1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

s NIH Public Access
I‘E@" Author Manuscript

Rrens®

Published in final edited form as:
Neuroscience 2011 December 15; 198: 252—273. doi:10.1016/j.neuroscience.2011.08.052.

Pathophysiology of Huntington’s Disease: Time-Dependent
Alterations in Synaptic and Receptor Function

Lynn A. Raymond?, Véronique M. André?, Carlos Cepeda?, Clare M. Gladding?l, Austen J.
Milnerwood?, and Michael S. Levine?

1Department of Psychiatry and Brain Research Centre, University of British Columbia,
Vancouver, Canada

?Intellectual and Developmental Disabilities Research Center, Semel Institute for Neuroscience
and Human Behavior, David Geffen School of Medicine, University of California Los Angeles, Los
Angeles, CA, USA

Abstract

Huntington’s disease (HD) is a progressive, fatal neurological condition caused by an expansion
of CAG (glutamine) repeats in the coding region of the Huntington gene. To date, there is no cure
but great strides have been made to understand pathophysiological mechanisms. In particular,
genetic animal models of HD have been instrumental in elucidating the progression of behavioral
and physiological alterations, which had not been possible using classic neurotoxin models. Our
groups have pioneered the use of transgenic HD mice to examine the excitotoxicity hypothesis of
striatal neuronal dysfunction and degeneration, as well as alterations in excitation and inhibition in
striatum and cerebral cortex. In this review, we focus on synaptic and receptor alterations of
striatal medium-sized spiny (MSNSs) and cortical pyramidal neurons in genetic HD mouse models.
We demonstrate a complex series of alterations that are region-specific and time-dependent. In
particular, many changes are bidirectional depending on the degree of disease progression, i.e.,
early versus late, and also on the region examined. Early synaptic dysfunction is manifested by
dysregulated glutamate release in striatum followed by progressive disconnection between cortex
and striatum. The differential effects of altered glutamate release on MSNs originating the direct
and indirect pathways is also elucidated, with the unexpected finding that cells of the direct striatal
pathway are involved early in the course of the disease. In addition, we review evidence for early
N-methyl-D-aspartate receptor (NMDAR) dysfunction leading to enhanced sensitivity of
extrasynaptic receptors and a critical role of GIuN2B subunits. Some of the alterations in late HD
could be compensatory mechanisms designed to cope with early synaptic and receptor
dysfunctions. The main findings indicate that HD treatments need to be designed according to the
stage of disease progression and should consider regional differences.
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1 Introduction: What is Huntington’s Disease?

Huntington’s disease (HD) is a dominantly inherited neurodegenerative disorder caused by
an unstable expansion of a CAG repeat within the coding region of the IT15 gene on the
short arm of chromosome 4 (The Huntington's Disease Collaborative Research Group,
1993). The gene encodes a protein called huntingtin (htt), and the mutation results in an
elongated stretch of glutamine (polyQ>36) near its amino terminus (The Huntington's
Disease Collaborative Research Group, 1993). Htt is a large protein (~350 kDa) that is
highly conserved and expressed ubiquitously throughout the body (Strong et al., 1993).
Prevalence of the mutation is approximately 4-10 cases per 100,000 in western European
populations. However, many more are at risk of having inherited the mutant gene.

The symptoms of HD include abnormal dance-like movements (chorea), cognitive
disturbances, and disorders of mood, particularly depression, which often precede the onset
of motor abnormalities (Harper and Jones, 2002; Paulsen et al., 2008). HD is typically a late
onset disease although juvenile onset occurs, when CAG repeats exceed 60. In young
children, HD symptoms can include epileptic seizures (Rasmussen et al., 2000; Gencik et
al., 2002). In both adult and juvenile onset HD the symptoms worsen progressively and
invariably lead to death. At present, there is no cure for HD but palliative drugs have been
used, mostly to alleviate chorea.

Our respective laboratories have published several specialized reviews on different aspects
of HD, particularly based on genetic animal models (Cepeda et al., 2007; Fan and Raymond,
2007; André et al., 2010b; Milnerwood and Raymond, 2010). The purpose of the present
review is to summarize the pathophysiology of HD and to concentrate, using primarily
results from electrophysiological studies, on providing insights into understanding the
physiological progression of the disorder at the cellular and circuit levels and to elucidate
new targets for therapies.

2 Neuropathology of HD

2.1 Striatum

Neuropathologically, HD is primarily characterized by neuronal loss in the striatum and
cortex (Vonsattel and DiFiglia, 1998). However, many other nuclei including the globus
pallidus (GP), thalamus, hypothalamus, subthalamic nucleus, substantia nigra (SN), and
cerebellum also are affected (Kremer et al., 1990; Heinsen et al., 1996; Petersén et al., 2002;
Kassubek et al., 2004; Petersén et al., 2005). In addition, diffusion tensor imaging has
demonstrated pathology of the white matter in pre- and early symptomatic patients (Rosas et
al., 2006). In this review we will restrict our analysis to the striatum and cortex.

Medium-sized spiny neurons (MSNs) constitute 90-95% of all striatal neurons and utilize y-
aminobutyric acid (GABA) as their principal neurotransmitter (Kita and Kitai, 1988), as
well as co-localizing specific neuropeptides. The dorsal striatum receives parallel sets of
diffuse glutamatergic inputs from almost all neocortical areas (Wilson et al., 1990) and
several thalamic nuclei (Bolam et al., 2000; Smith et al., 2004). These inputs primarily
synapse onto spines of MSNs (Kemp, 1970). The striatum also contains a number of
modulatory components including dopamine (DA) projections from the SN pars compacta
(SNc) (Graybiel, 1990) and cholinergic or GABAergic inputs from striatal interneurons
(Pisani et al., 2007; Tepper et al., 2008). These elements constitute the basic striatal
microcircuit (Tepper et al., 2004), a circuit that is severely disrupted in HD (Figure 1). In the
striatum, GABAergic MSNs are most affected and degeneration of these neurons occurs
progressively (Vonsattel et al., 1985). The large aspiny cholinergic interneurons and the
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numerous other interneuronal GABAergic populations are relatively spared from
degeneration (Ferrante et al., 1985; VVonsattel et al., 1985; Ferrante et al., 1987; Cicchetti et
al., 2000).

Striatal output is largely segregated into two populations of MSNs (the direct and indirect
pathways) with distinct projections, as well as DA receptor and neuropeptide expression
(Kawaguchi et al., 1990), although some overlap exists (Surmeier et al., 1996; Shuen et al.,
2008; André et al., 2010a). The direct pathway consists of MSNs that predominantly express
D1 DA receptors (Gerfen et al., 1990) as well as substance P (SP) (Haber and Nauta, 1983)
and dynorphin (Vincent et al., 1982) and project to the SN and the internal segment of the
GP (GPi) (Albin et al., 1989; Gerfen et al., 1990). The indirect pathway is comprised of
MSNSs that express predominantly D2 receptors (Gerfen et al., 1990), met-enkephalin or
neurotensin (Haber and Nauta, 1983; Steiner and Gerfen, 1999) and project to the external
segment of the GP (GPe) (Kawaguchi et al., 1990).

This segregation is important in the context of HD, as there is evidence during disease
progression for a time-dependent, differential loss of the two populations of striatal
projection neurons. MSNs of the indirect pathway appear to be particularly vulnerable in
HD and markers for these neurons and their projections, such as enkephalin, are lost in
postmortem brains of fully symptomatic patients, in early symptomatic and presymptomatic
brains and in genetic mouse models (Reiner et al., 1988; Albin et al., 1992; Richfield et al.,
1995; Sapp et al., 1995; Menalled et al., 2000). In contrast, MSNs of the direct pathway are
relatively spared in the early stages, although the SP-containing projections to the SN pars
reticulata (SNr) are more severely affected than the SP-containing projections to the GPi and
SNc (Deng et al., 2004). These results are consistent with the hypothesis that chorea results
from preferential dysfunction and ultimate loss of indirect pathway MSNs and possibly that
akinesia and dystonia which occur later in HD are a consequence of the additional
dysfunction and loss of direct pathway MSNs (Albin et al., 1990a).

Another organizational feature of the striatum is the separation into a patch (striosome) and
a matrix compartment, based on neurochemical markers such as opioid receptors and
acetylcholinesterase staining, as well as input-output organization (Gerfen, 1992a, 1992b).
Corticostriatal neurons in deep layer V and V1 project to the striatal patch compartment,
whereas superficial layer V and layers 11-111 neurons project to the matrix. Afferents to the
striosomes originate in the SNc, prefrontal cortex and limbic system, whereas afferents to
the matrix originate in the motor and somatosensory cortices, and in the parietal, occipital
and frontal cortices (Gerfen et al., 1987). In terms of striatal outputs, neurons from the patch
compartment provide inputs to the DA neurons of the SNc, whereas matrix neurons provide
inputs to the GABAergic neurons of the SNr (Gerfen, 1992a; 1992b). During the early phase
of HD (grades 0 and 1), discrete islands of neuronal loss and astrocytosis appear selective
mostly to the patch compartment, whereas in later stages cell loss increasingly involves the
matrix compartment (Hedreen and Folstein, 1995). As MSNs from patches project to the
SNc it may be that early degeneration of these neurons produces hyperactivity of the
nigrostriatal DA pathway, contributing to chorea and other early clinical manifestations of
HD. These observations indicate an alternative explanation for the causes of chorea in HD
and are discussed in more detail in section 7.

2.2 Cerebral Cortex

In the cortex, pyramidal neurons of layers I11, V, and VI ultimately degenerate. Whereas
striatal neuronal death may underlie many symptoms in late stage HD (Vonsattel and
DiFiglia, 1998), early deficits, which are apparent years before the overt movement disorder,
are more likely associated with cellular and synaptic dysfunction in the cortex (Backman
and Farde, 2001; Berrios et al., 2001; Rosas et al., 2005; Paulsen et al., 2008; Rosas et al.,
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2008a; b). Advances in neuroimaging techniques have contributed greatly contributed to a
better understanding of HD pathology, providing correlations between morphological brain
changes and the development of cognitive deficits in attention, working memory, and
executive functions (Rosas et al., 2004; Bohanna et al., 2008; Rosas et al., 2008b; Paulsen,
2009). Magnetic resonance imaging (MRI)-based morphometric analyses have shown that
subjects carrying the HD mutation have significant volume reductions in the cortex (Rosas
et al., 2003) and such changes occur before the onset of motor symptoms (Rosas et al., 2005;
Rosas et al., 2006). In manifest HD, differential involvement of specific cortical areas might
help explain much of the clinical heterogeneity and complexity of the disease, as specific
regional cortical pathology correlates well with the nature of symptoms (Rosas et al.,
2008a). For example, motor dysfunction correlates with the extent of cell loss in the primary
motor cortex whereas mood changes are associated with cell loss in the cingulate cortex
(Thu et al., 2010).

Among the earliest prodromal changes in HD are alterations in cognitive function
(Lawrence et al., 1998; Beglinger et al., 2010) and sensory integration (Boecker et al.,
1999). In sensory tests that do not involve motor components, sensory-evoked brain
activation is reduced in cortical (somatosensory and frontal) and subcortical (basal ganglia)
areas (Boecker et al., 1999). Cognitive deficits have been shown in HD mutation carriers
decades before motor diagnosis (Paulsen et al., 2008). These cognitive changes affect
functional skills and work performance (Beglinger et al., 2010), and include deficits in
attentional set shifting and semantic verbal fluency (Lawrence et al., 1998). Performance on
the self-timed finger-tapping task, reflecting skilled motor learning, begins to decline more
than 20 years prior to predicted age of HD onset (Paulsen et al., 2008). Moreover, the
decline in a variety of other cognitive and motor tasks begins approximately 10-15 years
prior to HD onset and correlates well with a sharply progressive reduction in tissue volume
in the striatum and cortical white matter as assessed by MRI (Paulsen et al., 2008).

3 Animal Models of HD

A central question in understanding the pathogenesis of HD is to determine the molecular,
cellular, and synaptic signaling alterations that underlie the behavioral and
neuropathological changes. Although a number of molecular dysfunctions have been
elucidated and may contribute to the early deterioration of MSNs, the exact mechanisms
whereby mutation in htt causes the observed neuronal degeneration, despite a ubiquitous
expression, are still unclear. Evidence shows that the pathophysiology of HD may arise both
from cell autonomous processes within vulnerable neurons and dysfunction of cell-cell
interactions, specifically at the level of the corticostriatal afferents (Gu et al., 2005; Cepeda
et al., 2007; Fan and Raymond, 2007; Gu et al., 2007; Zuccato and Cattaneo, 2007; Brown
et al., 2008; Imarisio et al., 2008; Kim et al., 2011). In order to tease apart these possible
mechanisms, a large number of animal models of HD have been created.

Animal models of HD have been available for mechanistic studies for more than 30 years
(Brouillet et al., 1999). Although early neurotoxin-based models (see section 8) were
instrumental in the understanding of some of the mechanisms involved in cell death
(DiFiglia, 1990), they were limited because it was not possible to study the progression of
the disease or to replicate the widespread neuropathology observed in the human condition,
not to mention the differential vulnerability of MSNs of the direct and indirect pathways.
This fact is important because although it was generally believed that the progression of
symptoms in HD is due to neurodegeneration of MSNs, recent studies in genetic animal
models have demonstrated that severe neuronal dysfunction precedes degeneration and is
probably the major cause of many symptoms (Tobin and Signer, 2000; Levine et al., 2004).
After the discovery of the gene responsible for HD in 1993, a number of genetic models

Neuroscience. Author manuscript; available in PMC 2012 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Raymond et al.

Page 5

[fragment and full-length transgenic, knock in and conditional mouse models (Yamamoto et
al., 2000) and transgenic rat models (von Horsten et al., 2003)] were added to the research
armamentarium and for the first time these models provided a glimpse into mechanisms of
disease onset and progression (reviewed in Cepeda et al., 2010; Milnerwood and Raymond,
2010). Each model differs in terms of CAG repeat length and transgene expression levels
(which depend on copy number), factors that contribute to the severity of the resulting HD
phenotype. In this review we will concentrate on the mouse models and those we describe
do not represent an exhaustive or complete list.

3.1 Fragment Transgenic Models

The R6 line of transgenic mice (Mangiarini et al., 1996) remains one of the most widely
used models, not only because it was the first model generated, but because it offers many
advantages. In particular, R6/2 mice (expressing exon 1 with about 150 CAG repeats)
manifest a very aggressive, rapidly progressing phenotype, similar to the juvenile form of
HD in humans. They display overt behavioral symptoms as early as 5-6 weeks of age, show
hindlimb clasping and weight loss and die at about 15 weeks. Pathophysiological alterations
include the formation of nuclear inclusions (Davies et al., 1997), which were later also
shown to be present in human HD brains (DiFiglia et al., 1997). Such inclusions can be
observed in the presymptomatic stage, particularly in the striatum and CA1 region of the
hippocampus (Morton et al., 2000). There also are changes in neurotransmitter receptor
expression (Cha et al., 1998; Ariano et al., 2002) and altered signaling mechanisms (Bibb et
al., 2000; Luthi-Carter et al., 2000; Menalled et al., 2000). Many of these alterations are
correlated with motor (Carter et al., 1999) and learning impairments on a number of
cognitive tasks (Lione et al., 1999), as well as deficits in synaptic plasticity in the
hippocampus before an overt phenotype appears (Murphy et al., 2000) and in the striatum of
symptomatic animals (Picconi et al., 2006; Kung et al., 2007).

Another line, the R6/1 (with about 110 CAG repeats and decreased mutant htt expression
compared to the R6/2), presents with similar phenotypic alterations as the R6/2 but in a
more protracted form (Mangiarini et al., 1996). Weight loss and clasping can be observed at
19-23 weeks and become more pronounced with age. In addition, aberrant synaptic
plasticity has been described in these mice (Cummings et al., 2006; Milnerwood et al., 2006;
Cummings et al., 2007).

3.2 Full-Length Transgenic Models

The most widely studied full-length model uses the yeast artificial chromosome (YAC)
expressing normal (YAC18) and mutant (YAC46, YAC72, and YAC128) human htt
(Hodgson et al., 1999; Slow et al., 2003). YAC72 mice display abnormal behavior around 7
months of age, as well as selective degeneration of MSNs in the lateral striatum by 12
months. Although aggregates ultimately form, subsequent experiments in these mice showed
that their formation may not be essential to initiate neuronal death (Hodgson et al., 1999;
Slow et al., 2003). YAC128 mice display alterations similar to YAC72 mice, but these
alterations are more severe and occur earlier (Slow et al., 2003). These mice exhibit
increased open field activity at about 3 months, and rotarod performance deficits starting at
6 months (Slow et al., 2003). By 12 months, open field activity is diminished significantly
compared to controls. Similar to human HD, cognitive dysfunction and mood disturbance,
evident by 2-3 months of age in YAC128 mice, precede motor abnormalities, and cognitive
dysfunction progresses with age (Van Raamsdonk et al., 2005b; Pouladi et al., 2009). In
addition, significant and selective atrophy and neuronal loss (about 10%) occur in the
striatum and cortex of YAC128 mice (Slow et al., 2003; Van Raamsdonk et al., 2005a).
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A more recently described full-length model of HD uses a bacterial artificial chromosome
(BAC) expressing mutant htt with 97 glutamine repeats (Gray et al., 2008b). These mice
exhibit progressive motor deficits, neuronal synaptic dysfunction, and late-onset selective
neuropathology in both the striatum and cortex. Interestingly, studies in BACHD mice
revealed that the pathogenic process can occur without early and diffuse nuclear
accumulation of aggregated mutant htt (Gray et al., 2008b). BAC models also have been
instrumental in demonstrating an important differential role of cell-cell interactions and cell-
autonomous processes in HD pathogenesis (Gu et al., 2005; Gu et al., 2007; Gray et al.,
2008a).

3.3 Knock-In Models

Knock-in models also contributed to our understanding of HD. The major advantage of
these models is that they express full-length mutant htt in its native genomic context. Several
models that differ mainly in the number of CAG repeats (from 48-200) have been generated
(White et al., 1997; Levine et al., 1999; Shelbourne et al., 1999; Wheeler et al., 2000; Lin et
al., 2001; Heng et al., 2007; Heng et al., 2009). In the knock-in models early overt
behavioral changes are often subtle, but sensitive and careful testing demonstrate
abnormalities as early as 1-2 months of age (Menalled et al., 2002; Menalled et al., 2003). A
more severe phenotype develops as the mice age beyond one year (Hickey et al., 2008). A
consistent feature of knock-in mice is the presence of nuclear staining and microaggregates
very early in the course of the disease (Hickey et al., 2008). By contrast, nuclear inclusions
are observed only in older mice (10-18 months) (Menalled et al., 2002), and loss of MSNs
occurs at about 2 years (Hickey et al., 2008).

4 Role of DA in HD

We have recently reviewed in detail the role of DA and its interaction with glutamate in HD
(André et al., 2010b). We will briefly summarize the most relevant information to put the
role of DA in perspective when we describe our findings (section 7). In patients with HD,
the guiding hypothesis has been that presynaptic activation of the nigrostriatal DA pathway
induces chorea while loss of DA inputs induces akinesia (Bird, 1980; Spokes, 1981). This
would indicate that in HD biphasic changes in DA function may occur, with early increases
followed by late decreases. Overactivity in the nigrostriatal system might arise from a
deficiency in GABA which normally inhibits DA release by activating GABA receptors on
nigrostriatal somata and terminals (Bolam and Smith, 1990: Paladini et al., 1999). As
mentioned in section 2.1, during the early phase of HD neuronal loss appears more selective
to the patch compartment (Hedreen and Folstein, 1995). As MSNs in the patch project to the
SNc, early degeneration of these neurons produces hyperactivity of the nigrostriatal DA
pathway, contributing to chorea. Indeed, neurochemical studies in early HD have provided
some evidence for increases in DA (Garrett and Soares-da-Silva, 1992). In addition, early
work showed that DA levels and activity of tyrosine hydroxylase were increased in the
striatum of postmortem HD brains (Spokes, 1981) and binding for the presynaptic DA
transporter was reduced in the caudate nucleus of HD patients (Backman et al., 1997;
Ginovart et al., 1997). Interestingly, in the transgenic rat model of HD, one of the few
animal models that display chorea, evidence of increased DA levels in striatum was recently
provided (Jahanshahi et al., 2010). Most mouse models exhibit a progressive reduction in
DA levels. Microdialysis studies showed that DA release was progressively reduced in R6/2
mice between 6 and 14 weeks (Hickey et al., 2002; Johnson et al., 2006). Thus, in contrast to
human and rat studies, in mouse models of HD, striatal DA release, and nigrostriatal
terminals are reduced. However, it should be pointed out that most of these studies were
performed in symptomatic mice, late in the progression of the phenotype. Thus, mouse
studies of DA dynamics in early HD are necessary.

Neuroscience. Author manuscript; available in PMC 2012 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Raymond et al.

Page 7

Changes in DA receptors also occur in HD. Imaging studies provide evidence supporting
reduced DA receptor function in HD patients. In prodromal and manifest HD patients,
positron emission tomography for D1 and D2 ligands found that both striatal D1 and D2
receptor levels were reduced and that the loss progressed each year (Andrews et al., 1999;
Van Oostrom et al., 2009). Decreases in DA receptors also correlated with the duration of
the disease, and with a decrease in GABA content, reflecting neuronal loss in the putamen
(Ginovart et al., 1997). The R6/2 mouse model displays decreases in D1 and D2 receptor
binding early (Cha et al., 1998), as well as decreases in functional D1 receptor-dependent
modulation of AMPA currents (Bibb et al., 2000). At later ages D1 receptor-dependent
striatal long-term potentiation is reduced as well (Kung et al., 2007). Surprisingly, DA
receptor density was unchanged in 12-month old YAC128 mice (Benn et al., 2007).

5 Morphological Changes in Mouse Models

As in the human disease, most mouse models of HD display significant reductions in brain
volume. While some mouse models (e.g., YAC128 and CAG140) show significant striatal
neuronal loss at 12 and 24 months of age, respectively, that is commensurate with the extent
of volume reduction (Slow et al., 2003; Hickey et al., 2008), other models show no neuronal
loss in association with reduced brain volume, even in the more advanced stages of
phenotype progression (Turmaine et al., 2000; Levine et al., 2004). More than cell death,
reduced somatic size, thinning of dendrites, and spine loss, along with white matter
pathology in striatum and cortex, are the main contributors to reduced brain volume in some
mouse models (Klapstein et al., 2001; Laforet et al., 2001). The minimal cell loss could be
related to the resiliency of neurons in mice compared with the human brain, and/or
differences in the age of onset and the duration of disease progression (Van Raamsdonk et
al., 2005a). Regardless of whether brain atrophy in HD mouse models is a result of
reduction in neuronal size and dendritic complexity, or due to frank neuronal loss, the
volume loss is small (10-15%) compared with that seen in human HD. This discrepancy
suggests that neuronal dysfunction more than structural changes may contribute importantly
to behavioral changes in these mouse models. At this point it remains unknown whether
morphological changes are produced by initial functional alterations or if these
morphological alterations are the consequence of gene-induced structural abnormalities.

6 Electrophysiological Alterations in Mouse Models of HD

As discussed, cellular dysfunction precedes cell loss in HD, and it appears sufficient to
generate the initial symptoms. Using electrophysiological methods, functional alterations
have been examined at the single cell and circuit levels. Most studies have concentrated on
assessing electrophysiological changes in striatal MSNs and cortical pyramidal neurons (see
Tablel and Figure 1 for summaries).

6.1 Basic Membrane Properties and Intrinsic Conductances

In the striatum, the primary alterations in basic membrane properties observed in MSNs of
HD mice are increases in cell membrane input resistance and depolarized resting membrane
potentials (Levine et al., 1999; Klapstein et al., 2001; Cummings et al., 2010). In some
models there also is a decrease in membrane capacitance (Cepeda et al., 2003).
Determinants of these biophysical parameters are primarily cell size (reductions in somatic
cross-sectional areas and dendritic fields) and K* conductances (which also are reduced)
(Levine et al., 1999; Klapstein et al., 2001; Ariano et al., 2005; Cummings et al., 2010).
There is a significant reduction in inward rectification in MSNs concomitant to the onset of
overt behavioral symptoms; this change correlates well with immunofluorescence studies
demonstrating decreases in the expression of the specific K* channel subunit proteins,
Kir2.1 and Kir2.3 (Ariano et al., 2005). High voltage-activated Ca2* currents appear reduced
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in MSNs in fully symptomatic R6/2 HD mice (Cepeda et al., 2001a). One of the
consequences of increases in membrane input resistance is an enhancement of cell
excitability which, coupled with the depolarized membrane potentials, could lead to
amplification of synaptic inputs and increased action potential firing in MSNs. Such changes
also make MSNs more vulnerable to glutamate-induced NMDAR activation (see section 8).

Similar to MSNs, cortical pyramidal neurons in symptomatic mice also display depolarized
resting membrane potentials, increased input resistance and decreased capacitance
(Cummings et al., 2009; Stern 2011). In contrast to MSNSs, in cortical pyramidal neurons
Ca2* currents are increased in late symptomatic R6/2 animals (André et al., 2006; Cherry,
2009) but unchanged (André et al., 2006) or even reduced (Cherry, 2009) in pre- or early
symptomatic animals.

6.2 Synaptic Transmission in the Striatum

In neurons the htt protein distribution is similar to that of synaptophysin (Wood et al., 1996)
and it associates with various proteins involved in synaptic function (Wood et al., 1996).
Mutant htt produces specific impairment in exocytosis and endocytosis, potentially causing
abnormal synaptic transmission, thus leading to the hypothesis that HD is a
synaptopathology (Li et al., 2003b). In several genetic mouse models of HD the progression
of synaptic alterations along the corticostriatal pathway, as well as synaptic changes in
cortical pyramidal neurons, have been examined. The outcomes have shown that changes in
synaptic transmission in the striatum and cortex are uniquely time- and region-dependent.

In R6/2 and YAC128 HD mice, glutamatergic function in the corticostriatal pathway
changes dynamically in a biphasic manner. Dysregulation of glutamatergic input to MSNs
occurs early and is manifested by the presence of large-amplitude and complex spontaneous
synaptic events that peak at approximately 5-7 weeks of age in the R6/2 model (Cepeda et
al., 2003) (Figure 1). In YAC128 mice there is a marked increase in frequency of
spontaneous excitatory postsynaptic currents (EPSCs) in MSNs at 1-1.5 months of age
(André et al., 2011a; Joshi et al., 2009). The large events as well as the increase in frequency
of EPSCs could reflect increased cortical excitability and/or a possible reduction in
presynaptic inhibitory receptor function that would typically decrease glutamate release
from corticostriatal endings. Such changes could include decreases in function of DA D2,
metabotropic glutamate (mGIluR2/3) and/or endocannabinoid CB1 receptors (Cha et al.,
1998; Luthi-Carter et al., 2000; Ariano et al., 2002).

As striatal neuronal action potential generation is highly dependent on cortical inputs, the
presence of large-amplitude synaptic events in the striatum of R6/2 mice at 5-7 weeks, in
conjunction with higher membrane input resistance, and depolarized resting membrane
potentials predicts increased activity along the corticostriatal pathway. Consistent with this
hypothesis, in vivo recordings of striatal neurons have demonstrated that cell firing is
elevated in R6/2 transgenic relative to wildtype (WT) mice at 6-9 weeks of age (Rebec et
al., 2006), an effect that can be reversed by upregulation of a glutamate transporter (Miller et
al., 2008a). These effects also occur in other models (Miller et al., 2008b). In addition,
correlated firing and coincident bursts between pairs of MSNs were prominent in cells from
WT animals, but reduced in R6/2 and knock-in models (Miller et al., 2008b) suggesting that
information processing at both the single-neuron and population level is compromised in the
striatum of symptomatic HD mice (Miller et al., 2008b). Similar changes were also observed
from in vivo recordings in cortical pyramidal neurons from symptomatic mice (Miller et al.,
2008b).

A later marked change is a reduction in excitatory synaptic activity displayed by MSNs
(Cepeda et al., 2003). While this reduction begins at the same age as the appearance of overt
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behavioral alterations, it becomes more severe as the behavioral phenotype progresses
(Klapstein et al., 2001; Cepeda et al., 2003; Graham et al., 2009; Cummings et al., 2010)
(Figure 1). The reduction correlates with alterations in synaptic markers (e.g., Synaptophysin
and PSD95) and suggests, in conjunction with the loss of dendritic spines, that MSNs
become disconnected from many of their synaptic inputs in the later stages of the disease
(Cepeda et al., 2003). Indeed, a recent study using electron microscopy demonstrates a
significant reduction in excitatory synapses onto striatal neurons in 12 month-old YAC128
mice (Singaraja et al., 2011). In view of the progressive loss of synaptic inputs, the observed
in vivo increased firing frequency of MSNs may be explained by findings that MSNs in the
HD models are more depolarized, have smaller cross-sectional areas and higher input
resistances. Thus, they are more excitable and will need less input to evoke action potentials.
One of the outcomes of excitatory activity in the corticostriatal pathway is the concomitant
release of brain-derived neurotrophic factor (BDNF), a trophic factor essential for
postsynaptic neuronal support that is reduced in HD (Zuccato and Cattaneo, 2007). The
progressive reduction in glutamate-mediated synaptic activity also will reduce the release of
this trophic factor and potentially facilitate cellular dysfunction and subsequent
degeneration.

Glutamate release in the corticostriatal pathway of YAC128 mice also has been examined at
different stages of disease progression (1, 7 and 12 months), using combined optical and
electrophysiological methods (Joshi et al., 2009). Similar to results from R6/2 mice, the
results in YAC128 mice demonstrated biphasic age-dependent changes in corticostriatal
function. At 1 month, before the behavioral phenotype develops, glutamate release and a-
amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptor-mediated synaptic
currents evoked by cortical stimulation were increased. At 7 and 12 months, after the
development of the behavioral phenotype, glutamate release and AMPA synaptic currents
were significantly reduced (Joshi et al., 2009). These effects were due to combined pre- and
postsynaptic alterations.

These studies point to cell-cell interactions as important for striatal neuron dysfunction. If
that is the case, removal of inputs to the striatum could retard disease progression. In fact, in
our previous studies we found that removal of the cerebral cortex in corticostriatal slices
markedly reduced the occurrence of large-amplitude events (Cepeda et al., 2003). Also,
lesions of the cortex or elimination of DA neurons improves the behavioral and pathological
HD phenotype in R6/2 mice, suggesting that synaptic stress more than trophic factors
contribute to neurodegeneration (Stack et al., 2007). Further supporting this idea, studies
have shown that selective removal of mutant htt from cortical pyramidal neurons can reduce
striatal pathology (Gu et al., 2007; Gray et al., 2008a). While such cell-cell interactions are
important, cell-autonomous alterations will also affect the progression of the phenotype
(Brown et al., 2008; Kim et al., 2011; Thomas et al., 2011).

In marked contrast to reduced excitation of MSNs of symptomatic animals, the frequency of
inhibitory GABA, receptor-mediated synaptic events is increased in MSNs in the R6/2 and
other models of HD (Cepeda et al., 2004; Cummings et al., 2010) (Figure 1, Table 1). This
increase in GABA-mediated synaptic input was associated with an increase in
immunostaining for the GABA, al receptor subunit (Cepeda et al., 2004). New preliminary
data indicate that the increased inhibitory input may be due to enhanced GABAergic activity
of striatal interneuron populations, and not intrinsic connections from other MSNs (Rao et
al., 2010). Increased inhibitory input onto MSNs predicts reduced output of MSNSs to target
structures along both the direct and indirect pathways. Increased GABA release also could
dampen glutamate inputs either by shunting (increase in the membrane conductance) or by
activation of GABAGg receptors located on corticostriatal terminals.

Neuroscience. Author manuscript; available in PMC 2012 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Raymond et al. Page 10

6.3 Synaptic Transmission in the Cortex

Increased excitability in cortical networks occurs as the disease progresses in the R6/2 and
several other mouse models (Cummings et al., 2009) (Figure 1). Examination of
somatosensory cortical pyramidal neurons in layers 11/111 in slices from R6/2 mice revealed
that spontaneous EPSCs occurred at a higher frequency in behaviorally phenotypic mice,
whereas spontaneous inhibitory postsynaptic currents (IPSCs) were initially increased in
frequency and subsequently decreased at 80-90 days when the disease phenotype was
manifest (Cummings et al., 2009) (Figure 1, Table 1). Decreased inhibition in cortical
pyramidal neurons also was observed in the BACHD model at 6 months when motor
dysfunction occurs (Spampanato et al., 2008). Furthermore, compared with control animals,
R6/2 mice demonstrate increased epileptiform activity in cortical slices and seizure
susceptibility in vivo after blockade of GABAA receptors, providing more evidence that the
cortex becomes hyperexcitable (Cummings et al., 2009).

The observation that excitatory inputs to pyramidal neurons are enhanced whereas inhibitory
inputs are reduced is in the opposite direction to alterations observed in the striatum, once
the behavioral phenotype is manifest (see above) (Cepeda et al., 2004) (Figure 1, Table 1).
Because mutant htt is expressed ubiquitously throughout the body, one might predict that all
regions of the brain would show similar electrophysiological dysfunctions. However, since
opposite changes in these two brain regions occur, it appears that neuronal dysfunction is not
only cell-autonomous, but that the cellular environment may determine the type of
dysfunction. It is possible that the striatum is more affected in HD not only because MSNs
are more inherently susceptible than cortical neurons per se, but also because the highly
integrative nature of the striatum places it in the unique position of receiving a wide range of
aberrant inputs from cortex and other regions. These findings suggest strongly that therapies
may need to be regionally oriented as well as delivered early in the time course of disease
progression.

7 Selective Vulnerability of MSNs

One of the enigmas of HD is the particular vulnerability of MSNs forming the indirect
pathway as pointed out above. What makes these neurons more susceptible to degeneration?
Previously, it was extremely difficult to isolate direct and indirect pathway MSNs for
functional analyses. Recently, the use of the enhanced green fluorescent protein (EGFP)
gene as a reporter to identify DA D1 (direct pathway) and D2 (indirect pathway) receptor-
expressing striatal cells has made it possible to identify and separately study neurons
originating each pathway.

7.1 Differential properties of indirect and direct pathway MSNs

In intact mice, anatomical evidence has demonstrated differential excitatory inputs onto
direct and indirect pathway MSNSs. Two types of pyramidal corticostriatal projections have
been identified; one is ipsilateral and arises from collaterals of the pyramidal tract (PT-type),
and the other is bilateral and projects only intratelencephalically to the cortex and striatum
(IT-type). IT-type neuronal somata are medium-sized and located in layer 111 and upper
layer V, whereas PT-type somata are larger and most commonly located in lower layer V.
The corticostriatal terminals from IT-type neurons are approximately half the size of those
from PT-type neurons (Reiner et al., 2003). Terminals making asymmetric axospinous
contact with direct pathway MSNs are significantly smaller than those making contact with
indirect pathway MSNs (Lei et al., 2004), suggesting that direct pathway neurons
preferentially receive inputs from IT-type cortical neurons, whereas indirect pathway
neurons receive greater inputs from PT-type cortical neurons. A possible functional
consequence of this differential innervation is that indirect pathway cells would be subject to
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increased glutamate release from corticostriatal terminals (Reiner et al., 2003; however see
Ballion et al., 2008), which could make them more susceptible in HD as the major glutamate
input comes from the cortex. Interestingly, cortical pyramidal neurons innervating the
indirect pathway receive more excitatory inputs due to enlarged dendritic trees in cortical
layer | compared to pyramidal neurons innervating the direct pathway (Morishima and
Kawaguchi, 2006).

Although it was generally believed that MSNs of the direct and indirect pathways were
morphologically and electrophysiologically identical, this assumption has changed (Kreitzer
and Malenka, 2007; Cepeda et al., 2008; Gertler et al., 2008; André et al., 2010a). Studies in
vitro generally demonstrate that cell input resistance, capacitance, time constant and resting
membrane potentials are similar in direct and indirect pathway MSNs (Kreitzer and
Malenka, 2007; Cepeda et al., 2008). However, one study found that indirect pathway MSNs
have higher input resistances and are slightly but significantly more depolarized than direct
pathway MSNs (Gertler et al., 2008). Indirect pathway MSNs are more excitable than direct
pathway MSNs as, at similar current intensities, these MSNSs fire more action potentials
(Kreitzer and Malenka, 2007), have a lower threshold for action potential generation
(Cepeda et al., 2008), and exhibit a lower rheobase (Gertler et al., 2008). Indirect pathway
MSNSs also have significantly smaller dendritic surface areas, due to fewer primary
dendrites, which makes them more compact and consequently more excitable (Gertler et al.,
2008).

There also are differences in synaptic inputs. The frequency of spontaneous EPSCs is higher
in indirect compared to direct pathway MSNs and large-amplitude events (>100 pA) only
occur in indirect pathway MSNs (Cepeda et al., 2008). After addition of the sodium channel
blocker tetrodotoxin, to isolate miniature (m)EPSCs, the difference in the frequency of
mMEPSCs between direct and indirect pathway MSNs is reduced but the cumulative inter-
event interval distributions are still significantly different (Kreitzer and Malenka, 2007;
Cepeda et al., 2008). Further, after addition of the GABAA, receptor blockers bicuculline or
picrotoxin, which induce epileptiform activity in cortical pyramidal neurons, indirect
pathway MSNs display large membrane depolarizations rarely seen in direct pathway MSNs
(Cepeda et al., 2008). The preferential propagation of epileptiform activity onto indirect
pathway MSNs supports previous data demonstrating that enkephalin-positive neurons that
also express D2 receptors are more selectively activated by cortical stimulation (Uhl et al.,
1988; Berretta et al., 1997; Parthasarathy and Graybiel, 1997).

These results imply that indirect pathway MSNs reflect on-going cortical activity,
particularly the activity generated by PT-type neurons, more faithfully than direct pathway
cells. Inputs from PT-type neurons may provide indirect pathway MSNs with a copy of the
cortical motor signal (Reiner et al., 2003). This signal could be crucial for motor
coordination. Another implication of increased intrinsic excitability and tighter
corticostriatal synaptic coupling of indirect pathway MSNSs is that cells of the indirect
pathway are more readily available for activation than cells of the direct pathway. In contrast
to the tight synaptic coupling between cortical PT terminals and indirect pathway MSNs, the
smaller size and diffuse nature of the projections of the IT-type terminals will produce less
activation of direct pathway MSNs.

7.2 Direct and Indirect Pathway Alterations in HD

As described above, indirect pathway MSNSs are believed to be affected earlier than direct
pathway MSNs. If these neurons degenerate, a loss of input to the GPe would induce an
imbalance in the basal ganglia circuitry, leading to inhibition of the subthalamic nucleus,
which in turn would release inhibition to the thalamus, inducing overflow of glutamate
activity in the cortex and hyperkinetic movements (Chevalier and Deniau, 1990). In support
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of this hypothesis, increased firing rates in GPe and decreased firing rates in GPi were found
in an HD patient (Starr et al., 2008), which could explain why deep brain stimulation of the
GPi can improve abnormal movements in some HD patients (Moro et al., 2004; Biolsi et al.,
2008; Fasano et al., 2008).

It remains unclear, however, whether the early loss of enkephalin immunoreactivity in the
GPe reflects a depletion of peptide content or an actual loss of axonal inputs to the GPe due
to degenerative changes in indirect pathway MSNs. In addition, there is evidence of early
alterations in MSNSs originating the direct pathway, which also could lead to disinhibition of
thalamocortical pathways (Hedreen and Folstein, 1995). Because activation of the direct and
indirect pathways has differential effects on motor control, it is of paramount importance to
understand the changes occurring in the two pathways. Taking advantage of the availability
of mice expressing EGFP under the promoter of DA D1 and D2 receptors, glutamate and
GABA synaptic function in direct and indirect pathway MSNs were examined in two
models of HD, the YAC128 and the BACHD (André et al., 2011a). Electrophysiological
recordings were performed at different stages of the disease phenotype in these mouse
models, corresponding to the period of hyperkinesia (“early HD”, 1.5 to 2 months) and the
period of hypokinesia (“late HD”, 12 months).

7.2.1 Direct Pathway MSNs—Early in HD, the first alterations in synaptic inputs to
striatal neurons were apparent in the presynaptic activity onto direct pathway MSNSs, and not
indirect pathway MSNs (André et al., 2011a; André et al., 2011b). In the early HD stage,
both glutamate and GABA transmission were increased onto direct pathway MSNs (Figure
1, Table 1). The change in glutamate transmission is likely to occur presynaptically because
we observed changes in mEPSCs and in paired-pulse ratios suggesting increased probability
of release. Furthermore, we showed that tonic activation of D1 receptors underlies the
increase in excitatory neurotransmission in early HD, as the DA depleter tetrabenazine or
blockade of D1 receptor function with a D1 antagonist reversed the increases in direct
pathway MSNs from YAC128 and BACHD mice. The reversal was explained by a
combination of pre- and postsynaptic mechanisms. Based on studies showing that
endocannabinoid content is decreased by D1 receptor activation (Patel et al., 2003) and our
own data (André et al., 2010a), we hypothesize that activation of postsynaptic D1 receptors
increases presynaptic glutamate release through blockade of endocannabinoid release by
MSNSs, thereby releasing the negative control endocannabinoids normally exert onto
neighboring terminals (André et al., 2010a). The early decrease in endocannabinoid
receptors in the striatum in HD provides additional evidence that the interaction between DA
and endocannabinoid receptors will play a prominent role in controlling both excitatory and
inhibitory inputs to MSNs.

In late stage HD, direct pathway MSNs cells no longer displayed increased glutamate and
GABA synaptic activity (Figure 1, Table 1). There was a clear decrease of EPSC frequency
and increased paired-pulse ratios, indicative of decreased probability of glutamate release.
Glutamate currents evoked by corpus callosum electrical stimulation displayed a marked
decrease in amplitude in the direct pathway MSNs at 12 months (André et al., 2011a).
Glutamate released by electrical stimulation activated mostly AMPA receptors, indicating
that decreases in AMPA currents previously reported in 12 month old YAC128 mice occur
primarily in D1 cells (Joshi et al., 2009).

7.2.2 Indirect Pathway MSNs—Changes in indirect pathway MSNs were also observed.
In early HD, indirect pathway MSNSs displayed larger evoked glutamate currents. As paired-
pulse ratios and EPSC frequencies were not changed, this effect could be due to increased
glutamate receptor expression at the surface of postsynaptic neurons. However, there were
no significant changes in mEPSC amplitude, suggesting postsynaptic glutamate receptors
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were not increased. Currents evoked by electrical stimulation induce massive glutamate
release and are likely to activate different sets of receptors than the smaller quantities of
glutamate released spontaneously. One hypothesis is that electrical stimulation induces a
spillover of glutamate, activating extrasynaptic receptors that are not activated during
spontaneous activity (Millerwood et al. 2010). Although in our recording conditions AMPA
currents are isolated, it is possible that NMDA currents also are increased early in these
indirect pathway MSNs (see section 8.3). In contrast to direct pathway MSNs,
neurotransmitter release onto indirect pathway MSNs displayed changes only at the later
stage of the disease phenotype (Figure 1, Table 1). In 12 month-old YAC128 mice, indirect
pathway MSNs exhibited a slightly lower frequency of EPSCs, although the paired-pulse
ratios were not different, suggesting that changes in glutamate release are not as marked as
in D1 cells at that age. This is surprising, as corticostriatal inputs onto indirect pathway
MSNs are more prominent (Lei et al., 2004; Kreitzer and Malenka, 2007; Cepeda et al.,
2008). These findings suggest that other factors, such as differential connectivity of striatal
interneurons to MSNs of the direct and indirect pathways (Gittis et al., 2010) also might play
a role in regulating glutamate and GABA inputs. In contrast to glutamate transmission,
GABA transmission was increased onto indirect pathway MSNs. In late HD, a lack of DA or
D2 receptors in indirect pathway MSNs could increase GABA release onto indirect pathway
MSN via a lack of endocannabinoid release. This effect will not occur in direct pathway
MSNSs since they do not express D2 receptors.

Taken together the findings suggest that abnormal differential DA transmission contributes
to anomalies in glutamate and GABA transmission in HD. Early in the progression of the
disease, increased glutamate release onto direct pathway MSNSs, which is correlated with
increased stereotypies, is consistent with increased DA tone. In late stage HD, decreased
glutamate release onto direct pathway MSNSs, correlated with behavioral hypoactivity is
consistent with decreased DA tone and/or loss of corticostriatal terminals. For treatment of
hyperkinetic motor symptoms in early stage HD, these results suggest that, in addition to
agents decreasing DA function (e.g., tetrabenazine) specific modulation of direct pathway
neurons with D1 antagonists might prove a useful strategy. Even better would be
development of agents that can reduce DA receptor activity when DA tone is too high, and
increase it when DA tone is too low, a property of partial agonists. Although D1 agonists/
antagonists are not currently used to treat symptoms of HD, early reports of treatment of HD
patients with the partial D2-selective agonist aripiprazole indicate improvement of both
voluntary and involuntary movement abnormalities (Lin and Chou, 2008; Brusa et al., 2009;
Oulis et al., 2010). Clearly, more studies are necessary to understand the consequences of
altered GABA and glutamate transmission onto MSNs in HD to help direct new therapies
and understand the mechanisms underlying the phenotypic changes.

8 Role of NMDARS in HD

As discussed above, there are many extrinsic influences on MSNs that can contribute to their
exquisite vulnerability in HD. However, it is clear that intrinsic factors are also important.
The following sections of this review will summarize studies implicating a role for altered
postsynaptic MSN glutamate transmission, especially mediated by NMDA-type glutamate
receptors, in the earliest changes underlying selective neuronal vulnerability in HD.

Early work suggested a role for glutamate-mediated excitotoxicity, especially neuronal
dysfunction and death mediated by overactivation of NMDA-type glutamate receptors, in
the pathogenesis of HD. Excitotoxicity refers to neuronal death resulting from prolonged
exposure to the neurotransmitter glutamate (Lucas and Newhouse, 1957), leading to
overactivation of its receptors with associated sustained neuronal membrane depolarization,
Ca?* overload and mitochondrial energy failure (Coyle and Puttfarcken, 1993). Although
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glutamate binds a variety of metabotropic and ionotropic receptors, NMDARs play a larger
role than others in mediating neuronal toxicity due to high Ca?* permeability and slow
deactivation and desensitization (Choi et al., 1987; DiFiglia, 1990).

NMDARs are tetrameric complexes of two GIuN1 (formerly NR1) with two GIuN2
(formerly NR2) and/or GIuN3 (NR3) subunits. GIuN2 subunits are encoded by four genes,
GIuN2A, GIuN2B, GIuN2C and GIuN2D. These subunits determine differences in receptor
channel properties, pharmacology, and temporal and spatial brain distribution (Dingledine et
al., 1999; Cull-Candy and Leszkiewicz, 2004). NMDARs are activated by the binding of
glutamate and the allosteric modulator glycine to gate a cation-selective channel with
significant Ca2* permeability. Because this channel exhibits voltage-dependent Mg2* block
(Mayer and Westbrook, 1987), receptor activation requires presynaptic glutamate release
coupled with postsynaptic depolarization to allow ion flux through the channel. Therefore,
NMDARSs serve as coincidence detectors for inducing activity-dependent synaptic plasticity
(Bliss and Collingridge, 1993). On the other hand, overstimulation of NMDARsS results in
activation of proteases, lipases, and DNAases, mitochondrial energy failure, and/or signaling
to a variety of apoptotic proteins, leading to neuronal death (Lipton and Rosenberg, 1994;
Arundine and Tymianski, 2003). Thus, NMDARs are ideal candidates for contributing to
early neuronal dysfunction and learning deficits, as well as later neuronal degeneration in
HD.

A role for NMDAR-mediated excitotoxicity was suggested almost 30 years ago. Glutamate
was shown to be the transmitter of the corticostriatal projection providing the major
excitatory input to the striatum (McGeer et al., 1977; Fonnum et al., 1981). At about the
same time, specific glutamate analogs were shown to produce selective, axon sparing lesions
in the brain (Coyle et al., 1978). As striatal cell loss is the primary neuropathologic
landmark in HD, one of the first rodent models used the excitotoxin kainic acid to
selectively destroy MSNs (Coyle and Schwarcz, 1976; McGeer and McGeer, 1976;
Schwarcz and Coyle, 1977). Later, quinolinic acid (a selective NMDAR agonist) was used
as it better replicated the neurochemical, neuropathological, and behavioral manifestations
of HD in rodents and non-human primates (Coyle, 1979; Schwarcz et al., 1983; Schwarcz et
al., 1984; Beal et al., 1986; Sanberg et al., 1989; Hantraye et al., 1990; Beal et al., 1991,
Ferrante et al., 1993). NMDAR agonists were not only more effective than other glutamate
receptor agonists in producing striatal lesions, but also were more selective, in that they
triggered loss of MSNs while interneurons were spared. In contrast, excitotoxic lesions
induced by injection of other glutamate receptor agonists, such as kainic acid, resulted in
more widespread neuronal loss (Coyle and Schwarcz, 1976; McGeer and McGeer, 1976), a
finding that was reproduced in acute corticostriatal brain slices (Cepeda et al., 2001b).

Furthermore, systemic exposure to chemicals such as 3-nitropropionic acid, which
compromise mitochondrial function and reduce energy production, also caused striatal
lesions similar to those found in HD (Beal et al., 1993; Damiano et al., 2009; Brouillet et al.,
1999), and this effect was rescued by NMDAR antagonists (Greene et al., 1993; Bogdanov
etal., 1998; Lee et al., 2006). Interestingly, human autopsy brain tissue from
presymptomatic and early stage HD showed reduced NMDAR radioligand binding in the
striatum that was disproportionate to neuronal loss, suggesting that neurons expressing high
levels of these receptors were most susceptible to degeneration (Young et al., 1988; Albin et
al., 1990b).

Together, these early studies with chemically-lesioned animal models of HD, along with
findings in human brain tissue, pointed toward a role for NMDAR excitotoxicity in selective
striatal neuronal degeneration. Identification of the HD gene and development of genetic
mouse models of HD allowed the hypothesis to be further tested.
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8.1 Altered NMDAR Activity Occurs Early in Mouse Models of HD

Studies showing that MSNs are more vulnerable to NMDAR-mediated toxicity compared to
other striatal neuronal types led to the hypothesis that enhanced NMDAR activation could
contribute to selective striatal degeneration in HD. In contrast to that prediction, R6/2 and
R6/1 transgenic mice developed resistance to striatal quinolinate toxicity with emergence of
the HD phenotype, and showed similar sensitivity as WT littermates during presymptomatic
stages (Hansson et al., 2001). In contrast, YAC72 and YAC128 mice showed increased
striatal lesion size after quinolinate injection compared to WT controls during
presymptomatic and early disease stages, while also developing resistance as the phenotype
progressed (Zeron et al., 2002; Graham et al., 2009). Notably, R6/1 and R6/2 mice exhibit
widespread brain atrophy, without selective striatal neuronal degeneration, whereas YAC
transgenic HD mice show mild but significant striatal neuronal loss with lesser losses of
cortical neurons and no significant atrophy in other brain regions (Slow et al., 2003). These
studies suggest that protein context is important for accurately modeling selective neuronal
degeneration, and that the YAC and other full-length mutant htt models may be better suited
for study of the earliest molecular mechanisms underlying striatal neuronal vulnerability.

Enhanced sensitivity to striatal quinolinate toxicity in younger YAC HD mice suggested that
mutant htt expression altered striatal NMDAR signaling. Consistent with this idea, NMDAR
EPSC amplitudes were found to be larger, upon strong stimulation of cortical and/or
thalamic glutamatergic afferents, in recordings from striatal neurons in acute corticostriatal
brain slices from 1-2 month old YAC72 and YAC128 mice (Li et al., 2003a; Li et al., 2004;
Milnerwood and Raymond, 2007; Graham et al., 2009; Milnerwood and Raymond, 2010).
Notably, evoked NMDAR EPSCs were dramatically reduced with progression of the
behavioral phenotype, consistent with development of resistance to striatal quinolinate
toxicity (Graham et al., 2009). Interestingly, NMDAR currents also were shown to be
increased in a subpopulation of striatal neurons in brain slices and dissociated neurons from
R6/2 mice (Cepeda et al., 20014a; Starling et al., 2005) at ages at which the mice were
resistant to NMDAR excitotoxicity. One possible explanation for such differences comes
from studies indicating that signaling downstream of NMDARSs is dramatically altered with
disease onset. In mouse models of HD and/or human HD brains, Ca2* handling is more
efficient (Hansson et al., 2001), scaffolding and signaling proteins in the NMDAR signaling
complex show altered expression (Luthi-Carter et al., 2003; Jarabek et al., 2004), and some
downstream death signaling proteins, such as calcineurin, are downregulated (Goto et al.,
1989; Hernandez-Espinosa and Morton, 2006; Xifro et al., 2009). These changes could all
contribute to resistance to excitotoxicity, but would also be expected to reduce capacity for
learning and promote deficits in motor performance.

Results in YAC HD mice suggest increased NMDAR activation is an early mechanism
underlying striatal neuronal vulnerability. Data indicate increased NMDAR current
amplitude and/or toxicity in primary embryonic or early postnatal cultured striatal neurons,
as well as acutely dissociated striatal neurons, from YAC46, YAC72 and YAC128 mice,
demonstrating that NMDAR function itself is altered from birth in a polyQ length-dependent
and cell autonomous fashion (Cepeda et al., 2001a; Zeron et al., 2002; Zeron et al., 2004;
Shehadeh et al., 2006; Fan et al., 2007; Zhang et al., 2008). Consistent with this idea,
conditional transgenic BACHD mice in which mutant htt is expressed selectively in the
striatum still show enhanced striatal NMDAR current (Gu et al., 2005). Importantly,
increased striatal neuronal vulnerability to NMDA toxicity correlates well with augmented
NMDAR current and CaZ* influx in YAC HD MSNs (Shehadeh et al., 2006).
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8.2 GIuN2B-type NMDARSs Contribute to Selective Striatal Neuron Vulnerability

Since both NMDAR and htt expression are widespread throughout the brain, differential
distribution of these proteins cannot explain selective striatal MSN degeneration on the basis
of sensitivity to NMDAR toxicity. On the other hand, NMDARs containing the GIuN2B
subunit show high expression levels in mature striatal MSNs compared to other NMDAR
subtypes and brain regions (Landwehrmeyer et al., 1995; Ghasemzadeh et al., 1996; Righy
et al., 1996; Standaert et al., 1999; Christie et al., 2000; Li et al., 2003c). Recent studies
suggest GIuN2B-type NMDARs are preferentially linked to cell death signaling pathways
compared to GIuN2A-containing NMDARs (Kim et al., 2005; Liu et al., 2007; Tu et al.,
2010). Moreover, a study in transfected non-neuronal cells demonstrated increased GIUN2B-
but not GIuN2A-type NMDAR current when co-expressed with mutant htt (Chen et al.,
1999). Consistent with this, enhanced striatal MSN NMDAR current and toxicity in cultured
neurons and acute brain slices are abolished by treatment with the GIuN2B-selective
antagonist ifenprodil (Zeron et al., 2002; Tang et al., 2005; Fan et al., 2007; Milnerwood et
al., 2010). In addition, a recent study demonstrated that GluN2B-containing NMDARS
contribute more to total NMDA-evoked current in D2 MSNs than in D1 cells (Jocoy et al.,
2011), consistent with the early vulnerability of D2 MSNs in HD. Strong support for the
hypothesis that mutant htt enhances cell death signaling by modulating GIuN2B-type
NMDARs comes from a recent study showing a dramatic increase in striatal neuronal loss in
HD knock-in mice crossed with GIuN2B-overexpressing mice (Heng et al., 2009).

8.3 Role of Extrasynaptic (Ex-) NMDARs in Striatal Neuronal Dysfunction and Degeneration

In addition to subunit composition, the subcellular localization of NMDARs plays a critical
role in determining whether the resulting signal transduction cascades promote neuronal
plasticity and survival or stimulate cell death. Specifically, activation of synaptic NMDARS
triggers survival and plasticity pathways associated with promoting neuronal health and
learning, respectively. Among others, a major consequence of synaptic NMDAR
transmission is increased phosphorylation and activity of the master transcriptional regulator
Cyclic-AMP Responsive Element Binding protein (CREB) (Hardingham et al., 2001;
Papadia et al., 2005; Zhang et al., 2009). In this way synaptic transmission promotes
expression of a variety of anti-apoptotic, anti-oxidant and pro-survival proteins, including
BDNF (Favaron et al., 1993; Hansen et al., 2004; Jiang et al., 2005; Zuccato and Cattaneo,
2007; Papadia et al., 2008). In contrast, activation of Ex-NMDARs leads to CREB shut-off,
promotion of pro-death gene expression, mitochondrial calcium overload and release of
apoptotic factors, increased neuronal nitric oxide synthase activity with free radical
formation, and activation of cell death signaling p38 and c-Jun N-terminal Kinase Mitogen-
Activated Protein Kinases (JNK MAPKSs) (Hardingham et al., 2002; Cao et al., 2004; Ivanov
et al., 2006; Leveille et al., 2008; Soriano et al., 2008; Wahl et al., 2009; Xu et al., 2009;
Hardingham and Bading, 2010). Notably, a variety of studies suggest that GIUN2B-
containing NMDARSs predominate at extrasynaptic sites (Kew et al., 1998; Tovar and
Westbrook, 1999; Barria and Malinow, 2002), although this point has been disputed (Groc
et al., 2006; Thomas et al., 2006; Harris and Pettit, 2007; Petralia et al., 2010).

Given the weight of evidence indicating a role for Ex-NMDARs in stimulating pro-apoptotic
signaling, as well as opposing CREB activation and pathways required for learning and
memory, it is striking that recent studies demonstrate increased expression and signaling of
Ex-NMDARs in the YAC HD mouse model (Okamoto et al., 2009; Milnerwood et al.,
2010) (Figure 2). This effect is mediated predominantly by GIuN2B-type NMDARSs.
Moreover, data indicate that this process contributes to enhanced vulnerability to NMDAR-
mediated toxicity in striatal neurons, and deficits in skilled motor learning, of young
YAC128 mice. Treatment of these mice beginning at 2 months of age with low doses of
memantine, which preferentially silences Ex-NMDARSs (Lipton, 2006; Xia et al., 2010),
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results in restoration of striatal phosphorylated CREB (pCREB) and rotarod learning
performance to WT levels at 4 months of age (Milnerwood et al., 2010). The same treatment
also rescues striatal atrophy at 12 months of age (Okamoto et al., 2009). However,
memantine also can affect glutamate release by reducing Ca2* conductances (Lu et al.,
2010).

The augmented pool of Ex-NMDARs in YAC128 striatal neurons could be stimulated under
physiological conditions of repetitive cortical glutamatergic afferent firing at frequencies as
low as 25 Hz (Harris and Pettit, 2008). Ex-NMDAR stimulation in striatal neurons would be
exacerbated by mutant htt-mediated alterations discussed above (see section 6.2), such as
augmentation of presynaptic glutamate release (Joshi et al., 2009) and deficits in glutamate
uptake by the transporter, GLT-1 (Lievens et al., 2001; Shin et al., 2005; Miller et al., 200843;
Faideau et al., 2010; Huang et al., 2010) (see Figure 2). Alterations in microglial activation,
leading to enhanced release of the endogenous NMDAR agonist quinolinate (Guidetti et al.,
2004; Pavese et al., 2006; Tai et al., 2007), could also contribute to stimulation of Ex-
NMDARs. Mutant htt also induces alterations in Group 1 metabotropic glutamate receptor
signaling, by increasing sensitivity of inositol trisphosphate 3 (IP-3) receptors and release of
intracellular Ca%* stores (Tang et al., 2003; Tang et al., 2005). This alteration, coupled with
mhtt-induced mitochondrial dysfunction and consequent reduced Ca2* and free radical
buffering capacity (Panov et al., 2002; Panov et al., 2003; Milakovic et al., 2006; Oliveira et
al., 2006), also would act synergistically with Ex-NMDAR signaling to augment
vulnerability to cell death (Figure 2).

8.4 Mechanisms of Enhanced Ex-NMDAR Signaling

The mechanisms underlying mis-trafficking of NMDARSs in MSNs expressing mutant htt are
a topic of current investigation. There is evidence for an increased surface to internal ratio of
GIuN2B-containing receptors in primary cultures of striatal neurons from YAC72 mice,
correlating well with the enhanced ifenprodil-sensitive NMDAR current (Fan et al., 2007).
Data indicate that the increase in steady-state surface expression is linked to accelerated
forward trafficking to the surface rather than enhanced stability of surface receptors (Fan et
al., 2007). Although the precise molecular mechanism(s) responsible for enhanced forward
trafficking have not yet been elucidated, htt interacts with a variety of proteins associated
with vesicular trafficking at the level of the ER, Golgi and plasma membranes, suggesting a
number of candidates (Kaltenbach et al., 2007). Aside from enhanced forward trafficking,
the mechanisms underlying accumulation of NMDARSs at extrasynaptic sites in striatal
neurons in vivo remain to be explored. Altered posttranslational modification of GIuUN2B-
containing receptors is one potential mechanism, since GIuUN2B retention in synapses is
regulated by C-terminal protein-protein interaction motifs and phosphorylation (Mori et al.,
1998; Roche et al., 2001; Lavezzari et al., 2004; Lin et al., 2004; Prybylowski et al., 2005;
Chen and Roche, 2007; Goebel-Goody et al., 2009; Salter et al., 2009; Sanz-Clemente et al.,
2010) (reviewed by Chen and Roche, 2007; Salter et al., 2009; Gladding and Raymond,
2011). Synaptic and Ex-NMDAR distribution may also be regulated by other
posttranslational modifications such as ubiquitination (Ehlers, 2003; Kato et al., 2005) and
palmitoylation (El-Husseini Ael et al., 2002; Hayashi et al., 2009). In addition, altered
interactions between mutant htt and the palmitoyl acyl-transferase (PAT) htt-interacting
protein 14 (HIP14, also known as DHHC17), may lead to defects in palmitoylation and
trafficking of key synaptic proteins (Singaraja et al., 2002; Huang et al., 2004). In this
regard, NMDAR synaptic stability may be reduced in HD as a result of alterations in
palmitoylation of GIuUN2B and/or the scaffolding protein postsynaptic density protein 95
(PSD-95), since palmitoylation has been shown previously to regulate subcellular
distribution of these proteins (Craven et al., 1999; El-Husseini et al., 2000a; EI-Husseini et
al., 2000b; Christopherson et al., 2003; Hayashi et al., 2009). PSD-95-GIuN2B interactions
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are increased in YAC128 mice (Fan et al., 2009), and it is postulated that this contributes to
increased NMDAR stability at extrasynaptic sites (Fan et al., 2011) (Figure 2).

Activation of Ca?*-dependent proteases such as calpain may also modulate plasma
membrane NMDAR localization in HD (Guttmann et al., 2001; Simpkins et al., 2003; Wu et
al., 2007). Calpain activation is elevated in HD mice (Gafni and Ellerby, 2002; Gafni et al.,
2004; Cowan et al., 2008), which facilitates enhanced activation of the serine protein
phosphatase, calcineurin (Kim et al., 2002; Wu et al., 2007). Once dephosphorylated and
activated by calcineurin (Braithwaite et al., 2006), the STriatal Enriched tyrosine
Phosphatase (STEP) dephosphorylates the GIUN2B tyrosine 1472 residue, leading to
reduced synaptic NMDAR expression (Pelkey et al., 2002; Prybylowski et al., 2005; Snyder
et al., 2005; Braithwaite et al., 2006). It is hypothesized that enhanced synaptic STEP
activity may mediate increased lateral diffusion of GIuUN2B-containing receptors to
extrasynaptic sites in HD (Gladding et al., 2011) (Figure 2). An additional mechanism that
may contribute to NMDAR redistribution away from synapses is aberrant cortical
glutamatergic input (see sections 6.2 and 6.3); previous studies suggest that high levels of
synaptic activity reduce synaptic GIuN2B (Ehlers, 2003) (Figure 2).

9 Conclusions and Implications

The evolving alterations that occur with disease stage in the corticostriatal circuit of HD
mouse models suggest that therapeutic strategies in human HD must be targeted to different
molecular mechanisms in prodromal, early and late HD. The prominent cognitive and mood
changes that occur in the prodromal and early stages of HD may largely reflect neuronal
dysfunction, suggesting a critical role for altered firing and glutamate release from cortical
afferents onto striatal MSNSs, as well as altered trafficking of MSN neurotransmitter
receptors and changes in DA modulation. The late stages of HD are characterized by
combinations of neuronal dysfunction and degenerative changes in cortex and striatum. In
future studies, it will be important to determine more precisely which components of the
altered circuit contribute to deficits in learning, memory and mood in the early stages,
because development of more specific therapies for these symptoms would significantly
improve quality of life in affected individuals. Moreover, it will be critical to identify the
earliest molecular mechanisms that lead to neuronal dysfunction and death in order to
develop therapies that can delay onset of overt HD.

Highlights
1. Understanding mechanisms of HD pathology using genetic animal models

2. Timeline of electrophysiological alterations in cerebral cortex and striatum are
different

3. Role of extrasynaptic NMDA receptors in early pathogenesis

4. Alterations in intracellular signaling systems differ for synaptic and
extrasynaptic receptors in prodromal and early stages of Huntington’s disease
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Figure 1.

Diagrammatic summary of time- and regional-dependent changes in excitation and
inhibition in mouse models of HD. The left panels show the basic simplified microcircuits in
the cortex (top) and striatum (bottom). The middle panels show changes in excitation and
inhibition in early HD for cortex and striatum and the right panels show changes in
excitation and inhibition in late HD. The basic microcircuit for the cortex (left top panel)
shows excitatory input to pyramidal neurons from external inputs (primarily thalamus),
intracortical excitatory connections from other pyramidal neurons and inhibitory input from
interneurons. In early HD (top middle panel) there is an increase in inhibitory input with
little change in excitatory input to pyramidal neurons. As indicated in the text, if inhibitory
input is blocked there is a release of excitation (Cummings et al., 2009). In late HD there is a
marked decrease in inhibitory inputs to pyramidal neurons and a concomitant increase in
excitation. The basic circuit for the striatum (left bottom panel) shows MSNs of the direct
(D1) and indirect (D2) pathways, their excitatory inputs (from cortex and thalamus), their
inhibitory inputs from striatal interneurons and DA inputs from SNc (blue). The arrows in
the left panel indicate that DA effects on D1 MSNs are facilitating, increasing inputs while
those on D2 MSNs are attenuating, decreasing inputs. In early HD the DA inputs to D1
MSNSs increase both excitatory and inhibitory inputs via a presynaptic effect. In contrast
there is a decrease in D2 receptor function on indirect pathway MSNs, but no net
presynaptic change. An increase in evoked EPSCs occurs that is probably mediated
postsynaptically. In late HD there is a decrease in excitation to both D1 and D2 MSNs which
is probably due to a disconnection from excitatory synaptic inputs. There also is an increase
in inhibitory input, but only to D2 MSNs. These effects are explained further in the text.
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Figure 2.

Model of mutant htt induced synaptic dysfunction in HD. Aberrant glutamate release from
cortical and thalamic afferents stimulates postsynaptic and Ex-NMDARs on MSNs.
Overactivation of Ex-NMDARSs also may be facilitated by deficits in glutamate uptake by
the transporter GLT-1 on astrocytes. The mutant htt protein affects multiple cellular
processes such as Ca2* homeostasis, mitochondria function, transcriptional regulation,
protein-protein interactions and vesicular transport of proteins including neurotransmitter
receptors. Mutant htt also affects group 1 metabotropic receptor signalling such that ER 1P3
receptor activation and release of intracellular Ca2* is increased. HD is also associated with
decreased synaptic NMDAR stability and increased expression, function and signalling of
Ex-NMDARs. Posttranslational modifications and altered protein interactions may facilitate
synaptic NMDAR instability. For example, increased Ca2* levels activating calcineurin may
lead to increased activation of STEP in the PSD, which dephosphorylates the GIuN2B
Y1472 residue and mediates lateral diffusion to extrasynaptic sites. It is postulated that
enhanced Ex-NMDAR stability may be mediated by increased binding to scaffolding
proteins such as PSD-95. Ex-NMDAR stimulation leads to downregulation of pro-survival
signalling such as CREB-mediated gene transcription, decreased mutant htt inclusion
formation, and increased activation of pro-apoptotic signalling that facilitates further
neuronal dysfunction and neurodegeneration.
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