident STN
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spike train consisting of 500 spikes was isolated and further analyzed.  The mean firing

rate (spikes per second; Hz) for each STN neuron was calculated.  Spike train regularity

was determined by calculating the coefficient of variation (CV) of the interspike interval

(ISI) distribution (ISI standard deviation/ISI mean).  A more detailed analysis of the STN

spike train patterns was conducted using an automatic burst detection algorithm

implemented with custom-derived scripts for use with Spike2 (Cambridge Electronic

Design, Cambridge, UK).  Specifically, individual ISI histograms were constructed using

a bin size determined by dividing the longest ISI in the spike train into 1000 bins. Bursts

were defined as an epoch containing a sequence of two or more spikes beginning with an

ISI 40 bins larger than the mode of the ISI distribution and ending with an ISI 80 bins

larger than the mode.  These parameters were empirically defined and upon comparison

with alternative burst detection algorithms (such as fixed parameter settings and Poisson

Surprise) we determined that this script was most accurate for our dataset.  Further, the

criteria chosen were specifically designed to identify events of clustered spiking that

occur in response to cortical synchronization and are different than that which would be

classically used to define the bursting of STN neurons or other neuronal subtypes during

desynchronized states.  Thus, the burst detection algorithm was only used for the analysis

of spike trains recorded during synchronized conditions.  For each epoch of STN activity,

the number of bursts, percentage of spikes per burst, mean spikes per burst, ISI within

bursts, burst duration and interburst duration was compared.  Lomb periodograms were

estimated from the autocorrelograms of spike trains to quantify the significance of any

patterns of periodic, oscillatory activity that might be present (Kaneoke and Vitek, 1996).

Autocorrelograms were constructed with 20 ms bins and 4 s of lag time for each epoch of
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STN activity analyzed.  The frequency bin that contained the highest power within the

Lomb periodogram was used as a measure of the dominant oscillatory frequency in a

given spike train.  We considered oscillations significant if spectral power within these

peaks was significantly greater than expected in comparison with independent Guassian

random variables (p < 0.05).  Those neurons that displayed significant peaks in the

periodogram spectra between 0.5-4 Hz were classified as exhibiting significant low-

frequency oscillations and termed LFO in the subsequent text.

Cortical ECoG activity. In order to assess the spectral composition of ECoG we

performed Fast Fourier transform (FFT) analysis.  Estimates of the spectral power density

were extracted via Welch’s periodogram method using a Hanning window with 50%

overlap and a resolution frequency of 0.242 Hz.  Estimates were summed within the

following frequency bins to obtain the power densities of low frequency and higher

frequency bandwidths: 0.5-4 Hz, 4-7 Hz, 7-13 Hz, 13-30 Hz and 30-100 Hz.

Coherence between STN activity and ECoG. Coherence measures the amount of linear

correlation between two time series as a function of frequency and is an absolute value

that varies between 0, no systematic phase relationship between two signals, and 1,

indicating a perfect phase relationship (i.e. phase-locked).  The coherence between STN

activity (unit firing or LFP) with coincident ECoG was calculated using the multitaper

method implemented in the Chronux 2.0 data analysis toolbox (Bokil et al., 2010) for

Matlab (MathWorks).  Coherence spectra were estimated for the frequency range from

0.5-100 Hz.  We extracted the peak coherence value for statistical comparison.

Cortical stimulation. Cortically evoked fast excitatory responses (< 4 ms) of STN
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neurons were elicited by focal electrical stimulation of the ipsilateral M1.  Peristimulus

time histograms (PSTHs) of spike trains were constructed using a bin size of 0.1 ms from

50-100 consecutive stimulation trials.  Excitatory responses were considered significant if

the number of spikes within at least 3 consecutive bins was 2 or more standard deviations

above the mean prestimulus frequency during the 50 ms prior to stimulation.  The first

bin in which a response reached significance was used for the estimation of latency.

Histology. To identify the location of recorded sites, at the end of each experiment the

electrode placement of the last recorded neuron was marked with an iontophoretic deposit

of pontamine sky blue (15-20 min, -20 μA, constant current injection). Upon completion

of each experiment, animals were administered a lethal dose of sodium pentobarbital and

were perfused intracardially with 0.9% saline followed by 10% formaldehyde.  Brains

were extracted and post-fixed in fresh fixative overnight at 4°C and transferred to 30%

sucrose in phosphate buffer solution at 4°C for cryoprotection.  Coronal sections of 60

μm thickness were obtained and stained with Neutral Red (Sigma-Aldrich Corporation,

St. Louis, MO) to verify the recording site in the STN (Fig. 1).
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Figure 1: Schematic coronal diagrams of the mouse brain indicating the location of
electrode tracks in the STN (modified from Franklin and Paxinos, 2008) of (A) 2-month-

old (B) 8-month-old and (C) 12-month-old WT (black) and YAC128 (red) mice.
Numbers indicate distance (mm) posterior to bregma.

Statistical analysis. All data are presented as mean ± SEM.  Data were analyzed with a t-

test for unpaired comparisons and by using a Mann-Whitney U-test in the case of non-

normal distributions.  Between-group differences for paired comparisons were assessed

using two-way ANOVA.  When appropriate, two-way ANOVA determinations were

followed by Bonferroni’s post-hoc test.  For the analysis of within-group effects for

paired comparisons, one-way ANOVA was used coupled to Bonferroni’s post-hoc test.

Between-group differences for three comparisons were assessed using one-way ANOVA

coupled to Bonferroni’s post-hoc test when appropriate.  For the analysis of group

differences for three comparisons with non-normal distributions, a Kruskal-Wallis test

was used together with Dunn’s post-hoc test.  Differences were considered statistically

significant when p < 0.05.
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3.4 RESULTS

Experimental overview. A total of five 2-month-old YAC128 mice (n = 40 STN neurons)

and five age-matched WT mice (n = 41 STN neurons); seven 8-month-old YAC128 mice

(n = 61 STN neurons) and six age-matched WT mice (n = 38 STN neurons); seven 12-

month-old YAC128 mice (n = 50 STN neurons) and six age-matched WT mice (n = 38

STN neurons) were included in the present experiments. The number of epochs acquired

varied across animals and, in some cases, recording conditions permitted STN activity to

be acquired from a single neuron during both ECoG states in YAC128 and WT mice,

although this was not the norm.  For the YAC128 group, STN neurons obtained during

synchronized ECoG epochs that did not exhibit significant periodicity in their spike trains,

as measured via Lomb periodogram, are termed tonic in the subsequent text.  A total of

two tonic neurons were found in the WT group and excluded from analysis.

Motor performance on the rotarod task. There was no significant difference in the

latency to fall off the rotarod treadmill as a function of genotype in 2-month-old YAC128

and WT mice [F (1, 32) = 1.68; p = 0.23].  In 8-month-old YAC128 and WT mice, fall

latencies were significantly reduced as a function of speed [F (4, 44) = 3.17; p < 0.05]

and genotype [F (1, 44) = 6.24; p < 0.05].  Planned comparisons indicated that fall

latencies in YAC128 mice were significantly reduced relative to WT mice at 20 rpm.

Likewise, in 12-month-old YAC128 and WT mice, fall latencies were significantly

reduced as a function of speed [F (4, 44) = 8.61; p < 0.01] and genotype [F (1, 44) =

22.61; p < 0.01]. Planned comparisons indicated that fall latencies in YAC128 mice were



67
significantly reduced compared to WT mice at 5, 10, 15, 20, and 25 rpm.  Data are

presented in graphical form for 20 rpm as this speed is most representative of overall

performance in both genotypes across ages (Fig. 2A)

Locomotor activity in the open field test. Spontaneous activity was significantly reduced

as a function of age in both YAC128 and WT mice [F (2, 30) = 13.61; p < 0.01] (Fig. 2B).

There was no significant difference in the spontaneous activity between genotypes at any

age that was sampled [F (1, 30) = 0.01; p = 0.91] (Fig. 2B).  However, spontaneous

activity counts were decreased in both 8-month-old YAC128 mice and 12-month-old

YAC128 mice compared to 2-month-old YAC128 mice [F (2, 18) = 14.36; p < 0.01] (Fig.

2B).

Figure 2: Motor phenotype of WT and YAC128 mice as a function of age.  (A) Rotarod
performance comparison of WT and YAC128 mice at 20 rpm fixed speed.  (B) Open

field activity comparison of WT and YAC128 mice.  All data are mean ± SEM. *
indicates significantly different from WT, p < 0.05; ** indicates significantly different
from WT, p < 0.01.  # indicates significantly different from 2-month-old YAC128, p <

0.05; ## indicates significantly different from 2-month-old YAC128, p < 0.01.

Firing properties of STN neurons are dependent on ECoG state. Figure 3 shows a

representative example depicting the patterns of activity of STN units during
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synchronized and desynchronized ECoG epochs in WT mice. STN neurons

preferentially fire bursts of action potentials that are phase-locked to cortical up states

during synchronized ECoG epochs.  In contrast, STN neurons fire with more tonic

regularity during desynchronized ECoG epochs.

Figure 3: Representative neuronal activity in the STN and concomitant ECoG collected
from 12-month-old WT mice.  (A) LFO STN neuron (firing rate = 12.56 Hz; CV = 1.92;
lomb frequency = 1.26 Hz) recorded during synchronized ECoG epoch (total power =

1282.24 μV; 0.5-4 Hz power = 1225.25 μV; 4-7 Hz power = 32.33 μV; 7-13 Hz power =
14.19 μV; 13-30 Hz power = 7.85 μV; and 30-100 Hz power = 2.61 μV; dominant

frequency = 1.21 Hz). (B) Tonically firing STN neuron (firing rate = 14.40 Hz; CV =
0.67) recorded during desynchronized ECoG epoch (total power = 161.17 μV; 0.5-4 Hz

power = 104.37 μV; 4-7 Hz power = 34.74 μV; 7-13 Hz power = 7.06 μV; 13-30 Hz
power = 8.08 μV; and 30-100 Hz power = 6.90 μV).
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STN spike train activity in the synchronized ECoG state in YAC128 mice. There was no

significant difference in the firing rate of STN neurons between genotypes at any age that

was sampled (Table 1).  In 2-month-old YAC128 mice, the CV of LFO neurons (1.43 ±

0.05) was significantly larger than that of LFO neurons recorded from age-matched WT

mice (1.30 ± 0.09) [U (63) = 370.0; p < 0.05] (Table 1).  In addition, the peak oscillating

frequency of the spike train in LFO neurons was significantly lower in 2-month-old

YAC128 mice (1.03 ± 0.04 Hz) than that of LFO neurons recorded from age-matched

WT mice (1.15 ± 0.04 Hz) [U (63) = 2.18; p < 0.05].  In 2-month-old YAC128 mice, the

percentage of action potentials per burst in LFO neurons (81.28 ± 1.79) was significantly

greater than that of LFO neurons recorded from age-matched WT mice (74.49 ± 2.97) [t

(63) = 2.04; p < 0.05].  Also, in 2-month-old YAC128 mice, the duration of burst events

in LFO neurons (299.9 ± 36.76 ms) was significantly longer than that of LFO neurons

recorded from age-matched WT mice (198.2 ± 15.13 ms) [t (63) = 2.04; p < 0.05]. In 8-

month-old YAC128 mice, the CV of tonic neurons (0.63 ± 0.08) was significantly less

than that of LFO neurons recorded from both age-matched YAC128 (1.44 ± 0.07) and

WT mice (1.52 ± 0.08) [F (2, 73) = 12.43; p < 0.01] (Table 1).  There was no significant

difference between 8-month-old YAC128 mice (1.04 ± 0.03 Hz) and age-matched WT

mice (1.03 ± 0.05 Hz) in the peak oscillating frequency of the spike train recorded from

LFO neurons [t (66) = 0.27; p = 0.39].  Furthermore, there were no significant differences

in the burst characteristics of STN neurons between genotypes recorded at 8 months of

age.  In 12-month-old YAC128 mice, the CV of tonic neurons (0.79 ± 0.22) was

significantly less than that of LFO neurons recorded from both age-matched YAC128

(1.27 ± 0.08) and WT mice (1.56 ± 0.10) [F (2, 66) = 7.87; p < 0.01] (Table 1).  There
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was no significant difference between 12-month-old YAC128 mice (1.09 ± 0.05 Hz) and

age-matched WT mice (1.08 ± 0.05 Hz) in the peak oscillating frequency of the spike

train recorded from LFO neurons [t (56) = 0.23; p = 0.41].  In 12-month-old YAC128

mice, the ISI of spikes within bursts in LFO neurons (44.79 ± 4.62 ms) was significantly

greater than that of LFO neurons recorded from age-matched WT mice (33.83 ± 3.63 ms)

[t (56) = 1.80; p < 0.05].  For the YAC128 group, in contrast to WT mice, the proportion

of STN neurons tonic neurons increased linearly as a function of age (Fig. 4C).

Table 1.  Firing properties of STN neurons during synchronized ECoG epochs.

Genotype 2 Month 8 Month 12 Month

Number of cells WT 29 26 26
YAC128 LFO 36 42 32
YAC128 Tonic 1 6 9

Firing rate (Hz) WT 10.91 ± 1.28 9.80 ± 1.03 11.05 ± 1.43
YAC128 LFO 11.87 ± 1.30 10.56 ± 0.81 9.59 ± 1.04
YAC128 Tonic 7.28 9.62 ± 1.95 11.70 ± 2.49

CV WT 1.30 ± 0.09 1.52 ± 0.08 1.56 ± 0.10
YAC128 LFO 1.43 ± 0.05 * 1.44 ± 0.07 1.27 ± 0.08
YAC128 Tonic 0.65 0.63 ± 0.08 ** ## 0.79 ± 0.22 ** #

Table 1: All data are mean ± SEM. * indicates significantly different from WT, p <
0.05; ** indicates significantly different from WT, p < 0.01; # indicates significantly

different from YAC128 LFO, p < 0.05; ## indicates significantly different from YAC128
LFO, p < 0.01.
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Figure 4: Oscillatory entrainment of STN neuronal activity during synchronized ECoG
epochs in WT and YAC128 mice.  (A) LFO STN neuron (firing rate = 9.5 Hz; CV = 1.68;

lomb frequency = 1.04 Hz) recorded from 12-month-old YAC128 mouse during
synchronized ECoG epoch (total power = 1235.09 μV; 0.5-4 Hz power = 1166.19 μV; 4-
7 Hz power = 20.54 μV; 7-13 Hz power = 23.83 μV; 13-30 Hz power = 21.61 μV; and
30-100 Hz power = 2.91 μV; dominant frequency = 0.97 Hz). (B) Tonic STN neuron

(firing rate = 7.33 Hz; CV = 0.71; lomb frequency = N/A Hz) recorded from 12-month-
old YAC128 mouse during synchronized ECoG epoch (total power = 1553.30 μV; 0.5-4
Hz power = 1492.23 μV; 4-7 Hz power = 19.75 μV; 7-13 Hz power = 11.96 μV; 13-30

Hz power = 25.32 μV; and 30-100 Hz power = 4.04 μV; dominant frequency = 0.97 Hz).
(C) Proportion of tonic STN neurons in WT and YAC128 mice as a function of age.  All

data are mean ± SEM.

Spectral composition of ECoG in the synchronized state. There was no significant

difference in the dominant frequency of the ECoG during recording epochs of LFO

neurons in 2-month-old YAC128 mice (1.05 ± 0.04 Hz) compared to those collected

from LFO neurons in age-matched WT mice (1.12 ± 0.04 Hz) [t (63) = 1.31; p = 0.10].

In 2-month-old YAC128 mice, the total power of the ECoG within the lowest frequency

bandwidth (0.5-4 Hz) was significantly greater during recording epochs in LFO neurons

compared to those collected from LFO neurons in age-matched WT mice [t (63) = 1.67; p

< 0.05] (Figure 5A).  In addition, at 2 months of age, there was a significant genotype x

bandwidth interaction for the total power of the ECoG within higher frequencies (4-100
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Hz) [F (6, 63) = 3.29; p < 0.01].  Planned comparisons indicated that the power within 7-

13 Hz was greater during recording epochs in LFO neurons in 2-month-old YAC128

mice relative to those collected from LFO neurons in age-matched WT mice (Fig. 5A).

In 8-month-old YAC128 mice, there was no significant difference in the dominant

frequency of the ECoG during recording epochs of LFO neurons (1.05 ± 0.03 Hz) or

tonic neurons (1.05 ± 0.18 Hz) in comparison to those collected from LFO neurons in

age-matched WT mice (1.03 ± 0.05 Hz) [H = 1.40, d.f.= 2, p = 0.50].  Likewise, at 8

months of age, there was no significant difference in the total power of the ECoG within

the lowest frequency bandwidth (0.5-4 Hz) [F (2, 71) = 2.87; p = 0.06] or within higher

frequencies (4-100 Hz) [F (2, 71) = 2.68; p = 0.08] during recording epochs of STN

neurons as a function of genotype (Fig. 5B).  In 12-month-old YAC128 mice, there was

no significant difference in the dominant frequency of the ECoG during recording epochs

of LFO neurons (1.12 ± 0.05 Hz) or tonic neurons (0.89 ± 0. 0.06 Hz) in comparison to

those collected from LFO neurons in age-matched WT mice (1.06 ± 0.05 Hz) [F (2, 64) =

2.73; p = 0.07].  At 12 months of age, there was no significant difference in the total

power of the ECoG within the lowest frequency bandwidth (0.5-4 Hz) [F (2, 64) = 0.16; p

= 0.85] (Fig. 5C).  However, there was a significant genotype x bandwidth interaction for

the total power of the ECoG within higher frequencies (4-100 Hz) in 12-month-old

YAC128 and WT mice [F (6, 64) = 3.44; p < 0.01].  Planned comparisons indicated that

the power within 4-7 Hz was diminished during recording epochs in both LFO and tonic

neurons in 12-month-old YAC128 mice relative to those collected from LFO neurons in

age-matched WT mice (Fig. 5C).
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Figure 5: ECoG spectral power acquired in synchronized epochs concomitant to the
recording of WT STN neurons, YAC128 LFO STN neurons and YAC128 tonic STN

neurons as a function of age.  (A) Total power spectral density of ECoG within (left) low
frequency components and (right) higher frequency components in 2-month-old WT and

YAC128 mice.  (B) Total power spectral density of ECoG within (left) low frequency
components and (right) higher frequency components in 8-month-old WT and YAC128
mice.  (C) Total power spectral density of ECoG within (left) low frequency components
and (right) higher frequency components in 12-month-old WT and YAC128 mice.  All

data are mean ± SEM. * indicates significantly different from WT, p < 0.05; ** indicates
significantly different from WT, p < 0.01.

Coherence between STN activity and ECoG in the synchronized state. At 2 months of

age, there was no significant difference in the magnitude of the coherence between LFO

unit spiking and ECoG within the lowest frequency bandwidth (0.5-4 Hz) in YAC128

mice (0.84 ± 0.02) compared to that of age-matched WT mice (0.87 ± 0.01) [U (63) =
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471.0; p = 0.25].  In 8-month-old YAC128 mice, the magnitude of the coherence between

tonic unit spiking and ECoG specifically within the lowest frequency bandwidth (0.5-4

Hz) was significantly less (0.66 ± 0.04) than that of LFO neurons recorded from both

age-matched YAC128 (0.86 ± 0.02) and WT mice (0.88 ± 0.01) [F (2, 71) = 12.84; p <

0.01].  Likewise, in 12-month-old YAC128 mice, the magnitude of the coherence

between tonic unit spiking and ECoG specifically within the lowest frequency bandwidth

(0.5-4 Hz) was significantly less (0.70 ± 0.05) than that of LFO neurons recorded from

both age-matched YAC128 (0.86 ± 0.02) and WT mice (0.88 ± 0.01) [H = 11.64, d.f.= 2,

p < 0.01]. There was no significant difference in magnitude of the coherence between

STN LFP activity and ECoG within the lowest frequency bandwidth at 2 months of age [t

(7) = 1.46; p = 0.09; n = 5 WT, n = 4 YAC128], 8 months of age [t (9) = 0.62; p = 0.27; n

= 6 WT, n = 5 YAC128] or 12 months of age [t (6) = 0.26; p = 0.40; n = 4 WT, n = 4

YAC128] as a function of genotype.

STN excitatory activity evoked by cortical stimulation. For the YAC128 group, in

contrast to WT mice, the proportion of STN neurons that exhibited a fast excitatory

response evoked by focal cortical stimulation decreased linearly as a function of age (Fig.

6B). The response latency of STN neurons to focal cortical stimulation was significantly

slower in 8-month-old YAC128 mice (2.57 ± 0.17 ms) in contrast to age-matched WT

mice (1.81 ± 0.11 ms) [t (31) = 3.81; p < 0.01].  In addition, the duration of the fast

excitatory response recorded from STN neurons was significantly reduced in 12-month-

old YAC128 mice (1.20 ± 0.25 ms) in contrast to age-matched WT controls (1.97 ± 0.20

ms) [t (26) = 2.28; p < 0.05].
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Figure 6: Excitatory response evoked by cortical stimulation in the STN of WT and
YAC128 mice.  (A) Peristimulus time histogram (PSTH) from a spike train recorded from

a STN neuron responding to cortical stimulation in a 2-month-old WT mouse.  Arrow
indicates the time of stimulation (0 ms).  (B) Proportion of STN neurons that exhibit short
latency excitation (< 4 ms) evoked by cortical stimulation in WT and YAC128 mice as a

function of age.

Table 2.  Characteristics of the excitatory response in STN neurons evoked by
cortical stimulation.

Genotype 2 Month 8 Month 12 Month

Number of cells WT 26 20 23
YAC128 23 32 24

% Responding cells WT
YAC128

73.08
65.22

80.00
53.13

82.61
37.50

Latency (ms) WT 2.29 ± 0.24 1.81 ± 0.11 1.94 ± 0.13
YAC128 2.74 ± 0.31 2.57 ± 0.17** 2.02 ± 0.32

Duration (ms) WT
YAC128

1.87 ± 0.23
2.57 ± 0.38

1.58 ± 0.22
1.73 ± 0.24

1.97 ± 0.20
1.20 ± 0.25 *

Table 2: All data are mean ± SEM. * indicates significantly different from WT, p <
0.05; ** indicates significantly different from WT, p < 0.01.

STN spike train activity in the desynchronized ECoG state in YAC128 mice.

At 2 months of age, there was no significant difference in the firing rate of STN neurons

between YAC128 (14.95 ± 1.95 Hz) and WT (12.47 ± 0.93 Hz) mice [U (53) = 361.0; p
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= 0.40] (Table 3).  However, in 2-month-old YAC128 mice, the CV of STN neurons

(0.96 ± 0.08) was significantly larger than that of STN neurons recorded from age-

matched WT mice (0.74 ± 0.04) [U (53) = 261.0; p < 0.05] (Table 3). In 8-month-old

YAC128 mice, neurons recorded from the STN (10.28 ± 0.73 Hz) discharged with

significantly slower firing rates compared to STN units recorded from age-matched WT

mice (13.65 ± 1.15 Hz) [t (61) = 2.60; p < 0.01] (Table 3).  There was no significant

difference between the CV of STN neurons recorded from 8-month-old YAC128 mice

(0.69 ± 0.04) compared to age-matched WT mice (0.63 ± 0.04) [U (53) = 434.0; p = 0.28]

(Table 3).  In 12-month-old YAC128 mice, neurons recorded from the STN (8.27 ± 0.79

Hz) discharged with significantly slower firing rates compared to STN units recorded

from age-matched WT mice (12.67 ± 1.19 Hz) [t (50) = 3.13; p < 0.01] (Table 3).  There

was no significant difference between the CV of STN neurons recorded from 12-month-

old YAC128 mice (0.80 ± 0.05) in comparison to age-matched WT mice (0.68 ± 0.04) [U

(50) = 265.0; p = 0.09] (Table 3).  Furthermore, the firing rate of STN neurons was

significantly reduced in 12-month-old YAC128 mice (8.27 ± 0.79 Hz) compared to 2-

month-old YAC128 mice (14.95 ± 1.95 Hz) [H = 8.08, d.f.= 2, p < 0.01] (Table 3).  In

addition, the CV of STN neurons recorded in 8-month-old YAC128 mice (0.69 ± 0.04)

was significantly smaller than that of STN neurons recorded from 2-month-old YAC128

mice (0.96 ± 0.08) [F (2, 90) = 0.11; p < 0.01] (Table 3).
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Table 2.  Firing properties of STN neurons during desynchronized ECoG epochs.

Genotype 2 Month 8 Month 12 Month

Number of cells WT 29 25 25
YAC128 26 38 27

Firing rate (Hz) WT 12.47 ± 0.93 13.65 ± 1.15 12.67 ± 1.19
YAC128 14.95 ± 1.95 10.28 ± 0.73 ** 8.27 ± 0.79 ** #

CV WT 0.74 ± 0.04 0.63 ± 0.04 0.68 ± 0.04
YAC128 0.96 ± 0.08 ** 0.69 ± 0.04 ## 0.80 ± 0.05

Table 3: All data are mean ± SEM. ** indicates significantly different from WT, p <
0.01; # indicates significantly different from YAC128 LFO, p < 0.05; ## indicates

significantly different from YAC128 LFO, p < 0.01.

Spectral composition of ECoG in the desynchronized state. At 2 months of age, there

was no significant difference in the total power of the ECoG within the lowest frequency

bandwidth (0.5-4 Hz) between genotypes [t (53) = 0.39; p = 0.35] (Figure 7A).  However,

at 2 months of age, there was a significant genotype x bandwidth interaction for the total

power of the ECoG within higher frequencies (4-100 Hz) [F (3, 53) = 2.83; p < 0.05].

Planned comparisons indicated that the power within 7-13 Hz was higher during

recording epochs in STN neurons in YAC128 mice in comparison to those collected from

STN neurons in WT mice (Fig. 7A).  At 8 months of age, there was no significant

difference in the total power of the ECoG within the lowest frequency bandwidth (0.5-4

Hz) [t (61) = 0.48; p = 0.32] or in the total power of the ECoG within higher frequencies

(4-100 Hz) [F (1, 61) = 0.20; p = 0.66] during recording epochs of STN neurons as a

function of genotype (Fig. 7B).  At 12 months of age, there was no significant difference

between genotypes in the total power of the ECoG within the lowest frequency

bandwidth (0.5-4 Hz) [t (50) = 0.26; p = 0.40] (Fig. 7C).  However, at 12 months of age,

there was a significant genotype x bandwidth interaction for the total power of the ECoG
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within higher frequencies (4-100 Hz) [F (3, 50) = 15.87; p < 0.01].  Planned comparisons

indicated that the power within 4-7 Hz was diminished during recording epochs in STN

neurons of 12-month-old YAC128 mice relative to those collected from STN neurons in

age-matched WT mice (Fig. 7C).

Figure 7: ECoG spectral power acquired in desynchronized epochs concomitant to the
recording of WT and YAC128 as a function of age.  (A) Total power spectral density of
ECoG within (left) low frequency components and (right) higher frequency components

in 2-month-old WT and YAC128 mice.  (B) Total power spectral density of ECoG within
(left) low frequency components and (right) higher frequency components in 8-month-old

WT and YAC128 mice.  (C) Total power spectral density of ECoG within (left) low
frequency components and (right) higher frequency components in 12-month-old WT

and YAC128 mice.  All data are mean ± SEM. ** indicates significantly different from
WT, p < 0.01.
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3.5 DISCUSSION

The present study was undertaken to investigate the relationship between neuronal

activity in the cortex and STN as a function of disease progression in the YAC128

transgenic mouse model of HD.  Our results demonstrate dynamic age-dependent

alterations in STN discharge patterns in YAC128 mice with progressive reductions in

cortical entrainment and cortically evoked responses.  Such patterns of activity in the

STN are mediated through the hyperdirect pathway and implicate corticosubthalamic

synaptic disconnection in symptomatic YAC128 mice.

Under urethane anesthesia cortical activity alternates between two primary

patterns, synchronized and desynchronized states, which have differential effects on

shaping the neuronal activity in the STN (Magill et al., 2000, 2001; Mallet et al., 2008).

During synchronized conditions, cortical ECoG is dominated by large amplitude

oscillations in the low-frequency (~1 Hz) range (Steriade, 2001).  This pattern of high

voltage LFO activity in the ECoG reflects synchronous fluctuations of cortical pyramidal

neurons between depolarized up states and hyperpolarized down states (Steriade et al.,

1993).  Such rhythmic cortical activity exerts a powerful phasic excitatory drive that can

entrain activity patterns in the STN and results in phase-locked LFO discharge of STN

units to cortical up states (Magill et al., 2000, 2001; Bevan et al., 2002).  Hence, the

urethane-anesthetized animal enables control over ECoG organization and serves as an

effective model for assessing the functional connectivity between the cortex and the STN

(Magill et al., 2000, 2001; Mallet et al., 2008).  In contrast to epochs of cortical

synchronization, desynchronization is characterized by a persistently depolarized state
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and the ECoG is dominated less by of high voltage LFO activity (Steriade, 2001).  As a

result, the powerful synchronizing drive of the cortex on the STN is diminished.  During

desynchronized ECoG conditions, STN neurons discharge with more tonic regularity and

this autonomous activity is largely a result of intrinsic mechanisms, such as persistent

sodium currents (Bevan and Wilson, 1999).

YAC128 mice exhibit progressive phenotypic abnormalities and similar to

previous longitudinal studies, we observed significant impairments on the rotarod task

and reduced locomotor activity as a function of age (Slow et al., 2003; Van Raamsdonk

et al., 2005).  In 2-month-old YAC128 mice, prior to the emergence of overt motor

phenotype dysfunction, STN neurons displayed patterns of hyperexcitability.  During

synchronized ECoG conditions, while approximately all STN neurons (~97%) recorded

from 2-month-old YAC128 mice discharged with significant LFO activity, their spike

trains exhibited excessive burst firing compared to WT mice as characterized by larger

CV values, a higher percentage of spikes per burst and longer burst durations.  Similarly,

during desynchronized ECoG conditions, the mean CV of STN discharge was

significantly larger in 2-month-old YAC128 mice compared to WT mice.  The firing

rates of STN neurons in 2-month-old YAC128 mice were also slightly elevated in

comparison to WT mice during both synchronized and desynchronized ECoG conditions,

although neither was significant.  Previous groups have demonstrated increased

glutamate transmission at corticostriatal terminals in presymptomatic YAC128 mice

(Joshi et al., 2009; Andre et al., 2011a) and similar early alterations at corticosubthalamic

terminals could promote neuronal hyperexcitability in the STN.  Interestingly, neuronal

activity in the STN in a transgenic rat model of HD is increased at ~12 month of age
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(Vlamings et al., 2012) suggesting that these models may share similar

pathophysiological characteristics, albeit at contrasting ages.

Early hyperexcitability in cortical networks has been reported in multiple

transgenic mouse models of HD (Cepeda et al., 2003; Walker et al., 2008; Cummings et

al., 2009).  In 2-month-old YAC128 mice, during synchronized ECoG conditions, the

density of power concentrated in low frequencies was increased.  Optical stimulation

experiments have suggested that the locus of the LFO genesis originates from the

synchronization of excitatory pyramidal neurons in deep cortical layers (mainly layer V)

(Hughes and Crunelli, 2013; Kuki et al., 2013) and increased cortical excitation could

lead to excessive synchrony and increased glutamate transmission.  In addition, during

both synchronized and desynchronized ECoG conditions, the spectral power specifically

within the 7-13 Hz bandwidth was increased in 2-month-old YAC128 mice.  Oscillations

in the ECoG within the 7-13 Hz frequency range can be driven by rhythmic excitatory

input from the thalamus (Steriade and Llinas, 1988; McCormick and Bal, 1997).  These

oscillations are present during cortical up states and STN burst firing is strengthened by

such oscillatory activity (Magill et al., 2000).  While less is known about thalamic

contributions to HD pathogenesis, regional elevations in metabolic activity in the

thalamus are evident in presymptomatic HD patients (Feigin et al., 2006).  Greater

synchrony within thalamocortical circuits could lead to increased excitatory drive within

basal ganglia targets and such activity will need to be further investigated in future

studies.

In the present study, motor impairments emerged in YAC128 mice at 8 months

and worsened as a function of age.  In 8-month-old YAC128 mice, during synchronized
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ECoG conditions, ~13% of STN neurons failed to discharge with LFO activity.  In 12-

month-old YAC128 mice, the proportion of STN neurons recorded during synchronized

ECoG conditions that did not exhibit LFO activity in their spike trains increased to ~22%.

In contrast, approximately all STN neurons recorded from WT mice discharged with

significant LFO activity during synchronized ECoG conditions and this pattern was

stable across ages.  Thus, cortically entrained STN neuronal discharge is dynamically

disrupted over time in YAC128 mice.  We have previously reported analogous deficits in

R6/2 mice in which ~20% of STN neurons failed to fire with expected LFO discharge

during synchronized ECoG conditions (Callahan and Abercrombie, 2013, submitted).

Collectively, these results indicate that the flow of information between the cortex and

STN is disrupted as a function of the mutant Huntingtin protein.

In 8-month-old and 12-month-old YAC128 mice, during synchronized states,

there were no significant differences in the spectral power within low frequencies or the

7-13 Hz band compared to age-matched WT mice.  This is in agreement with previous

reports indicating that cortical hyperexcitability is only present during early stages of the

disease (Joshi et al., 2009; Andre et al., 2011a).  As such LFO activity in the ECoG seems

to be expressed normally in symptomatic YAC128 mice and presumably drives the

normal patterns of neuronal discharge that we observed in LFO STN neurons.  Moreover,

this indicates that spectral changes in cortical networks cannot account for the

progressive loss of STN entrainment in symptomatic YAC128 mice.  The density of

power concentrated within the 4-7 Hz band was reduced during both synchronized and

desynchronized epochs in 8-month-old and 12-month-old YAC128 mice.  While less is

known about the relationship between these oscillations and STN activity, we cannot rule
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out the possibility that reductions in power within the 4-7 Hz range could contribute to

the reported alterations in STN neuronal firing.

During synchronized ECoG conditions, cortical entrainment of LFO activity in

STN neurons is mediated through monosynaptic glutamatergic afferents in the

hyperdirect pathway (Magill et al., 2001; Kita and Kita, 2012).  These projections are

thought to arise from long range pyramidal tract neurons (PT) in layer V of the cortex

(Kita and Kita, 2012).  Disconnection of corticostriatal synapses has been reported in HD

(Cepeda et al., 2007) and our results indicate the presence of similar interruptions in the

hyperdirect pathway.  In order to directly assess the integrity of the hyperdirect pathway

in YAC128 mice we examined the effects of focal cortical stimulation on STN discharge.

Stimulation of the ipsilateral frontal cortex leads to multiphasic activity patterns in STN

neurons distinguished by an initial short latency excitatory response that is generated by

excitation of monosynaptic terminals in the hyperdirect pathway (Kitai and Deniau, 1981;

Fujimoto and Kita, 1993; Nambu et al., 2000; Magill et al., 2004).  While the proportion

of STN neurons that responded to cortical stimulation with short latency excitatory

responses was relatively stable across ages in WT mice, there was a striking reduction in

the ratio of responsive STN neurons in YAC128 mice as a function of age.  Additionally,

the latency of cortically evoked responses in STN units was increased in 8-month-old

YAC128 mice and the duration of responses was decreased in 12-month-old YAC128

mice.  Cortical degeneration and reductions in glutamate release have been reported in

symptomatic humans and animal models of HD and could contribute to the failure in

hyperdirect pathway activation (Macdonald and Halliday, 2002; Joshi et al., 2009).  To
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our knowledge this is the first report to demonstrate the progressive disconnection of the

hyperdirect pathway in an experimental model of HD.

Interestingly, we observed no significant changes in the firing rate of STN

neurons during synchronized conditions and it seems that the impact of hyperdirect

circuit dysfunction may contribute more to the spatiotemporal coding of STN neuronal

activity than absolute spike rate in YAC128 mice.  In contrast, during desynchronized

ECoG conditions, the firing rates of STN neurons recorded from YAC128 mice

diminished progressively as a function of age.  We found a similar reduction in the firing

rate of STN neurons during desynchronized ECoG conditions in R6/2 mice (Callahan and

Abercrombie, 2013, submitted).  As striatal degeneration is a cardinal pathology in HD,

disinhibition of neurons in the globus pallidus (GPe) could exert an augmented

GABAergic tone in the STN in HD.  In addition, alterations in the intrinsic membrane

properties of STN neurons could lead to reduced spiking.  Future studies will need to

investigate the mechanisms that drive the progressive firing rate changes of STN neurons

in transgenic mouse models of HD.

These results have valuable clinical implications for HD.  The STN plays an

important role in the synaptic integration of functionally diverse cortical information and

is the fastest channel in which the cortex can modulate basal ganglia output (Bosch et al.,

2012).  In particular, hyperdirect pathway activation is thought to act a stop signal and

mediate action suppression (Frank, 2006).  Remote STN lesions (~4-20% total volume)

result in hyperkinetic movement disorders that mimic the chorea seen in HD (Whittier

and Mettler, 1949; Hamada and DeLong, 1992).  Our results suggest progressive
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disconnection in the hyperdirect pathway which could lead to impairments in the output

capabilities of the basal ganglia and disordered motor control in HD.
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4.1 ABSTRACT

Huntington’s disease (HD) is characterized by alterations within the corticostriatal

circuitry. The striatum is innervated by a dense array of dopaminergic (DA) terminals and

these DA synapses are critical to the proper execution of motor functions. As motor

disturbances are prevalent in HD we examined DA neurotransmission in the striatum in

transgenic (tg) murine models of HD.  We used in vivo microdialysis to compare

extracellular concentrations of striatal DA in both a fragment (R6/2) model, which

displays a rapid and severe phenotype, and a full-length (YAC128) model that expresses

a more progressive phenotype. Extracellular striatal DA concentrations were significantly

reduced in R6/2 mice and decreased concomitantly with age-dependent increasing motor

impairments on the rotarod task (7, 9, and 11 weeks). In a sample of 11-week-old R6/2

mice, we also measured tissue concentrations of striatal DA and found that total levels of

DA were significantly depleted. However, the loss of total DA content (<50%) was

insufficient to account for the full extent of DA depletion in the extracellular fluid (ECF)

(~75%). We also observed a significant reduction in extracellular DA concentrations in

the striatum of 7-month-old YAC128 mice. In a separate set of experiments, we applied

d-amphetamine (AMPH) (10 μm) locally into the striatum to stimulate the release of

intracellular DA into the ECF. The AMPH-induced increase in extracellular DA levels

was significantly blunted in 9-week-old R6/2 mice. There also was a decrease in AMPH-

stimulated DA efflux in 7-month-old YAC128 mice in comparison to WT controls,

although the effect was milder. In the same cohort of 7-month-old YAC128 mice we

observed a significant reduction in the total locomotor activity in response to systemic
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AMPH (2 mg/kg). Our data demonstrate that extracellular DA release is attenuated in

both a fragment and full-length tg mouse model of HD and support the concept of DA

involvement in aspects of the syndrome.

4.2 INTRODUCTION

Huntington’s disease (HD) is a genetically inherited neurodegenerative disorder

that results in motor, cognitive and psychiatric disturbances.  One out of every 10,000

people is affected with the disorder and an even greater proportion remains at risk.  HD is

caused by a polyglutamine (CAG) trinucleotide repeat expansion in the IT-15 (HTT) gene,

located on the short arm of chromosome 4 (The Huntington's Disease Collaborative

Research Group, 1993). The mutation is autosomal dominant and onset occurs between

30-50 years of age, although in a rare juvenile variant of the disease, symptoms can

emerge as early as 5 years old.  The severity of symptoms progressively worsens as a

function of age and the illness is ultimately fatal (Walker, 2007). No cure exists for HD,

however, therapeutics that target the dopamine system have shown promise for managing

the motor syndromes that are involved with the disorder (Bonelli and Wenning, 2006;

Bonelli and Hofmann, 2007)

Since the discovery of the mutation in the HTT gene, several transgenic mouse

models expressing the CAG repeat expansion have been developed which recapitulate

characteristics of the disorder, including reductions in total brain volume, mutant

huntingtin (mHtt) protein aggregation, transcriptional dysregulation and neurotransmitter

receptor alterations (Davies et al., 1997; Cha et al., 1998; Luthi-Carter et al., 2000; Stack
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et al., 2005). Critically, these pathological changes are accompanied by progressive

motor and cognitive deficits (Menalled and Chesselet, 2002; Levine et al., 2004) that

closely mimic the human condition.  Transgenic mouse models of HD can be sorted into

two broad categories depending on whether they possess a fragment (e.g. exon 1) of the

HTT gene or the full-length composition.  Mouse strains from fragment models express

only a truncated mHtt protein fraction and in vitro studies have demonstrated that this

abbreviated fragment may be more toxic than the full-length protein (Hackam et al.,

1998; Lunkes and Mandel, 1998). As such, fragment models typically exhibit an

accelerated phenotype in comparison to full-length models that includes motor deficits,

altered gait, hypoactivity and weight loss (Carter et al., 1999). While fragment models

display an HD-like phenotype, the obvious weakness is that they lack the natural genomic

and protein context of the polyglutamine expansion.  This raises the potential for

alterations in protein dynamics and therefore necessitates the use of full-length models to

investigate any resulting changes in disease features.

R6 transgenic mice are the most widely used strain derived from the fragment

models and were the first established transgenic line in HD research.  The most

extensively characterized variant of this transgenic strain is the R6/2 line, which express

the first of 67 exons and carry a ~160 CAG repeat expansion (Mangiarini et al., 1996).

These mice develop an aggressive HD-like phenotype that advances rapidly until the

occurrence of spontaneous morbidity by 14-16 weeks of age (Carter et al., 1999). In

contrast to the R6 models, the YAC128 transgenic mouse model incorporates the entire

HD gene, using a yeast artificial chromosome (YAC) vector system to express the full-

length human HTT gene with a 128 CAG repeat expansion (Slow et al., 2003). The



90
lifespan, as well as the progression of the HD-like phenotype in YAC128 mice is more

prolonged than in R6/2 mice, with neuropathological and behavioral abnormalities

manifesting at later ages (Slow et al., 2003; Van Raamsdonk et al., 2007).

Evidence implicates abnormal nigrostriatal dopaminergic neurotransmission in

HD.  In both human cases and animal models, early reductions in the striatal expression

of dopamine receptors, attenuated receptor binding, and loss of the dopamine- and

cAMP-regulated phosphoprotein (DARPP-32) have been reported (Joyce et al., 1988;

Sedvall et al., 1994; Cha et al., 1998; Bibb et al., 2000; Miller and Bezprozvanny, 2010).

Reduced dopamine concentrations in striatal tissue and the degeneration of nigrostriatal

terminals emerge in late stages of the disorder in both human cases and transgenic models

of HD (Kish et al., 1987; Reynolds et al., 1999; Suzuki et al., 2001; Petersen et al., 2002).

Additionally, studies utilizing striatal slice preparations have demonstrated that

electrically evoked dopamine efflux is reduced in both R6/1 and R6/2 mice (Johnson et

al., 2007; Ortiz et al., 2011), suggesting that dopamine release may be compromised in

these models.  As of yet, the synaptic release of dopamine has not been studied during

awake, behaving conditions in transgenic mouse models of HD.

The goal of the present study was to examine, and compare where possible,

nigrostriatal dopamine release dynamics in the fragment R6/2 and the full-length

YAC128 mouse models of HD, using in vivo microdialysis.  Both R6/2 and YAC128

mice develop deficits on the rotarod treadmill task and we measured the levels of striatal

dopamine during these periods of motor dysfunction. As analogous neurophysiological

abnormalities have been shown to exist across fragment and full-length transgenic

models (Cummings et al., 2010), we speculated that neurochemical abnormalities may
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also be a common feature of such models.  Specifically, we hypothesized that

extracellular striatal dopamine release would be attenuated in R6/2 and YAC128 mice in

awake, behaving conditions concomitant with motor decline and as a function of age. In

vitro studies have indicated that the intracellular storage of dopamine in nerve terminals

may be compromised in HD as well and such a deficiency could contribute to deficits in

extracellular dopamine release (Ortiz et al., 2011). In a separate set of experiments, we

therefore measured the effects of amphetamine, a dopamine-releasing agent, on local

striatal neurochemistry and on locomotor activity in order to investigate the integrity of

intracellular dopamine stores in R6/2 and YAC128 mice.

4.3 EXPERIMENTAL PROCEDURES

Animals. Transgenic male mice expressing a truncated human HTT gene with a 160  10

CAG repeat expansion (R6/2) or a full-length human HTT gene with a 128 CAG repeat

expansion (YAC128) in exon 1 and their respective wild-type controls were obtained

from Jackson Laboratories (Bar Harbor, ME).  Animals were housed individually in

plastic microisolator cages with food and water available ad libitum.  Animals were kept

under conditions of constant temperature (21°C) and humidity (40%) and maintained on

a 12 hour light/dark cycle (lights on from 7:00 am - 7:00 pm).  All efforts were made to

minimize animal suffering and to limit the number of animals utilized for these

experiments.  Animal procedures were conducted in accordance with the National

Institutes of Health Guide for the Care and Use of Laboratory Animals and were

approved by Rutgers University Institutional Animal Care and Use Committee.
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Motor Phenotype. Motor coordination was assessed using an Economex rotarod

apparatus (Columbus Instruments, Columbus, OH).  R6/2 mice and wild-type controls

were trained on the rotarod treadmill task at 10 rpm for three consecutive trials (60

second maximum duration) one day prior to testing.  The following day, mice were tested

at five fixed speeds (5, 10, 15, 20, 25 rpm) for two separate trials.  Fall latency (s) at each

speed was averaged across trials and used for statistical comparison.  Testing was carried

out at 7, 9 and 11 weeks in separate groups of R6/2 mice and 7 months in YAC128 mice

and their respective wild-type controls.

Microdialysis Procedure. Microdialysis probes were of a vertical, concentric design,

similar to that previously described in our laboratory (Cobb and Abercrombie, 2002).

Probes were constructed such that the probe inlet consisted of a piece of PE-10 tubing

(Clay Adams, Parsippany, NJ, USA) and a piece of fused silica capillary tubing (I.D. 75

μm and O.D. 150 μm; Polymicro Technologies, Phoenix, AZ, USA) served as the outlet.

A semi-permeable microdialysis membrane (molecular weight cut-off = 13 kD; o.d. =

216 m; Spectrum Laboratories, Rancho Dominguez, CA, USA) was placed over the end

of the exposed silica tubing, glued to the PE-10 tubing and coated with a thin epoxy layer,

leaving a 2 mm long active exchange area at the end of the probe. Probes were

continuously perfused with artificial cerebrospinal fluid (aCSF; NaCl 147mM, KCl 2.5

mM, CaCl2 1.3 mM, MgCl2 0.9 mM, pH 7.4) using a microliter infusion pump (Harvard

Apparatus, Holliston, MA, USA) at a flow rate of 1.5 μl/min. Prior to implantation,

probes were calibrated in vitro to determine their relative recovery rates. Only probes

with recovery rates between 10 and 15 % were used.
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R6/2 mice and their wild-type controls were anesthetized with 40-50 mg/kg

pentobarbital and 250 mg/kg chloral hydrate (i.p.).  YAC128 mice and their wild-type

controls were anesthetized with 80-100 mg/kg ketamine and 10 mg/kg xylazine (i.p.).

The mice were placed into a stereotaxic frame (David Kopf Instruments, Tujunga, CA)

and onto a heating pad to prevent hypothermia.  With the skull flat, the microdialysis

probe was implanted into the striatum at the following coordinates: AP: +0.5 mm, ML: 

1.95 mm relative to bregma and DV: -4.0 mm from dura (Paxinos and Franklin, 2001).

Probes were anchored to the skull by two small screws (Small Parts, Miami Lakes, FL)

and dental cement. The probe inlet and outlet lines were then fed through a metal tether

that attached to the head-post at one end, and to a single-channel fluid swivel (Instech

Laboratories, Plymouth Meeting, PA) at the other end.  The mice were allowed to recover

for at least 18 hours before experiments began.  Post-operative care consisted of

administering lactated Ringer’s solution (1.0-2.0 ml/30g body weight, s.c.) and placing

the animal under a heat lamp for 1-3 hours after surgery.  All microdialysis experiments

were conducted during the light portion of the diurnal cycle.

Dopamine Quantification. Microdialysis experiments were conducted in round plastic

test chambers (14 cm x 20 cm) equipped with a counter-balanced arm and a swivel

assembly (Instech, Plymouth Meeting, PA). The HPLC-EC system consisted of an

injector (Rheodyne, Cotati, CA), a VeloSep RP-18 column (100 x 3.2 mm; PerkinElmer,

Waltham, MA) and a Shimadzu LC-10AD VP solvent delivery pump (Shimadzu

Scientific Instruments, Inc., Columbia, MD), that delivered the mobile phase at a flow

rate of 0.7 ml/min. The mobile phase was composed of 0.1 M sodium acetate buffer (pH
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4.2), 0.1 mM EDTA, 1.2mM sodium octyl sulfate and 8% (v/v) methanol. An

electrochemical detector (Coulochem II; ESA Inc., Chelmsford, MA) with a flow cell

electrode set at an applied potential of +260mV was used.  The detector output was

connected to a computerized data acquisition system (PowerChrom, Denistone East,

NSW).  Dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC) were identified by

retention time and quantified based on peak height relative to the peak height of a 10 nM

standard prepared in 0.1 M perchloric acid that was made up fresh daily.

A separate cohort of 11-week-old R6/2 mice and their wild-type controls were

sacrificed by decapitation and the striata were rapidly dissected on ice, wrapped in

aluminum foil, labeled and frozen at -80°C until analysis.  The weight of each striatum

was measured and then tissue was homogenized in 0.1 M perchloric acid containing 100

μM EDTA (20 μl/mg wet tissue weight).  Homogenates were centrifuged at 29,200 g for

25 minutes at 2-8°C.  The amount of dopamine in 20 μl samples of the resulting

supernatant was quantified by HPLC-EC using the protocol described above for the

analysis of dopamine in dialysate samples.

Experimental Procedures. Prior to pharmacological manipulations, baseline dialysate

samples were assayed for dopamine until three consecutive samples differed by less than

15%. In experiments involving the local application of d-amphetamine into the striatum

via reverse microdialysis, a glass syringe containing a 10 μM solution of amphetamine

dissolved in aCSF was connected to the inlet of the probe following the initial baseline

determination.  Collection of dialysate samples resumed 15 minutes later to allow for the

fluid to flow through the probe and equilibrate to the drug solution.  Samples were
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collected every 10 minutes for a 60 minute duration.  The effect of local amphetamine on

extracellular dopamine was investigated in 9-week-old R6/2 mice, 7-month-old YAC128

mice and their respective wild-type controls. All experiments involving the local

application of amphetamine were conducted 48 hours after probe implantation.

In experiments involving systemic administration of d-amphetamine (2 mg/kg,

i.p.), the drug was dissolved in sterile 0.9% saline vehicle.  The effect of systemic

amphetamine on locomotor activity was investigated in 7-month-old YAC128 mice and

their wild-type controls.  Prior to testing, mice were untethered and the polyethylene

tubing emanating from the probes was clipped so that only the acrylic head cap remained.

Mice were allowed to habituate in their home cages with this new arrangement for at

least one week preceding amphetamine treatment.  Based on qualitative observations,

animals showed no signs of impairment due to either the surgery or the presence of head

caps.  One day prior to amphetamine administration, mice were habituated to plastic open

field chambers (51 cm x 32 cm x 20 cm) overnight.  Following habituation, mice were

administered drug and spontaneous locomotor activity was monitored for 60 minutes via

automated activity chambers equipped with infrared photobeams (Flexfield, San Diego

Instruments, Inc., San Diego, CA).

Data Analysis. Data are presented as mean ± S.E.M.  Dialysate values represent

picograms per 20 μl microdialysis sample.  Factorial ANOVA was used to assess main

effect in each data set examined.  Data then were subdivided according to the interactions

found in the global test and separate lower order analyses carried out.  Where appropriate,
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the Bonferroni post-hoc test was used for multiple comparisons.  Differences were

considered statistically significant when p < 0.05.

Histology. Upon completion of each experiment, animals were administered a lethal dose

of sodium pentobarbital and were perfused intracardially with 0.9% saline followed by

10% formaldehyde.  Brains were extracted and post-fixed in fresh fixative overnight at

4°C and transferred to 30% sucrose in phosphate buffer solution overnight at 4°C for

cryoprotection.  Coronal sections of 50 μm thickness were obtained from striata and

stained with Cresyl Violet to verify probe placement in the striatum.  A representative

histological section showing a microdialysis probe track in the mouse striatum is shown

in Figure 1.
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Figure 1: Photomicrograph of Nissl-stained histological section demonstrating
representative microdialysis probe placement with a 2 mm active area in mouse striatum.

(AC = Anterior commissure; EC = External capsule).

Materials. Ketamine was purchased from Phoenix Pharmaceutical Inc. (St. Joseph, MO).

Xylazine, chloral hydrate, sodium pentobarbital and d-amphetamine were purchased from

Sigma (St. Louis, MO).  All other reagents and chemicals were of the highest purity

commercially available (Fisher Scientific, Suwanee, GA).

4.4 RESULTS

Rotarod assessment in R6/2 and YAC128 mice.

Performance on a fixed speed rotarod paradigm was assessed in R6/2, YAC128

mice and their respective wild-type controls (Fig. 2A).  Mice were placed on an elevated,
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rotating platform for a maximum of 60 seconds and the latency that it took for each to fall

off was measured at 5, 10, 15, 20 and 25 rpm.  The latency to stay on the rotating

platform was significantly reduced as a function of genotype in 7-week-old [F (1, 172) =

18.78; p < 0.0001), 9-week-old [F (1, 104) = 50.84; p < 0.0001] and 11-week-old [F (1,

72) = 98.22; p < 0.0001] R6/2 mice compared to wild-type controls.  Post-hoc tests

revealed that R6/2 mice fell off the rotarod at significantly shorter latencies than wild-

type controls at every speed across all ages tested.  One-way ANOVA tests showed that

the latency to remain on the rotating platform significantly decreased as a function of age

in R6/2 mice [F (2, 39) = 8.074; p < 0.01] but not in wild-type controls [F (2, 48) =

2.013; n.s.].  The latency to stay on the rotating platform also was significantly

diminished as a function of genotype in 7-month-old YAC128 mice compared to age-

matched wild-type controls [F (1, 56) = 11.88; p < 0.01] (Fig. 2B).  Post-hoc tests

indicated that 7-month-old YAC128 mice fell at significantly shorter latencies than wild-

type controls at every speed faster than 5 rpm.  Data are only presented in graphical form

for 10 and 20 rpm as these speeds are most representative of overall performance in both

genotypes.
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Figure 2: Rotarod performance in (A) R6/2 transgenic mice (7 weeks, n = 22 WT, 23
R6/2; 9 weeks, n = 15 WT, 13 R6/2; 11 weeks, n = 14 WT, 6 R6/2) and (B) 7-month-old
YAC128 transgenic mice (n = 7 WT, 9 YAC128).  All data are mean ± SEM. * indicates
significantly different from WT, p < 0.05; ** indicates p < 0.01; *** indicates p < 0.005;

+, ++ R6/2 week 7 vs. weeks 9 and 11 (p < 0.05, 0.01, respectively).

Extracellular striatal dopamine and DOPAC concentrations.

R6/2 mice. Extracellular striatal dopamine was significantly attenuated as a function of

genotype [F (1, 34) = 46.96; p < 0.0001] (Fig.3A).  Post-hoc tests revealed that there was

a significant reduction in extracellular dopamine in R6/2 mice and levels were diminished

at 7 weeks (WT: 8.4 ± 0.9 pg/20 μl; R6/2: 5.6 ± 0.6 pg/20 μl), 9 weeks (WT: 8.1 ± 1.4

pg/20 μl; R6/2: 3.3 ± 0.7 pg/20 μl) and 11 weeks of age (WT: 11.4 ± 1.2 pg/20 μl; R6/2:

2.7 ± 0.5 pg/20 μl).  One-way ANOVA indicated that extracellular levels of striatal

dopamine significantly decreased in R6/2 mice as a function of age [F (2, 17) = 6.812; p

< 0.01].  Specifically, post-hoc tests demonstrated that extracellular dopamine was

significantly reduced in 9- and 11-week old R6/2 mice in comparison to 7-week-old R6/2

mice.  There was no change in striatal extracellular dopamine concentrations as a

function of age in wild-type controls [F (2, 17) = 2.303; n.s.].  Extracellular striatal

DOPAC was significantly attenuated as a function of genotype [F (1, 34) = 50.96; p <

0.0001] (Fig. 3B).  Post hoc tests indicated that although extracellular concentrations of
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striatal DOPAC were not significantly different at 7 weeks (WT: 1569 ± 137 pg/20 μl;

R6/2: 1191 ± 114 pg/20 μl) they were significantly reduced by 9 weeks (WT: 1589 ± 127

pg/20 μl; R6/2: 647 ± 122 pg/20 μl) and 11 weeks of age (WT: 1544 ± 191 pg/20 μl;

R6/2: 503 ± 453 pg/20 μl) in R6/2 mice in comparison to wild-type controls.  A one-way

ANOVA revealed that extracellular DOPAC significantly decreased in R6/2 mice as a

function of age [F (2, 17) = 15.32; p < 0.001].  There was no change in extracellular

DOPAC amounts as a function of age in wild-type controls [F (2, 17) = 0.20; n.s.].

Figure 3: In vivo microdialysis measurements of basal levels of extracellular (A)
dopamine and (B) DOPAC in striatum of R6/2 transgenic mice (7 weeks, n = 6 WT, 6

R6/2; 9 weeks, n = 6 WT, 6 R6/2; 11 weeks, n = 8 WT, 8 R6/2).  Data are picograms per
20 l sample.  All data are mean ± SEM. * indicates significantly different from WT, p <
0.05; ** indicates p < 0.01; *** indicates p < 0.005; +, ++ R6/2 week 7 vs. weeks 9 and

11 (p < 0.05, 0.01, respectively).

In the 11-week-old cohort, striatal tissue concentrations of dopamine were

measured in R6/2 mice and wild-type controls (Fig. 4A).  R6/2 mice exhibited a

significant abatement in striatal tissue dopamine content (5478 ± 487 pg/20 μl) in

comparison to wild-type controls (10680 ± 833 pg/20 μl) [t (10) = 5.39; p < 0.001].  The

reduction in striatal tissue content of dopamine (47%) was not as dramatic as the
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reduction in striatal extracellular concentrations of dopamine (76%) in 11-week-old R6/2

mice (Fig. 4B).

Figure 4: Dopamine content in (A) striatal tissue of 11-week-old R6/2 transgenic mice (n
= 6 WT, 6 R6/2) and (B) comparison of the percentage of dopamine levels in relation to

WT mice in tissue and the extracellular fluid (ECF).  Striatal tissue dopamine content
data are g/g wet weight of tissue and striatal ECF dopamine data are picograms per 20
l sample of dialysate.  All data are mean ± SEM. *** indicates significantly different

from WT, P < 0.005.

YAC128 mice. Extracellular dopamine concentrations in 7-month-old YAC128 mice

were significantly reduced (5.0 ± 1.4 pg/20 μl) in comparison to wild-type controls (10.5

± 1.9 pg/20 μl) [t (14) = 2.39; p < 0.05] (Fig. 5A).  Although extracellular DOPAC levels

were slightly lower in 7-month-old YAC128 mice (1834 ± 245 pg/20 μl), there was no

significant difference between wild-type controls (2358 ± 299 pg/20 μl)  [t (14) = 1.37;

n.s.] (Fig. 5B).
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Figure 5: In vivo microdialysis measurements of basal levels of extracellular (A)
dopamine and (B) DOPAC in striatum of 7-month-old YAC128 mice (n = 7 WT, 9

YAC128).  Data are picograms per 20 l sample.  All data are mean ± SEM. * indicates
significantly different from WT, p < 0.05.

Effect of local striatal amphetamine (10uM) application on extracellular dopamine

concentrations.

R6/2 mice. Local amphetamine induced a significant increase in extracellular dopamine

levels across time [F (6, 24) = 75.42; p < 0.0001].  The amphetamine induced increase in

dopamine efflux was significantly attenuated as a function of genotype [F (1,24) = 42.25;

p < 0.01] (Fig. 6A).  Post hoc tests indicated that amphetamine induced dopamine release

was significantly diminished in 9-week-old R6/2 mice in comparison to wild-type

controls at all time intervals measured.  The maximum peak response in amphetamine

induced dopamine efflux was significantly diminished in 9-week-old R6/2 mice (38.9 ±

7.4 pg/20 μl) versus wild-type controls (114.4 ± 10.7 pg/20 μl) [t (4) = 5.82; p < 0.01]

(Fig. 6B).
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Figure 6: Effect of intrastriatal application of amphetamine (10 µM) on striatal (A)
dopamine release and the (B) maximum peak increase in dopamine efflux in 9-week-old

R6/2 transgenic mice (n = 3 WT, 3 R6/2).  Presence of amphetamine in perfusate is
indicated by black bar.  Data are picograms per 20 l sample.  All data are mean ± SEM.

* indicates significantly different from WT, P < 0.05; ** indicates P < 0.01; ***
indicates P < 0.005.

YAC128 mice. Local amphetamine induced a significant increase in extracellular

dopamine across time [F (6, 72) = 23.04; p < 0.0001] (Fig. 7A).  Although amphetamine

induced dopamine efflux was diminished in 7-month-old YAC128 mice in comparison to

wild-type controls, there was no significant effect of genotype [F (1, 72) = 1.93, n.s.].

Similarly, while the maximum peak response in amphetamine induced dopamine release

was diminished in 7-month-old YAC128 mice (31.8 ± 9.6 pg/20 μl) versus wild-type

controls (50.2 ± 12.0 pg/20 μl) the effect was not significant [t (12) = 1.18; n.s.] (Fig. 7B).
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Figure 7: Effect of intrastriatal application of amphetamine (10 µM) on striatal (A)
dopamine release and the (B) maximum peak increase in dopamine efflux in 7-month-old
YAC128 transgenic mice (n = 5 WT, 9 YAC128).  Presence of amphetamine in perfusate

is indicated by black bar.  Data are picograms per 20 l sample.  All data are mean ±
SEM. * indicates significantly different from WT, P < 0.05; ** indicates P < 0.01; ***

indicates P < 0.005.

In 7-month-old YAC128 mice, the effect of systemic amphetamine (2 mg/kg, i.p.)

on spontaneous locomotor activity was investigated.  There was no significant difference

in the basal activity counts between genotypes in 7-month-old YAC128 mice and wild-

type controls [t (9) = 0.39; n.s.] (Fig. 8A).  Amphetamine induced a significant increase

in locomotor activity across time [F (6, 54) = 0.96; p < 0.05].  Although amphetamine

induced locomotor activity was diminished in 7-month-old YAC128 mice in comparison

to wild-type controls, there was no significant effect of genotype [F (1, 54) = 3.80, n.s.].

Collapsing the locomotor counts across all time bins revealed that the total activity in

response to amphetamine over 60 minutes post-drug was significantly attenuated in 7-

month-old YAC128 mice versus wild-type controls [t (9) = 1.88; p < 0.05] (Fig. 8B).
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Figure 8: Effect of systemic injection of amphetamine (2 mg/kg; injection indicated by
arrow) on (A) 10 minute bins of locomotor activity and (B) the total beam break counts

during a 60 minute period in 7-month-old YAC128 transgenic mice (n = 5 WT, 6
YAC128).  * indicates significantly different from WT, P < 0.05.

4.5 DISCUSSION

The present studies utilized in vivo microdialysis to assess striatal dopamine

release dynamics in two transgenic mouse models of HD.  We report that the

concentrations of extracellular striatal dopamine are reduced in R6/2 and YAC128

transgenic mice relative to their respective wild-type controls.  These data are consistent

with previous studies demonstrating alterations in nigrostriatal function in both animal

models and human cases of HD (Kish et al., 1987; Petersen et al., 2002; Johnson et al.,

2007; Ortiz et al., 2011). Importantly, the present studies extend these findings and

represent the first demonstration of attenuated striatal dopamine release across transgenic

mouse models of HD constructed using different genetic approaches.

Performance deficits on the rotarod treadmill task are reliably documented across

multiple HD transgenic strains, including R6/2 and YAC128 mice (Carter et al., 1999;

Menalled and Chesselet, 2002; Slow et al., 2003).  In the present studies, significant
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impairments in the rotarod assay were apparent in R6/2 and YAC128 mice, with rotarod

performance being roughly comparable at 7 weeks and 7 months of age, respectively.  In

both R6/2 and YAC128 mice, decline in motor function were associated with a

significant reduction in the levels of extracellular striatal dopamine.  Interestingly, while

the 7-month age point in YAC128 mice is characterized by motor disturbances, blunt

neurodegeneration does not emerge until older ages (Slow et al., 2003) suggesting the

presence of alternative pathological alterations.  Motor performance and striatal

dopamine release were further assessed in R6/2 mice at 9 and 11 weeks of age, with both

measures progressively diminishing as a function of group time point. Pentobarbital can

attenuate dopamine release (Masuzawa et al., 2003). and while we used this compound

as a general anesthetic during surgical procedures, all experiments took place at least 18

hours subsequent to surgery making it unlikely that there was an interaction between

anesthesia and extracellular dopamine at the time experiments were conducted.  Taken

together, these findings lend support to the notion that alterations in synaptic function,

including reduced levels of extracellular dopamine, may contribute to the disease

phenotype across different transgenic mouse models of HD.  Indeed, a wide range of

dopamine related abnormalities have been reported, including dopamine receptor

sensitization, attenuated striatal dopamine-dependent plasticity and altered dopamine-

dependent modulation of corticostriatal currents, that may reflect the attenuated

extracellular dopamine concentrations presently reported (Pineda et al., 2005; Cummings

et al., 2007; Kung et al., 2007; Andre et al., 2011b).

In addition to extracellular dopamine concentrations, dopamine content in striatal

tissue was assessed in 11-week old R6/2 mice.  In agreement with previous reports
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(Reynolds et al., 1999; Mochel et al., 2011), it was found that striatal tissue levels of

dopamine were reduced by roughly half, relative to wild-type control animals.

Importantly, reductions in tissue concentrations of dopamine were not as severe as the

reductions observed in the extracellular fluid (45% vs. 75% reduction, respectively),

suggesting the presence of an available intracellular pool of dopamine that is not being

adequately utilized under spontaneous in vivo conditions. This finding is particularly

intriguing when viewed in the context of animal models of Parkinson’s disease (PD) in

which the opposite pattern emerges.  In PD models, tissue levels of dopamine must be

depleted by greater than 80% in order for deficits in extracellular dopamine release to

emerge (Abercrombie et al., 1990). The loss of tissue dopamine content and reductions

in the density of postsynaptic dopamine receptors has been reported extensively in HD,

however, this finding accentuates the need to account for presynaptic release deficits in

HD pathogenesis as well.

There are multiple factors that could contribute to exocytotic release dysfunctions

in HD.  Several synaptic proteins that are involved in exocytotic processes, including

complexin II, snare complex, synaptobrevin 2 and rab3a, have been shown to be

abnormal in both transgenic mouse models and human cases of HD (Morton and

Edwardson, 2001; Freeman and Morton, 2004; Glynn et al., 2007). In line with our

results, there is a progressive decline in complexin II from 7 weeks onward in R6/2 mice

(Morton and Edwardson, 2001).  Another potential mechanism may involve alterations in

calcium homeostasis and signaling, which could lead to changes in vesicular release

probabilities (Bibb et al., 2000; Hansson et al., 2001). Moreover, the mHtt protein also

disrupts vesicular transport and such an abnormality could alter vesicular pool sizes
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(Velier et al., 1998). Indeed, Ortiz et al. (2010) demonstrated that storage vesicles in

acute nigrostriatal slices are significantly diminished in R6/2 mice.

Intriguingly, the concentrations of extracellular striatal DOPAC (the main

catabolite of dopamine) were significantly decreased in R6/2 mice and showed a

tendency to be decreased in YAC128 mice, although this effect was not significant.

Extracellular DOPAC derives from, and reflects the metabolism of, newly synthesized

dopamine in the cytosol (Zetterstrom et al., 1988; Yadid et al., 2000). In the present

studies, the observation of diminished amounts of striatal DOPAC coupled to the finding

that tissue levels of striatal dopamine are reduced lends support to the possibility that

cytosolic dopamine pools are depleted as well in transgenic mouse models of HD.

In order to more directly quantify cytosolic dopamine concentrations, we

examined the effect of intrastiatal application of amphetamine on striatal dopamine efflux

via reverse microdialysis.  Amphetamine is a psychostimulant that promotes the release

of newly synthesized dopamine from cytosolic pools into the extracellular fluid via an

impulse-independent, exchange diffusion method and selective inhibition of the

dopamine transporter (Fisher and Cho 1979).  Previous work has confirmed the

mechanism of action of amphetamine by demonstrating that its stimulant properties are

abolished (except at very high doses) with the pretreatment of alpha-methyl-para-tyrosine

(AMPT), a compound that inhibits the synthesis of dopamine in the cytosol, but not by

reserpine, which depletes dopamine stored in vesicles (Chiueh and Moore, 1974; Niddam

et al., 1985; Callaway et al., 1989; Heeringa and Abercrombie, 1995). Alterations in the

levels and/or kinetics of the dopamine transporter could obscure the comparisons

between genotypes, however, Petersen et al. (2002) demonstrated that the expression
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patterns of striatal dopamine transporters were comparable and correspondingly Johnson

et al. (2006) exhibited that uptake through the dopamine transporter was similar between

R6/2 and wild-type controls.

The local application of amphetamine into the striatum produced an increase in

extracellular dopamine release in both 9-week-old R6/2 mice and 7-month-old YAC128

mice, as well as in their respective wild-type controls.  However, overall dopamine efflux

was significantly attenuated across all time points in R6/2 mice and considerably reduced

in 7-month-old YAC128 mice, although this effect fell short of significance.  Similarly,

the maximal effect of amphetamine on dopamine release was attenuated in both R6/2 and

YAC128 mice (66% and 37% reductions, respectively).  It should be noted that

amphetamine-stimulated dopamine levels were considerably lower in the wild-type

controls for the YAC128 mice, compared to those for the R6/2 mice.  It is plausible that

the different background strains and/or the divergent ages of the respective wild-type

mice (7 months vs. 9 weeks) may account for the differences in amphetamine-stimulated

dopamine release.  Alternatively, it is possible that cytosolic pools of dopamine in 7-

month-old YAC128 mice are not as depleted as in 9-week-old R6/2 mice.  In any case,

further experimentation at different age points, both younger and older, is necessary to

fully delineate the progression of changes in dopamine release dynamics in the extended

phenotype YAC128 mice.

In addition to the effect of local amphetamine on striatal dopamine release, the

effect of systemic amphetamine on locomotor activity was assessed in the same cohort of

7-month-old YAC128 mice after a one-week drug washout period.  Phenotype

progression is too rapid to challenge the same cohort of R6/2 mice to systemic
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amphetamine after an extended washout period and as such these experiments were only

performed in YAC128 mice.  Overall, there was a significant effect of genotype on

locomotion, with YAC128 mice showing significantly reduced amphetamine-induced

locomotion.  This finding is consistent with decreased amphetamine-stimulated dopamine

release and parallels a study in which amphetamine-induced locomotor activity was

reduced in R6/2 mice (Hickey et al., 2002). These data lend support to the notion that

cytosolic dopamine is attenuated in R6/2 and YAC128 mice and may contribute to the

deficits in extracellular dopamine concentrations that we report.

Reductions in cytosolic dopamine levels could be caused by either deficits in the

production of newly synthesized dopamine or the loss of nigrostriatal terminals.  In light

of the fact that tyrosine hydroxylase (TH) is the rate-limiting enzyme in the biosynthetic

pathway for the production of dopamine, studies have demonstrated a significant

reduction in TH activity in the striatum of 12 week-old-R6/2 mice (Yohrling et al., 2003),

raising the possibility that deficits in dopamine synthesis may underlie depleted cytosolic

concentrations.  Alternatively, accumulating evidence indicates that the depletion of

dopamine may be the result of nigrostriatal degeneration that manifests in an age-

dependent manner.  In 16-week-old R6/1 mice there is no difference in the number of

nigrostriatal projections or the number of dopamine neurons within the substantia nigra

pars compacta (Petersen et al., 2002). By 30 weeks, however, nigrostriatal projections

are decreased and the total number of cells within the SNc is reduced (Pineda et al., 2005;

Rubio et al., 2009). Interestingly, neurons within the SNc of 16-week-old R6/1 mice

were diminished in size and exhibited mHtt aggregate bodies, suggesting that these

pathological abnormalities may precede blunt degeneration within this area (Petersen et
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al., 2002). Similarly, studies have demonstrated that there was a late stage reduction of

nigrostriatal terminals in 11-12 week old R6/2 mice (Ariano et al., 2002).  Studies in

human cases also indicate that there is a reduction in nigrostriatal terminals and decreased

striatal dopamine content in late stages of the disease (Kish et al., 1987; Ginovart et al.,

1997; Bohnen et al., 2000)

This is the first report comparing extracellular striatal dopamine release dynamics

in a fragment and full-length HD transgenic mouse model under awake behaving

conditions and distinctively reveals that extracellular dopamine concentrations are

attenuated across models.  We speculate that the dysfunctions in dopamine release stems

from a multifactorial set of presynaptic abnormalities that include both impairments in

the synaptic machinery required to release dopamine as well as deficits in dopamine

production and perhaps dopamine storage.  Future research will need to determine with

more specificity the nature of such alterations, when they emerge and the extent each

contributes to HD symptomology.
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CHAPTER 5: DISCUSSION
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5.1 CORTICAL NETWORK ALTERATIONS IN HD TRANSGENIC MICE

Global brain states can be monitored by voltage fluctuations in ECoG/EEG

recordings and each brain state has a characteristic frequency spectrum (Steriade, 1997;

Herculano-Houzel et al., 1999). During both synchronized and desynchronized states, we

found ECoG alterations across ages in R6/2 and YAC128 transgenic HD mice. In

presymptomatic YAC128 mice, ECoG spectral changes suggested early patterns of

cortical network hyperexcitability.  In accordance, imaging studies have demonstrated

hyperactivity in the prefrontal cortex in presymptomatic human HD patients (Feigin et al.,

2006). Evidence indicates that cortical pyramidal neurons are more excitable at early

ages in HD transgenic mice which could lead to widespread network alterations (Walker

et al., 2008; Cummings et al., 2009; Andre et al., 2011a). Early hyperexcitability in

cortical pyramidal neurons in HD transgenic mice has been attributed to several changes

including reductions in GABAergic inhibitory input, alterations in intrinsic membrane

properties and increased glutamate release (Gu et al., 2005; Cummings et al., 2009; Joshi

et al., 2009; Andre et al., 2011a). Interestingly, oscillations in the ECoG within

frequency ranges that can be driven by rhythmic thalamic inputs were also augmented in

young YAC128 mice (Steriade and Llinas, 1988; McCormick and Bal, 1997).

Significant elevations in thalamic metabolic activity have been reported in

presymptomatic HD patients (Feigin et al., 2007). Greater synchrony within

thalamocortical circuits early in HD disease progression could lead to increased

excitatory drive within the cortex or alternative thalamic targets.
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At older ages, symptomatic R6/2 and YAC128 mice exhibited contrasting spectral

changes in the ECoG signal. Likewise, EEG patterns vary widely in symptomatic HD

patients (Bylsma et al., 1994).  In R6/2 mice, the density of spectral power in low

frequencies was reduced while the density of spectral power in higher frequencies was

augmented.  A shift in spectral density towards higher frequencies has also been

demonstrated in R6/2 mice during awake, behaving conditions and confirms that the

patterns we report are not merely an artifact of anesthesia (Hong et al., 2012).

During synchronized conditions, high voltage cortical LFO activity is believed to be

generated by cortical pyramidal neurons (Steriade et al., 2001).  In vivo intracellular

recordings demonstrate that the membrane potential of cortical pyramidal neurons shows

rhythmic depolarizing and hyperpolarizing shifts that are strongly correlated with

ECoG/EEG LFO activity (Amzica and Steriade, 1995; Destexhe et al., 1999; Steriade et

al., 2001). As ECoG reflects cortical electrical activity, neuronal loss in the cortex should

be expected to result in reductions in the power of cortical LFO activity, during

synchronized states, by reducing the substrate necessary for network summation.  Indeed,

cortical atrophy generally yields diminished EEG amplitude (Wiegand et al., 1991). In

contrast to YAC128 mice, neuronal loss in the cortex is absent in R6/2 mice. Thus, it is

surprising that ECoG LFO power during synchronized states was diminished in R6/2

mice and unchanged in YAC128 mice.

While neuronal loss in the cortex has not been reported in R6/2 mice, reductions

in cortical volume are apparent.  Cortical volume reduction has been to linked to

morphological alterations of pyramidal neurons which include reductions in somatic size,

decrease density of dendrites and loss of dendritic spines (Turmaine et al., 2000;
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Klapstein et al., 2001; Laforet et al., 2001; Stack et al., 2005). These characteristics are

similar to dendritic changes reported in pyramidal cells of HD postmortem brains (Sotrel

et al., 1993; Vonsattel and DiFiglia, 1998). Network summations of oscillations are only

apparent when neurons oscillate coherently and such structural alterations could lead to

reductions in the strength of connectivity and diminished correlated activity between cells.

In accordance, correlated firing is reduced in cortical neurons recorded from R6/2 mice

during awake, behaving conditions (Walker et al., 2008). Reduced cortical plasticity has

also been shown in both R6/2 mice and human HD patients and could contribute to the

diminished capacity to generate high voltage LFO activity in the cortex (Kung et al.,

2007; Crupi et al., 2008; Dallerac et al., 2011).

In symptomatic YAC128 mice, the only change in ECoG power that we observed

was a reduction within the 4-7 Hz bandwidth.  In accordance, diminishment of spectral

power within the 4-7 Hz range has been shown in symptomatic HD patients (Bylsma et

al., 1994).  Oscillations in the ECoG within the 4-7 Hz frequency range can be generated

from the hippocampus (Steriade et al., 2001) and will need to be further investigated in

future studies.

5.2 LOSS OF CORTICAL ENTRAINMENT OF STN NEURONS IN HD

TRANSGENIC MICE

Network synchronization between the cortex and basal ganglia is critical for

proper neuronal processing (Magill et al., 2000, 2001; Brown, 2003; Courtemanche et al.,

2003; Berke et al., 2004; Sharott et al., 2005; Mallet et al., 2008; Litvak et al., 2011)).
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During synchronized conditions, neuronal discharge in the cortex is highly synchronized

in a low-frequency range across widespread regions (Amzica and Steriade, 1995;

Contreras and Steriade, 1997; Destexhe et al., 1999; Steriade, 2001). During up states,

cortical neurons discharge synchronized bursts of action potentials that exert a powerful

driving force on the STN (Amzica and Steriade, 1998; Steriade, 2001). In turn, this

causes phase-locked firing of STN neurons which become entrained to cortical LFOs.

LFO activity in the STN is thought to be driven specifically through the hyperdirect

pathway, as GPe neurons show relatively little entrainment and cortical ablation abolishes

such patterns in the STN (Magill et al., 2000, 2001; Bevan et al., 2002). During

synchronized conditions, in symptomatic HD transgenic mice, ~20% of STN neurons

failed to fire with LFO discharge. These neurons instead exhibited firing patterns that

resembled the autonomous tonic discharge normally seen in the absence of cortical input.

Hence, this population appears to represent a segment of STN neurons that has been

functionally disconnected from cortical input. This has important clinical implications as

lesions that affect only 4-20% of the structure can result in hyperkinetic movement

abnormalities that resemble the HD phenotype (Whittier and Mettler, 1949; Carpenter et

al., 1950).

Corticosubthalamic projections originate from PT neurons in layer V of the cortex

(Kita and Kita, 2012).  While the hyperdirect pathway circuit has not been investigated in

HD, Rosas et al. (2006) demonstrated using diffusion tensor imaging that white matter

alterations in PT axons occurred early in HD and were independent of neuronal atrophy.

Pyramidal neurons in layers III, V, and VI of the cortex also demonstrate subcellular

pathological changes that include mHtt aggregation, inclusion bodies and dystrophic
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neurites (Vonsattel et al., 1985; DiFiglia et al., 1997; Vonsattel and DiFiglia, 1998).

Thus, corticosubthalamic projections may be vulnerable in HD. In order to directly

assess the integrity of the hyperdirect pathway, we examined the effects of focal cortical

stimulation on STN neuronal discharge in YAC128 mice.  Stimulation of the ipsilateral

frontal cortex leads to activity patterns in STN neurons distinguished by an initial short

latency excitatory response that is generated by excitation of monosynaptic terminals in

the hyperdirect pathway (Kitai and Deniau, 1981; Fujimoto and Kita, 1993; Nambu et al.,

2000; Magill et al., 2004).  While the proportion of STN neurons that responded to

cortical stimulation with short latency excitation was relatively stable across ages in WT

mice, there was a striking reduction in the ratio of responsive STN neurons in YAC128

mice as a function of age.  This indicates that electrical signals are conducted through the

hyperdirect pathway with less effectiveness as a function of the mutant Htt protein and

could account for the loss of functional connectivity that we report in symptomatic HD

mice.

At symptomatic age points, both strains of transgenic HD mice demonstrated an

analogous reduction in the proportion of STN neurons that exhibited entrainment.

However, in contrast to LFO STN neurons recorded from YAC128 mice, LFO STN

neurons recorded from R6/2 mice were less phase-locked to cortical input. There are

several factors that could explain this difference. Reductions in the density of ECoG

power in low frequencies, during synchronized states, was only observed in R6/2 mice

and suggests that cortical synchrony is more disrupted in symptomatic R6/2 mice than

YAC128 mice. This could lead to reductions in the excitatory cortical drive in the STN,

as a group of neurons are more effective in recruiting their postsynaptic targets if they
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discharge in synchrony than if they fire asynchronously. An increase in the dominant

frequency of the ECoG during synchronized states was also only observed in R6/2 mice.

Pyramidal cortical neurons recorded from R6/2 mice demonstrate more shorter duration

down states and could lead to recruitment errors (Stern, 2011). Alterations in the activity

patterns of GPe neurons between R6/2 and YAC128 mice could also contribute to such

changes as well.  GABAergic GPe afferents can act as a gating mechanism for STN

activity and increased GPe discharge could effectively decrease the sensitivity of STN

neurons to cortical inputs (Urbain et al., 2002). Different populations of GPe neurons

have been described that have divergent firing patterns during synchronized states (Paz et

al., 2005).  “Early discharging” neurons discharge with single spikes or short bursts of

activity that are correlated with cortical up states. “Pausing” neurons discharge with

bursts of spikes that are correlated with cortical down states, which are thought to

contribute to the reduction in STN neuronal activity during these periods.  Alterations in

the expression or firing pattern of these neurons during synchronized states could

contribute to the disruptions in phase-locked firing in LFO STN neurons in R6/2 mice.  In

addition, changes in the intrinsic membrane properties of STN neurons in R6/2 mice

could contribute as well. For instance, increased expression of silent plateaus could

diminish spiking to excitatory cortical drive.

5.3 DIMINISHED FIRING RATES OF STN NEURONS IN HD TRANSGENIC

MICE
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During desynchronized conditions, high voltage LFO activity in the cortex is

abolished and the powerful synchronizing drive on basal ganglia targets is reduced

(Magill et al., 2001). Hence, the firing rate and patterns of STN neurons during

desynchronized conditions is more generally a product of GPe synaptic input and

intrinsic mechanisms.  In symptomatic transgenic HD mice, during desynchronized

conditions, we found that the spontaneous firing rate of STN neurons was reduced.

Degeneration of MSNs in the striatum is a pathological hallmark of HD and degeneration

of indirect pathway MSNs occurs earliest in disease progression.  Loss of MSNs has been

reported in symptomatic YAC128 mice.  While MSN loss has not been reported in R6/2

mice, there is a decrease in PENK/ENK mRNA expression in striatal MSNs and a

reduction in ENK-immunoreactive fiber intensity in the GPe (Menalled et al., 2000; Sun

et al., 2002), suggestive of neuronal injury in the indirect pathway.  Activation of MSNs

in the indirect pathway inhibits neurons in the GPe and leads to net excitation of STN

neurons via a disinhibitory mechanism (Fujimoto and Kita, 1993). Loss of MSNs in the

striatum, specifically in the indirect pathway, would lead to reduced inhibition on the

GPe and an increase of GABAergic tone in the STN. Such alterations could account for

the reduced firing rates of STN neurons in symptomatic transgenic HD mice.

Interestingly, while the reductions in firing rates were similar between symptomatic

transgenic HD mice, the firing patterns of STN neurons diverged between strains.  STN

neurons recorded from symptomatic R6/2 mice displayed less tonic regularity while there

were no significant alterations in the regularity of discharge in STN neurons recorded

from symptomatic YAC128 mice. Interestingly, similar to 9-week-old R6/2 mice, STN

neurons recorded from 2-month-old YAC128 mice also exhibited less regular patterns of
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discharge. Studies have demonstrated that the MSN activity is increased in both 9-week-

old R6/2 mice and 2-month-old YAC128 mice and such hyperexcitability in the striatum

could contribute, through the GPe, to abnormal patterning of STN discharge. Future

research will need to examine whether changes in GPe activity exist in transgenic mouse

models of HD.

5.4 REDUCED EXTRACELLULAR DOPAMINE RELEASE IN HD MICE

We found reductions in extracellular dopamine release in the striatum of

symptomatic HD mice. Our lab has also shown similar reductions in DA release in the

prefrontal cortex of R6/2 mice (unpublished). There are multiple factors that could

contribute to presynaptic release dysfunction in HD. The mHtt protein interferes with

synaptic proteins that are involved in exocytotic processes, including complexin II, snare

complex, synaptobrevin 2 and rab3a, in both transgenic mouse models and human cases

of HD (Morton and Edwardson, 2001; Morton et al., 2001; Freeman and Morton, 2004;

Glynn et al., 2007). In addition, the reductions in spontaneous firing rates of STN

neurons that we report could lead to downstream effects in the SNc.  STN lesions leads to

reduced burst firing of DA neurons and could cause diminished extracellular release

(Smith and Grace, 1992).

The effects of DA depletion could have profound effects across the cortico-basal

ganglia network.  Following DA depletion, neurons in the motor and dorsal insular cortex

projecting to the STN are hypoactive (Orieux et al., 2002). These changes could

contribute to the reductions in cortical drive that we report in STN neurons in



121
symptomatic HD mice. In addition, chronic depletion of DA can increase the power of

cortical oscillations in higher frequency ranges, specifically in the 13-30 Hz range

(Brown, 2003).  This shift is likely to be a consequence of plasticity induced by long-

term progressive dopamine depletion (Nambu et al., 2002; Brown, 2003). Deficits in DA

transmission were larger in symptomatic R6/2 mice compared to 7-month-old YAC128

mice and could contribute to the increase in ECoG power in higher frequency ranges in

R6/2 mice that was not observed in YAC128 mice. In accordance, computational models

suggest that exaggerated power in higher frequency oscillations only emerges following

extensive dopamine depletion and moderate dopamine depletion is insufficient to induce

such changes (Leblois et al., 2006). Interestingly, the expression of postsynaptic DA

receptors is also reduced in R6/2 mice, while normal in YAC128 mice, (Benn et al.,

2007) and could also contribute to the differences in cortical ECoG patterns that we

report between strains.

Impaired DAergic transmission could also contribute to the changes that we

report in the firing rates and pattern of STN neurons in transgenic HD mice.  DA release

excites STN neurons through postsynaptic D1 receptors and loss of DAergic tone could

lead to reduced firing rates that we report in symptomatic transgenic HD mice (Kreiss et

al., 1996; Kreiss et al., 1997). In addition, activation of presynaptic D2 receptors on GPe

terminals increases the frequency of autonomous firing of STN neurons (Shen and

Johnson, 2000; Cragg et al., 2004) and reductions in DAergic tone could contribute to the

diminishments in the regularity of firing that we observed in R6/2 mice.  Reduced DA

transmission could lead to reductions in the tonic regularity of discharge that we report in

R6/2 mice. To specifically address such questions, future work will need to investigate
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whether DA release is as reduced in the STN as that which we report in the striatum and

cortex.

5.5 LIMITATIONS AND FUTURE DIRECTIONS

A major limitation in the present research is the lack of specificity regarding

factors that differentiate the population of tonic STN neurons not entrained to cortical

signals in HD mice. Our data suggest that these tonic neurons arise from disconnection

in the corticosubthalamic hyperdirect pathway, however, these studies cannot delineate

whether this occurs through presynaptic or postsynaptic changes.  Excitatory terminals

can be marked within the STN at the electron microscopic level as their synaptic vesicles

contain the vesicular glutamate transporter, VGLUT1.  Future studies could assay the

proportions of VGLUT1-labeled terminals in HD mice to investigate whether the loss of

cortical terminals emerge as a function of HD progression.  Loss of postsynaptic NMDA

receptors has been demonstrated in human HD patients (Young et al., 1988) and such loss

of NMDA receptors in STN neurons could lead to reductions in the sensitivity of these

neurons to cortical inputs.  Future studies could examine whether differences in STN

NMDA receptor expression and binding sensitivity exist in symptomatic HD mice.

Interestingly, heterogeneity also exists among STN neurons based upon their specific

projection targets (Sato et al., 2000).  Single-cell juxtacellular techniques make it possible

to label recorded units and could be used to reconstruct the axonal branching patterns of

tonic neurons in symptomatic HD mice to investigate whether specific STN targets are

more widely affected.



123
5.6 IMPLICATIONS FOR HD

Evidence suggests that the corticosubthalamic hyperdirect pathway activation

plays a pivotal role in action suppression (Hamada and DeLong, 1992; Baunez et al.,

1995; Baunez and Robbins, 1997; Dybdal and Gale, 2000; Aron and Poldrack, 2006;

Schmidt et al., 2013). Glutamatergic neurons of the STN act as a powerful driving force

for promoting neuronal activity in the output structures of the basal ganglia and thus

inhibiting unintended commands (Nambu et al., 2002). STN blockade or lesion causes a

decrease in both the spontaneous activity and cortically evoked excitatory responses in

neurons of the basal ganglia output nuclei (Whittier and Mettler, 1949; Carpenter et al.,

1950; Crossman, 1989; Hamada and DeLong, 1992; Nambu et al., 2002). This leads to

hyperkinetic movement syndromes that resemble the HD phenotype. Our results

demonstrate impairments in the fidelity of information flow through the hyperdirect

pathway as a function of disease progression. This could lead to reduced control of basal

ganglia output structures and disordered motor control.
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