Chapter 10
The Role of Astrocytes in Huntington’s Disease

Michelle Gray

Abstract Huntington’s disease (HD) is a progressive autosomal dominant neurode-
generative disorder characterized by psychiatric disturbances, cognitive impairment
and choreiform movements. It is caused by a repeat expansion in the gene encoding
the widely expressed protein HTT. This protein is present throughout the nervous sys-
tem in neuronal and non-neuronal cell types. The mutant HTT (mHTT) protein has
been implicated in multiple cellular processes. To date, however, no single mecha-
nism has been shown to be the primary mechanism that leads to neuronal dysfunction
and death. Instead, it is believed that multiple mechanisms together may contribute
to HD pathogenesis. At present, there is no effective neuroprotective treatment for
HD. Although mHTT is found in astrocytes, most of the focus to date has been on
understanding processes that may be dysfunctional in neurons. Nonetheless, there
is substantial evidence for abnormal astrocytes in HD. In this chapter we present a
review of the current understanding of astrocyte involvement in HD. We describe
observations made in HD patients concerning morphological and molecular changes
in astrocytes as disease progresses. Additionally, we describe the recapitulation of
some of the phenotypes observed in HD patients in various mouse models expressing
the mHTT protein. Together, the data from patients and the mouse models strongly
implicate astrocyte-specific mechanisms as players in the pathogenesis of HD.
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GS Glutamine synthetase

HD Huntington’s disease

Hdh Huntington disease homologue
HTT  Huntingtin

MAP2 Microtubule associated protein
MRI  Magnetic resonance imaging
MSN  Medium spiny neurons

PC Pyruvate carboxylase

PET Positron emission tomography
polyQ Polyglutamine

TCA  Tricarboxylic acid cycle

10.1 Introduction

Huntington’s Disease (HD) is a progressive and fatal neurodegenerative disorder
characterized by motor dysfunction, psychiatric disturbances and cognitive impair-
ment for which we have no neuroprotective therapies. The age of onset of HD is in
the mid-forties, with death usually occurring 15-20 years after diagnosis (Gomez-
Tortosa et al. 2001). The first published clinical description of HD was by George
Huntington in 1872 in which he described sufferers of this disease quite accurately
(Huntington 2003). He described a “hereditary chorea” where chorea is defined
by “dancing propensities”, and “with no loss of volition attending these contrac-
tions....the will is there, but its power to perform is deficient”. He noted that the
disease appeared hereditary in nature, with a tendency to insanity and suicide and
that it manifested in adult life (Huntington 2003).

These descriptions of the disease, which now bears his name, have stood the test
of time with more information having been added over time. To date, the clinical di-
agnosis of HD is based on the development of the classic movement deficit, chorea,
which can present in combination with other movement deficits, including dystonia
and bradykinesia. While the motor symptoms are the most visible symptoms of HD,
the cognitive and behavioral problems are also very prominent in this disease. The
cognitive changes can manifest early in the disease process and can include deficits
in emotional recognition, time production, and speed of initiating thought processes
(Hinton et al. 2007). HD patients also display changes in learning and working
memory (Solomon et al. 2007). They have difficulties in learning new information
and in memory recall (Montoya et al. 2006).

10.2 Huntington’s Disease Genetics

HD is one of the most common single gene dominantly-inherited neurodegenerative
disorders. While it is rare, meta-analysis of studies of prevalence worldwide shows
it affects 2—3 persons per 100,000. In areas with populations largely of European
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descent, the overall prevalence is 5-6 persons per 100,000 (Pringsheim et al. 2012).
HD is caused by a repeat expansion in the highly conserved huntingtin (H77) gene
(Group 1993). The triplet repeat, cytosine-adenosine-guanine (CAG), is found in
exon | of the gene and encodes glutamine. The disease allele results in the produc-
tion of an expanded polyglutamine (polyQ) stretch in the N-terminal portion of the
large 3144 amino acid protein (Group 1993; Zoghbi and Orr 2000). When someone
carries a CAG stretch with less than 35, repeats there is no risk for getting HD.
Alleles with CAG repeat lengths in the 3640 range are incompletely penetrant.
Those persons with CAG repeat lengths in this range will likely not develop HD
symptoms, but if they do, it tends to be at a very advanced age (Snell et al. 1993;
Rubinsztein et al. 1996; Quarrell et al. 2007). When the CAG repeat expansion is
greater than 40, the carriers will develop HD (Andrew et al. 1993; Group 1993;
Zoghbi and Orr 2000). The average age of onset in HD is in the mid- forties and is
inversely correlated to the length of the CAG repeat expansion in HD (Duyao et al.
1993; Zoghbi and Orr 2000).

10.3 Huntingtin Expression and Huntington’s Disease
Neuropathology

The HTT protein is expressed throughout the nervous system (Landwehrmeyer
et al. 1995; Schilling et al. 1995; Sharp et al. 1995). It can be found in neuronal as
well as non-neuronal cell types (Singhrao et al. 1998). While the mutant protein
is found in cells throughout the nervous system, the classic HD neuropathology is
characterized by degeneration of the y-aminobutyric acid (GABA)ergic medium
spiny neurons (MSNs) in the striatum, with the vast majority of these cells degen-
erating at advanced stages of disease (Fig. 10.1; Vonsattel and DiFiglia 1998). HD
disease grades are determined post-mortem based on the degree of striatal degener-
ation, with little degeneration assigned as Grade 0 and the most severe atrophy and
degeneration assigned to Grade 4 with ~95 % of neurons lost in the striatum (Von-
sattel et al. 1985). Within the striatum itself, the earliest degeneration is observed
in the tail of the caudate nucleus, and progresses in a caudal to rostral and dorsal to
ventral gradient. There is also selectivity with MSNs based on neurochemical and
anatomical features, with the MSNs expressing enkaphalin and dopamine receptor
D2 (and projecting to the globus pallidus and substantia nigra pars reticulata) be-
ing lost earlier than MSNs expressing dopamine receptor D1 (Vonsattel et al. 1985;
Richfield et al. 1995). Magnetic resonance imaging, positron emission tomography,
and computed tomography have been used to image brains of presymptomatic H77T
mutation carriers. Atrophy of the striatum is shown prior to overt motor symptoms
and a clinical diagnosis of HD (Aylward et al. 2000). These studies also helped to
confirm degeneration of extra-striatal regions, with the cortex being the next most
affected brain region in HD. There is significant cortical atrophy that can be de-
tected early in disease (Rosas et al. 2003, 2005). There is degeneration of cortical
pyramidal neurons especially those in cortical layers III, V and VI, including those
that project directly to the striatum (Hedreen et al. 1991; Halliday et al. 1998). The



216 M. Gray

Fig. 10.1 Post mortem
human brain at the level

of the caudate-putamen.
Coronal brain sections taken
through the caudate-putamen
of a normal (/eff) and a
Huntington’s disease patient
(right). The Huntington’s
disease brain on the right
shows degeneration of the
caudate nucleus adjacent to
the lateral ventricle, which
has enlarged in response to
the striatal atrophy. (Courtesy
of J-P. Vonsattel. Reproduced
from Alexi et al. (2000), with
permission from Elsevier)

atrophy of these structures seems to appear long before the onset of overt motor
dysfunction, as the imaging studies demonstrate atrophy prior to clinical diagnosis.
Although HD affects most prominently the MSNs in the striatum, there is also sig-
nificant atrophy of other brain regions as disease progresses, including the nucleus
accumbens, globus pallidus, thalamus, and parts of the hypothalamus (Kremer et al.
1991; Tabrizi et al. 2009; van den Bogaard et al. 2011).

As with many other neurodegenerative diseases, another hallmark of HD is
the progressive aggregation or inclusion body formation of mutant HTT (mHTT).
These aggregates/inclusions were initially identified in a mouse model harboring
an expanding CAG repeat stretch within exonl of a human HTT transgene (Davies
et al. 1997). Subsequently, these inclusions were identified in the neurons of HD
patients (DiFiglia et al. 1997). The initial descriptions of these inclusions in HD tis-
sue largely identified them as neuronal in nature, cytoplasmic/neuropil with a few
intranuclear locations, and found primarily in gray matter (Gutekunst et al. 1999).
The largest number of inclusions identified in patient tissue in those studies was ob-
served in the deeper cortical layers, with many fewer and much smaller inclusions
found in the striatum.

10.4 Cell Autonomous and Non-cell Autonomous Toxicity
in Huntington’s Disease

The most prominent area of neurodegeneration in HD is the striatum. The dysfunc-
tion of the MSNS in this region and their ultimate degeneration is at the core of the
motor abnormalities that exist in this disease. The striatum is the central input area
of the basal ganglia, receiving excitatory glutamatergic input from both the cortex
and thalamus and dopaminergic input from the substantia nigra (Graybiel 1990;
Wilson et al. 1990; Bolam et al. 2000). Although the mHTT protein is expressed
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throughout the nervous system, much of the focus of HD research has been in the
striatum. However, a series of studies in mice demonstrates the importance of other
cell types in HD and their effect on neuropathological and behavioral manifesta-
tions of disease phenotypes in mice. There is clear evidence for non-cell autono-
mous mechanisms of toxicity in HD. In a mouse model with inducible expression of
amHTT-exonl fragment (the Rosa/HD mouse), induction of expression throughout
the brain (using Nestin-Cre) in neurons and glia results in neuropathological abnor-
malities, including gliosis and neurodegenerative changes in cortex and striatum.
However, when the expression of mHTT expression was restricted to the cortex
(using Emx1-Cre) or the striatum alone (using DIx5/6-Cre), there were no signifi-
cant behavioral or neuropathological changes at the ages examined (Gu et al. 2005,
2007). In another model, conditionally expressing a different mHTT fragment in
MSNs under the control of the Darpp32 promoter (DES mice), there is late onset
motor abnormalities but no evidence of neurodegenerative changes (Brown et al.
2008), whereas mice expressing this fragment throughout the brain showed exten-
sive neuropathological changes (Yu et al. 2003).

10.5 Huntingtin Expression in Astrocytes

10.5.1 Expression in Human Astrocytes

The HTT protein is found throughout the nervous system. The majority of studies
of pathogenesis in HD has centered on its dysfunction in neurons. However, RNA
in situ hybridization identified positive signal in astrocytes from normal brain tissue
(Landwehrmeyer et al. 1995). Furthermore, brain tissue from HD patients that was
stained with antibodies to HTT and glial fibrillary acidic protein (GFAP) revealed
the presence of HTT in astrocytes (Singhrao et al. 1998), although to a lesser degree
than what is seen in neurons. Astrocytes in various brain regions, including the
striatum (caudate nucleus and putamen), as well as white matter from HD patients,
also contained mHTT positive aggregates (Singhrao et al. 1998; Shin et al. 2005;
Bradford et al. 2009; Faideau et al. 2010).

The Htt protein is also found in astrocytes from mice (Bradford et al. 2009; Lee
et al. 2013). The normal function of this protein in astrocytes remains to be com-
pletely elucidated. However, in mouse Hdh (encoding endogenous mouse hunting-
tin) knock-out neural stem cells treated using a neuronal differentiation protocol,
there was a significant increase in the number of GFAP positive cells and a decrease
in the number of microtubule associated protein 2 positive neurons when compared
to control cultures. This finding suggests that wildtype Htt is involved in controlling
the differentiation of neuronal and glial cells and that production of neurons from
neural stem cells requires a normal level of wildtype Htt (Conforti et al. 2013). This
data is in line with previous studies showing that wildtype Htt plays a role in central
nervous system development and neuronal survival (Reiner et al. 2003; Lo Sardo
et al. 2012). The wildtype Htt expressed in these stem cells could be acting in an



218 M. Gray

instructive or repressive role to promote neuronal fate and/or repress the glial fate.
However, the exact role of wildtype Htt in astrocytes in the nervous system will
need to be further assessed in conditional knock-in mouse models, where one can
specifically reduce the expression of endogenous Htt only in astrocytes.

10.5.2 Expression in Mouse Astrocytes

Mutant HTT positive aggregates are found in astrocytes in the brains of HD mouse
models. These mice contain aggregates in the white matter as well as the gray matter
(Reddy et al. 1998; Yu et al. 2003; Shin et al. 2005). Like the aggregation found in
neurons in these mice, aggregation in the astrocytes also appears to be progressive,
with the number of mHTT aggregates increasing as the animal ages. The aggregates
are found not only in the striatum and cortex of these mice, but also in the corpus
callosum (Shin et al. 2005; Bradford et al. 2010). In addition, in a mouse model
expressing a fragment of mHTT only in astrocytes, driven by the human GFAP
promoter, there are aggregates in the astrocytes in the cortex, striatum, brainstem,
and spinal cord (Bradford et al. 2009).

10.6 Astrogliosis in Huntington’s Disease

10.6.1 Humans

One prominent feature found upon neuropathological examination of HD patient
tissue is the presence of astrogliosis (Vonsattel et al. 1985; Faideau et al. 2010)
(Fig. 10.2). In neurodegeneration, it is generally believed that astrogliosis is a re-
sponse to dysfunction or death of neurons. In HD patient brains, there is a sig-
nificant increase in the number of reactive astrocytes as disease grade (neuropatho-
logical severity) increases (0—4). Astrogliosis was assessed in striatal tissue from
all disease grades using GFAP immunohistochemistry. These studies reveal that
GFAP immunoreactivity is present throughout the striatum in all disease grades.
Furthermore, the GFAP level seems to increase as a larger number of astrocytes
are expressing GFAP as disease grade increases (Faideau et al. 2010). The pattern
of astrogliosis in the striatal tissue from these patients seems to follow the pattern
of neurodegeneration, where it is first seen in the dorsal striatum and then in the
ventral striatum. Since the dorsal striatal astrogliosis is so early in the disease pro-
cess (Grade 0), at least as far as obvious neuropathological changes are seen, this
suggests that there is likely a cell-autonomous change in the astrocyte. The increase
in GFAP staining intensity exists with characteristic reactive astrocytic phenotypes,
including hypertrophic cell bodies. As disease progresses, the reactive phenotype
becomes more severe with hypertrophic and overlapping protrusions from the as-
trocytes (Fig. 10.2; Faideau et al. 2010).
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Fig. 10.2 GFAP immunohistochemistry in 50 um tissue sections from the caudate nucleus in non-
neurological control (a), and in increasingly severe HD specimens, Grades 0—4, Grade 0 (b), Grade
1 (¢), Grade 2 (d), Grade 3 (e) and Grade 4 (f) HD subjects. Normal astrocytes present as faintly
GFAP-stained cells with a short lace-like branching pattern distributed symmetrically around the
cell soma. With increasing disease progression, there was greater GFAP immunoreactivity, twist-
ing and thickened arbors, with larger somal size. The degree of astrogliosis became so great as
to mask their individual appearance. The magnification bar in (a) represents 100 um and is the
same in all photomicrographs. (Reproduced with permission from Faideau et al. (2010); Oxford
University Press)

10.6.2 Mouse Models

The reactive astrocyte phenotype has been observed in many of the mouse models
expressing mHTT. Neuropathologically, these models display varying degrees of
pathological changes, with region atrophy, cellular atrophy, dark neuron degenera-
tive changes, and mHTT aggregation. There are multiple mouse models that ex-
press some form of the mutant protein, either a full-length or truncated protein by
either a knock-in or transgenic approach. Many of these models also display some
degree of astrogliosis. In the RosaHD/Nestin-Cre model, which expresses mHTT
throughout the nervous system in both neurons and glia, there is significant astro-
gliosis in the cortex and striatum (Gu et al. 2005). Studies of astrogliosis in models
where the mHTT protein is expressed in the cortex with RosaHD/Emx1-Cre and
striatum with RosaHD/DIx5/6-Cre revealed no significant astrogliosis when mHTT
was restricted to neurons (Gu et al. 2005, 2007). The data from these models sug-
gested that cell-cell interactions were important for the development of the reactive
astrocyte phenotype.



220 M. Gray

In the mouse model HTT171-82Q, where mHTT expression was targeted to as-
trocytes in the striatum through lentiviral expression, there was an increase in GFAP
staining and astrocytes exhibiting a reactive phenotype. This phenotype increased
in severity as the animal aged, with an increased astrocyte soma size (Faideau et al.
2010). This indicates a cell-autonomous effect of the mHTT protein within astro-
cytes, as this reactive phenotype is not due to the expression of mHTT in neurons.
This data reinforces the idea that reactive gliosis is not merely a consequence or re-
sponse to sick or degenerating neurons in neurodegenerative diseases. In the knock-
in mouse model, Hdh CAG 150, there is extensive astrogliosis in the striatum (Lin
et al. 2001). Together, these mice demonstrate that the reactive astrocyte phenotype
can be elicited from expression of mHTT specifically in the astrocytes or observed
when mHTT expression is also found in neurons; therefore the mHTT protein is
able to elicit both cell-autonomous and non-cell autonomous phenotypes.

10.7 Excitotoxicity in Huntington’s Disease

There are many possible mechanisms that may contribute to toxicity in HD; one of
these is excitotoxicity. Excitotoxicity leading to neuronal dysfunction and death is
caused by excessive activation of glutamate-gated N-methyl D-aspartate receptors
(NMDARS) due to increased exposure to glutamate. This leads to Ca®" overload
and mitochondria energy failure (Coyle and Puttfarcken 1993). This mechanism
had been hypothesized for HD many decades ago. In HD, this mechanism has pri-
marily focused on the cortico-striatal synapse, with the pre and post-synaptic neu-
ron receiving the most attention. The MSNSs in the striatum receive glutamatergic
excitatory input from both the cortex and thalamus (Fonnum et al. 1981a, b). The
excitotoxicity hypothesis of HD pathogenesis is supported by the existence of these
extensive inputs and the presence of high densities of glutamatergic receptors in
striatal neurons (Albin et al. 1990; Beal 1994; Landwehrmeyer et al. 1995). Many
of the initial studies in HD used excitotoxins to mimic HD pathology. One of the
first rodent models of HD used injections of the excitotoxin kainic acid into the stri-
atum to selectively destroy MSNs (Coyle and Schwarcz 1976; McGeer and McGeer
1976). Quinolinic acid, a selective NMDAR agonist, was also used to replicate
the features of HD including selective degeneration and morphological changes
in MSNs, including loss of dendritic spines in rodents and non-human primates
(Sanberg et al. 1989; Beal et al. 1991; Ferrante et al. 1993; Zeron et al. 2002). This
selective NMDAR agonist produced specific toxicities for striatal MSNs, without
causing degeneration of striatal interneurons, further reinforcing the idea that ex-
citotoxicity caused by activation of NMDARS is an important mechanism in HD.
The excitotoxicity hypothesis is further supported by data from multiple HD
mouse models. There is increased response of MSNs to NMDAR activation. When
quinolinic acid was injected into the YAC72 and YAC128 mice, there was a sig-
nificant difference in lesion size as compared to wildtype mice, although as disease
progressed in these models, this phenotype did not persist in older mice (Zeron
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et al. 2002; Graham et al. 2009). Furthermore, there is increased glutamate level in
the striatum of YAC128 mice upon cortical stimulation (Joshi et al. 2009), although
other studies suggest no such change in young YAC128 mice not yet displaying
behavioral or neuropathological features of HD (Milnerwood and Raymond 2007,
Cummings et al. 2010). These data support the hypothesis that altered NMDAR
function early in the course of disease in these mouse models, and altered striatal
NMDAR signaling likely contributes to the deficits seen in HD.

10.8 EAAT?2 Expression and Glutamate Level

10.8.1 Humans

The glutamate transporter is critical for regulating glutamate levels at the synapse.
The uptake of glutamate and its conversion into glutamine reduces the level of glu-
tamate in the synaptic space. In support of the excitotoxicity hypothesis, HD brains
show a decrease in the level of the excitatory amino acid transporter 2 (EAAT?2;
human)/Glutamate transporter 1 (GLT-1; rodent) (Cross et al. 1986; Arzberger
et al. 1997). In situ hybridization studies on HD brain tissue revealed a decrease
in EAAT2 mRNA labeling that correlated with disease severity (Arzberger et al.
1997). In the tissue, a decrease in the number of cells expressing EAAT2 mRNA
was seen in the remaining tissue of both the caudate and putamen, although the
putamen seemed to have the greater decrease. In addition, immunohistochemistry
performed on grade O to grade 4 tissues with an EAAT2/GLT-1 antibody revealed a
grade-dependent decrease in protein levels (Faideau et al. 2010). This data reveals
that there is a loss of EAAT? early in the disease process, which can implicate the
transporter as a primary component in the initiation of disease. To properly main-
tain synaptic function and glutamate neurotransmission, there must be coordinated
activity of the pre- and post-synaptic cells, but also the astrocyte. The role of this
transporter in astrocytes is to remove glutamate from the synaptic cleft after it is
released (Danbolt 2001; Maragakis and Rothstein 2001). With excitotoxicity as one
of the proposed toxic mechanisms in HD, due to increased levels of glutamate in
striatal tissue that is hypothesized to come from the cortico-striatal inputs, the abil-
ity to efficiently uptake glutamate from the synaptic space is of vital importance.

10.8.2 Mouse Models

Based on the decrease in the level of the astrocyte-specific glutamate transporter
EAAT2/GLT-1, this has been a major focus of studies aimed at understanding as-
troyctic contribution to HD. Much of this work has been performed in multiple
mouse models expressing various forms of the mHTT protein. There is a reduction
in the level of G/¢-1 mRNA in the R6/2 mice, which express an exonl fragment with
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an expanded CAG repeat, when compared to littermates (Behrens et al. 2002; Shin
et al. 2005). The decrease in Glt-1 mRNA levels seem progressive as a decrease
can be seen in R6/2 animals in 6 week old animals, in both cortex and striatum,
and further declines at 12 weeks (Behrens et al. 2002). In addition to mRNA levels
in the R6/2 mice, there is a significant reduction in the protein level of GLT-1 at
11-12 weeks of age (Behrens et al. 2002), and although there is a likely a decrease
in protein levels early as well, it does not reach statistical significance (Shin et al.
2005). Glutamate uptake is decreased in the striatum of the R6/2 transgenic model
(Lievens et al. 2001; Behrens et al. 2002; Shin et al. 2005; Estrada-Sanchez et al.
2009). Another mouse model, the Hdh CAG 150 knock-in mouse, did not show a
significant difference in the G/t-1 mRNA at 9 months of age, although there was a
slight reduction in G/t-1 mRNA levels (Shin et al. 2005). This result is likely true
given the slower progression in this full-length mHTT mouse model that exhibits no
obvious neuropathological changes at this age (Lin et al. 2001).

Mice were generated using the human GFAP promoter to specifically express a
mHTT exon 1 fragment carrying 160Q repeat in astrocytes (GFAP-HD) (Bradford
et al. 2009). There is a significant decrease in the level of GLT-1 protein in the
brains and cultured astrocytes from these mice. As a consequence of the decrease in
the levels of Glt-1, there is also decreased glutamate uptake in the GFAP-HD mice
(Bradford et al. 2009). In mice that expressed a mHTT fragment containing 82 CAG
repeats (viral HTT-82Q) specifically in astrocytes using lentiviral vectors, there was
a decrease in the level of G/t-1 mRNA in the striatum of these mice 12 weeks af-
ter injection (Faideau et al. 2010). The level of the Glt-1 protein was assessed by
immunohistochemistry in the mHTT positive astrocytes and showed a significant
and progressive decrease in the striatum. Interestingly, there was also a decrease in
GLAST, but this was not significant until late in the disease process in this animal.
Glutamate transport was also decreased in the astrocyte HTT171-82Q expressing
mice, and no decrease in glutamate transport or Glt-1 levels was observed with
neuronal expression of the HTT171-82Q (Faideau et al. 2010). Perhaps the most
interesting observation from these mice was the decrease in the levels of two neu-
ronal proteins DARPP-32 and GluN2B subunits of NMDARs, thus indicating that
the presence of mHTT in astrocytes is likely sufficient to alter neuronal activity and
function. The exact mechanism whereby the mHTT in the astrocytes caused the de-
crease in the levels of these proteins is unclear, but implicates the inability of GLT-1
to properly buffer extracellular glutamate as a possible mechanism for decreased
expression of DARPP-32 and GluN2B in neurons.

The mechanism for decreases in GLT-1 levels in the mouse models include a
change in Spl-dependent transcription of G/#-/ and palmitoylation of GLT-1. In
mHTT expressing astrocytes from GFAP-HD transgenic mice, there is a reduction
of the transcription factor Spl occupancy at the G/¢-/ promoter as compared to lit-
termate controls (Bradford et al. 2009). This reduction in this model is likely due
to increased association of mHTT with Spl as shown by more mHTT precipitating
with Sp1 than with HTT with a polyQ repeat in the normal range (Bradford et al.
2009). The YAC128 model expresses full-length human mHTT and recapitulates
aspects of HD neuropathology and behavior that becomes progressively worse as
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the animal ages (Hodgson et al. 1999; Slow et al. 2003). There does not appear to
be a decrease in the levels of GLT-1 protein in the brain of these mice, even as
disease progresses. Interestingly, glutamate uptake was decreased in the striatum of
these mice as early as 3 months of age, and at 12 months is also seen in the cortex
(Huang et al. 2010). EAAT?2 was identified in a proteomics study of palmitoylation
(Kang et al. 2008), which involves the thioesterification of palmitic acid to cysteine
residues and functions in tethering proteins to membranes or sorting them to lipid
microdomains. Palmitoylation was reduced on GLT-1 in the brains of YAC128 mice
(Huang et al. 2010). The decrease in palmitoylation of GLT-1 was found to impair
glutamate uptake without affecting is localization to the membrane. Thus, exactly
how palmitoylation affects the function of this receptor is still up for debate; none-
theless, these data provide two mechanisms for decreased GLT-1 levels and activity
in HD mouse models.

With the alterations in GLT-1, studies have been performed to determine if in-
creasing the expression of GLT-1 would alleviate phenotypes caused by the pres-
ence of mHTT. When Glt-1 was overexpressed by using a lentiviral vector in
astrocytes also expressing HTT-171-82Q), the level of GLT-1 increased and the
reactive astrocyte previously seen in those mice significantly decreased (Faideau
et al. 2010). Furthermore, the use of ceftriaxone, a f-lactam antibiotic in R6/2 mice
raised Glt-1 levels and reversed the glutamate uptake deficit in these mice. Ceftri-
axone has improved some of the motor deficits found in the R6/2 mice. However,
use of ceftriaxone must be approached with caution as it has been found to affect
long term-depression in the hippocampus (Omrani et al. 2009) and impairs prepulse
inhibition (Bellesi et al. 2009). Nonetheless, while the appropriate approach to take
has yet to be determined, increasing the levels of GLT-1 in HD may have beneficial
effects on glutamate uptake deficit and motor impairment.

10.9 Glutamate Release from Mutant HTT Expressing
Astrocytes

Much of the study in HD on astrocytes centers around the decrease in EAAT2/
Glt-1 levels, and the ability of the astrocyte to take up excess glutamate from the
synaptic cleft, and how that may contribute to excitotoxicity. However, there has
been a lack of appreciation for the ability of the astrocyte to release glutamate and
whether that ability is changed in HD. The astrocyte is the only cell in the brain
that can synthesize glutamate de novo (Hertz et al. 1999). It is capable of releasing
glutamate through various mechanisms, including but not limited to Ca?* dependent
vesicular exocytosis (Parpura and Zorec 2010). Glutamate released from astrocytes
has been shown to act on extrasynaptic NMDARs to modulate neuronal excitability
and synaptic transmission (Araque et al. 1999; Fellin et al. 2004). Based on this
ability of astrocytes to modulate neuronal excitability, it is possible that a change in
this function due to the presence of mHTT in astrocytes could contribute to changes
in the activity at the most critical excitatory synapses in the brains of HD patients.
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To date, only one study has been performed to determine whether mHTT ex-
pression in astrocytes had any affect on the levels of Ca*-dependent glutamate
release (Lee et al. 2013). This study used cultured solitary astrocytes from the full-
length human mHTT expressing BACHD mouse. This study employed a previously
validated system where astrocytes were first grown in culture flasks and purified
solitary astrocytes were then mechanically stimulated resulting in glutamate release
(Hua et al. 2004). Mechanical stimulation of astrocytes allows one to assess the
exocytotic release of glutamate (Montana et al. 2004). Mechanical stimulation of
full-length mHTT-containing cortical astrocytes from BACHD mice resulted in
an increase in the level of glutamate released into the extracellular space near the
solitary astrocytes as compared to wildtype astrocytes (Lee et al. 2013). Astrocytes
exhibiting Ca?*-dependent exocytotic release of glutamate do so by increased cy-
tosolic Ca®" responses, which are usually in proportion to the level of glutamate
released from these cells (Parpura and Haydon 2000). While these BACHD cells re-
sponded to mechanical stimulation with a rise in cytosolic Ca®* levels, there was not
a significant difference between wildtype and full-length mHTT expressing cortical
astrocytes in cytosolic Ca** levels upon mechanical stimulation.

Multiple mechanisms could account for the change in levels of glutamate released
from astrocytes. These include the trafficking of glutamate containing vesicles and
glutamate synthesizing machinery within these cells. However, analysis of gluta-
mate containing vesicles revealed no change in mHTT expressing astrocytes when
compared to wildtype astrocyte, suggesting other mechanisms are involved to cause
the increase in levels of glutamate released from these astrocytes.

Glutamate can be synthesized in astrocytes de novo as a by-product of the
tricarboxylic acid cycle. In addition, a decrease in the enzyme glutamine synthetase
could result in an increase in the levels of glutamate present intracellularly in these
astrocytes, which ultimately could contribute to an increase in the amount released.
Further examination of these mHTT expressing astrocytes revealed an increase in
the level of the mitochondria resident enzyme pyruvate carboxylase and no change
in the glutamine synthetase. The increase in pyruvate carboxylase provides a mech-
anism for the increase in glutamate released from these cortical astrocytes. The
exact mechanism leading to the increase in pyruvate carboxylase remains to be
elucidated and validated in patient samples.

Concluding Remarks

The importance of astrocytes in HD has yet to be fully uncovered. While the
presence of reactive astrocytes has been found in post-mortem tissue and seems
to progress with age, whether this phenotype is truly an intrinsic phenotype or a
response to the neuronal changes in HD brains remains to be completely deter-
mined. The astrocyte functions in and impacts a variety of processes in the brain.
The uptake of excess glutamate from the synaptic space by astrocytes is critical to
proper neural circuit function, and its decreased uptake in HD could contribute to
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disease pathogenesis. Both the levels of the receptor responsible for this uptake into
astrocytes and post-translational modification of the receptor are likely important
mechanisms that could contribute to excitotoxicity. The recent identification of an
increase in the levels of glutamate released from mHTT expressing cortical astro-
cytes also provides another mechanism whereby mHTT in astrocytes could lead to
excitotoxicity. Although neurotransmitter uptake/levels have been widely studied,
many of the processes that astrocytes are involved in have not been fully explored in
HD. These processes, including the release of glutamate (Lee et al. 2013), astrocyte
roles in inflammatory response (Benveniste 1992; Soulet and Cicchetti 2011), and
sleep (also abnormal in HD) (Fellin et al. 2012; Morton 2013), need further explora-
tion. More study of these astrocytic processes in HD will require the manipulation
of normal HTT and mHTT in both cell and animal models of HD. Many of these
studies can likely be performed using the many genetic models of expressing mHTT
that have been generated to date. However, proper performance and interpretation
of these studies will require cooperation of expert glial biologists and those focused
on the elucidation of pathogenic mechanisms in HD.
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