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Abstract
Huntington’s Disease (HD) is a fatally inherited neurodegenerative disorder caused by an
expanded glutamine repeat in the N-terminal region of the huntingtin (HTT) protein. The result is
a progressively worsening triad of cognitive, emotional, and motor alterations that typically begin
in adulthood and end in death 10-20 years later. Autopsy of HD patients indicates massive cell
loss in the striatum and its main source of input, the cerebral cortex. Further studies of HD patients
and transgenic animal models of HD indicate that corticostriatal neuronal processing is altered
long before neuronal death takes place. In fact, altered neuronal function appears to be the primary
driver of the HD behavioral phenotype, and dysregulation of glutamate, the excitatory amino acid
released by corticostriatal afferents, is believed to play a critical role. Although mutant HTT
interferes with the operation of multiple proteins related to glutamate transmission, consistent
evidence links the expression of mutant HTT with reduced activity of glutamate transporter 1
(rodent GLT1 or human EAAT2), the astrocytic protein responsible for the bulk of glutamate
uptake. Here, we review corticostriatal dysfunction in HD and focus on GLT1 and its expression
in astrocytes as a possible therapeutic target.
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Huntington’s disease (HD) is an autosomal dominant, neurodegenerative disorder that
afflicts approximately 1 in 10,000 individuals of European descent but with a slightly lower
incidence among other populations [1]. The underlying cause is a mutation in the huntingtin
gene (htt, initially termed “IT15”), located in the 4p16.3 region of the short arm of
chromosome 4 [2,3]. Although htt contains 67 exons, most research has focused on the first
exon because it is the site of the HD mutation [4]. Normally, this exon contains between 3
and 30 repeats of the nucleotide triplet CAG, which is translated into a poly-glutamine
peptide segment (poly-Q). The final product is a protein of 3,144 amino acids, with a poly-Q
region of variable length at the N-terminal site. In HD, the number of CAG repeats often
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exceeds 35 with full penetrance occurring above 39 [2]. Generally, as the number of CAG
repeats increases, the age of onset decreases. Individuals carrying 40 CAG repeats, for
example, are likely to show the first signs of HD at 35-40 years of age, but two or three
fewer repeats may delay onset by 20 or more years. Interestingly, a childhood or juvenile
variant of HD emerges at more than 50 CAG repeats. In this case, transmission is
predominantly paternal with maternal transmission accounting for only ~ 20% of juvenile
HD cases [5, 6]. In fact, a progressive increase in CAG repeats across generations, a
phenomenon known as anticipation, appears to represent an effect of HD on
spermatogenesis [7]. But CAG repeat length is not the sole determinant of age of onset since
environmental factors and genetic variations are also involved [8-13].

The physiological role of the huntingtin protein (HTT) is complex owing to its multiple
functions, including vesicular transport, modulation of the synthesis and release of brain
derived neurotrophic factor (BDNF), as well as transcription factor activity [for review see
[14]. HTT is ubiquitously expressed throughout the body, with no difference in expression
between peripheral tissues and the central nervous system [15,16]. The most prominent
feature of HD, however, is brain degeneration, particularly the caudate nucleus-putamen
(striatum) and cerebral cortex (see below).

Juvenile and Adult Huntington’s Disease
Juvenile HD represents <10% of all HD cases and occurs when mutant HTT contains more
than 50 glutamine repeats. The first signs are observed before age 20. Carried to an extreme,
a very high number of CAG repeats (210-250) has a reported age of onset of 18 months, but
such cases are rare [17,18]. Psychiatric disturbances and behavioral problems precede the
development of motor alterations, which are mainly manifest as bradykinesia and rigidity,
but may also include dysarthria, hyperreflexia and occulomotor disturbances. Juvenile HD
patients also show a progressive decline in cognitive abilities and eventually dementia
[19,20]. Epileptic seizures are common. Thus, the overall picture of juvenile HD is an
accelerated mental and physical deterioration that leads to death between 7-10 years after
symptom onset. In contrast, adult HD follows three well-defined phenotypic stages with an
approximate duration of 10-20 years, with a typical onset at middle age (~ 40 years old)
[20]. In the first stage, HD patients are likely to show depression, mood alterations,
behavioral abnormalities, and changes in personality. Mild cognitive and motor
abnormalities also begin to emerge and then worsen over time [21]. Cognitive impairments
first appear in relation to complex tasks, but eventually include loss of memory, language
disturbances, and finally, dementia. During the second or hyperkinetic stage, motor
abnormalities, commonly known as “chorea,” become the defining feature of HD and are
manifest as exaggerations of gesture and abrupt, spontaneous movements of the trunk, face,
and limbs. Choreic movements cannot be voluntarily suppressed and worsen during stress.
Skilled movements -- such as gait, speech, and swallowing -- deteriorate; even eating
declines, as HD patients show a marked loss of body weight. Approximately 10 years after
HD onset, the last or akinetic stage emerges, in which chorea is replaced by progressively
worsening bouts of bradykinesia and rigidity. Patients lose the ability to take care of
themselves, and their overall health deteriorates [22]. Pneumonia and heart disease become
the most common cause of death.

HD brains show a 10-20% reduction in weight compared with age-matched controls. The
most striking feature is gross atrophy of the striatum (caudate nucleus and putamen).
Neuropathological analysis of HD postmortem brains indicates five grades of damage [23].
In grade 0, no detectable histological neuropathology is observed. In Grade 1,
neuropathological changes can be detected microscopically with as much as 50% depletion
of striatal neurons. In Grades 2-3, striatal neuronal depletion, marked neuronal atrophy and
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gliosis are progressively observed. In Grade 4, the last and most severe grade, 90% of
striatal neurons are lost. In addition to striatal damage, HD brains show atrophy in cerebral
cortex. HD postmortem brains show selective and progressive loss of pyramidal neurons in
cortical layers III, V and VI as these layers also show reduced thickness [24]. These
alterations are observed broadly across the cerebral cortex, including frontal and parietal
areas [24-26].

Neuropathological studies also revealed the presence of intracellular aggregates in HD
brains. HTT is cleaved by different proteases, and in HD, cleavage of mutant HTT results in
the formation of N-terminal fragments that aggregate and also recruit other proteins, which
may disrupt crucial cellular functions. These aggregates are heterogeneously distributed but
occur prominently in striatum and cerebral cortex [27].

Huntington’s Disease Transgenic Models
Soon after the HD gene was identified, transgenic models were developed in rodents to
identify the mechanisms underlying HD progression. Two broad categories of transgenic
models are available: truncated models, created by insertion of the first exon of the human
mutant htt gene, and full-length models, in which the entire human mutant htt gene is
expressed. In both cases, however, the models also express the endogenous htt alleles. Thus,
the ratio of mutant HTT to HTT is not the same as in human HD patients, raising the
possibility that some cellular alterations in the models may not be an entirely accurate
reflection of human HD. In this regard, the creation of knock-in models in which the CAG
repeats were inserted into the first exon of the endogenous Hdh gene (the murine analog of
htt) may be more accurate because expression of mutant HTT occurs under the control of
endogenous regulatory elements [28].

The first transgenic HD model emerged from the R6 line, which was created by the insertion
of the first exon of human mutant htt carrying either 113 or 156 CAG repeats in R6/1 and
R6/2 mice, respectively. R6 mice develop an aggressive phenotype, which includes the
presence of tremor, reduction in body weight, and susceptibility to epileptic seizures; this
phenotype typically survives for only 3-5 (R6/2) or 10-14 months (R6/1) [29]. Because the
R6 line expresses a robust HD behavioral phenotype that develops rapidly, R6 mice have
been widely used to study the cellular alterations associated with mutant HTT expression.
R6/2 brains, for example, show striatal and cortical atrophy along with the presence of
intracellular and intranuclear aggregates containing the mutant HTT toxic fragment and
several proteins [30]. Other truncated models include the N171-82Q mouse and the
transgenic rat model [31,32]. The N171-82Q mouse expresses cDNA encoding 171 amino
acids of the first exon of htt with 82 CAG repeats. This mouse develops multiple behavioral
abnormalities including loss of coordination, tremor, abnormal gait, and, like the R6 line,
premature death. Intracellular and neuritic aggregates are observed in the brain [31]. The
transgenic rat model carries the mutant htt fragment with 51 CAG repeats and also shows
intracellular aggregates. But unlike the mouse truncated models, the transgenic rat exhibits
an adult-onset neurological phenotype that includes slowly progressive motor dysfunction
[32].

Two full-length HD transgenic models have been developed: the yeast artificial
chromosome (YAC) and the bacterial artificial chromosome (BAC) models. Several
varieties of the YAC model have been created based on the number of CAG repeats:
YAC46, YAC72 and YAC128. In general, all YAC models develop a slowly progressive
behavioral phenotype that varies with the number of CAG repeats, and show progressive
changes in motor control and cognitive dysfunction along with striatal atrophy and
intracellular and nuclear aggregates [33]. The BAC model, with 97 CAG repeats, exhibits
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progressive motor deficits, cortical and striatal atrophy and also the presence of mutant HTT
aggregation [34,35]. Multiple variants of the knock-in model also have been developed:
Hdh/Q72-80 (expressing 72-80 CAG repeats), Hdh Q111 (expressing 111 CAG), and the
CAG140 and CAG150 models [for review see [28]. These models develop a slowly
progressing phenotype, which includes motor alterations, the presence of intracellular
aggregates, and striatal atrophy [28].

Despite the wide range of models and their underlying genetic basis, they all develop
phenotypic and neuropathologic alterations similar to those seen in HD patients, including
the presence of intracellular and intranuclear mutant HTT aggregates and striatal and
cortical atrophy. Likewise, transgenic models also resemble the inverse correlation between
the number of CAG repeats and the severity of the disease. In fact, R6/2 mice which carry
the mutant htt with the highest number of CAG repeats (150) develop an aggressive HD-like
phenotype and premature death, which has been suggested to resemble juvenile HD.

Interestingly, all transgenic models show only a small percentage of neuronal death, which
is largely confined to the late stages of HD progression [28-35]. It is likely, therefore, that
the HD behavioral phenotype emerges from altered neuronal function, which occurs long
before neuronal death (see below).

Overview of the corticostriatal pathway
The cerebral cortex sends glutamatergic projections to the striatum, the main information
processing unit of the basal ganglia. Corticostriatal projections are massive and broad,
arising from all cortical regions [36-38]. Pyramidal neurons in layer V provide the bulk of
cortical input; their axons terminate primarily on the spines of medium (soma size of 15-20
μm) spiny neurons (MSNs), which account for roughly 95% of the striatal neuronal
population; the remainder includes a wide variety of interneurons, which modulate MSN
activity [36]. The striatum also receives glutamatergic projections from thalamus and
dopaminergic input from substantia nigra pars compacta [36]. MSNs release gamma-
aminobutyric acid (GABA) and give rise to the so-called direct and indirect striatal output
systems. The direct system projects to the internal segment of globus pallidus (GPi) and the
substantia nigra pars reticulata (SNr), both of which comprise the output structures of the
basal ganglia and project to select targets in brainstem and thalamus. The indirect system
also targets the GPi and SNr but through synaptic connections in the external segment of the
globus pallidus (GPe) and the subtalamic nucleus (STN). The direct and indirect systems
also can be distinguished on the basis of the neuropeptides and the type of dopamine
receptor expressed by MSN populations. MSNs that form the direct pathway contain
substance P and dynorphin and preferentially express D1-type dopamine receptors, whereas
enkephalin and D2-type dopamine receptors are expressed in MSNs projecting to GPe [37].

The canonical model of basal ganglia function posits that the direct and indirect pathways
act in opposite and parallel ways to adjust the magnitude of GPi/SNr output in order to
inhibit or release movement [38]. According to this model, activation of the direct pathway
leads to disinhibition of the thalamocortical projection and facilitation of motor activity,
whereas activation of the indirect pathway results in a net inhibition of thalamocortical
projections and attenuates movement [38]. Unbalanced activity in these pathways has been
invoked to explain the motor abnormalities associated with basal ganglia damage such as
bradykinesia in Parkinson’s disease or choreic movements in HD. In an admittedly
oversimplified view, an over-active indirect pathway would lead to bradykinesia, whereas
choreic movements would result from an over-active direct pathway [38,39]. Interestingly,
although both pathways eventually degenerate in HD, MSNs that contribute to the indirect
pathway appear to be affected first (see below) [40].
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Four major subtypes of striatal interneurons have been identified: (1) large aspiny neurons
(soma size 20-50 m), which use acetylcholine as a neurotransmitter, (2) medium-sized
GABA/parvalbumin interneurons (soma size 10-25 m), (3) GABA/calretinin interneurons
(soma size 7-20 m), and (4) somatostatin/neuropeptide Y/nitric oxide synthase neurons
(soma size 12-35 m), that possibly use GABA as well [for review see, 41]. Although
interneurons constitute a small percentage of the striatal neuronal population, they branch
extensively within the striatum to exert strong control over the excitability and spike activity
of MSNs [for review see, 42]. While GABA-containing interneurons produce a strong
inhibition thought to influence the timing of neuronal firing in either individual or ensembles
of MSNs [for review see [43,44], cholinergic interneurons exert neuromodulatory effects.
For example, it has been shown that nitric oxide activates cholinergic interneurons, which in
turn modify MSN activity associated with neuronal plasticity [45,46]. Thus, interneurons
can exert powerful control over striatal output, and their dysfunction also may contribute to
movement disorders. In fact, selective inhibition of fast-spiking interneurons induces
dyskinesia [47].

Glial cells also constitute a major part of the striatal cellular population. A ratio of 3.35 glial
cells per neuron has been described for the human striatum [48]. A much higher ratio has
been reported for rat striatum, though it is unclear if this difference has functional
implications [49]. Initially, astrocytes were thought to equilibrate the extracellular ionic
environment after neuronal activity, but recent data indicate that astrocytes participate in
many essential mechanisms. During glutamate transmission, astrocytes contribute to the de
novo synthesis of glutamine, a glutamate precursor [50]. There also is evidence of energetic
coupling between neurons and astrocytes; astrocytes are the only cell type in the brain for
storage of glycogen, an energy precursor that can support high levels of neuronal activity
[51]. Moreover, astrocytes supply the precursor for glutathione, an antioxidant synthesized
by neurons [51]. In fact, growing evidence suggests that glial mechanisms are critically
involved in the neuropathology of HD (see below).

Corticostriatal pathway in Huntington’s Disease
Electroencephalogram (EEG) studies of HD patients provided the first evidence that
expression of mutant HTT leads to altered brain activity [52]. Specifically, a reduction of
alpha (8-12.5 Hz) and increase of theta (4-7.5 Hz) and delta rhythms (1.5-3.5 Hz) have been
described [53-55]. It is unclear, however, whether the abnormal EEG activity correlates with
the severity of the neurological impartment. Although De Tommaso et al. [53] did not find
an association between EEG activity and the severity of the HD phenotype, Bylsma et al.
[54] reported a significant correlation. Similarly, Streletz et al. [56] reported a correlation
between increased theta and reduced alpha power and signs of dementia. More recently,
EEG low-resolution brain electromagnetic (LORETA) tomography shows that decreased
power in theta and alpha-2 (10-12 Hz) frequency bands correlates with worsening of motor
symptoms. Also, low power in the alpha-1 (8-10 Hz) frequency band correlates with a
decline in mental performance. Interestingly, LORETA tomography indicates that altered
EEG patterns appear in patients at early stages of HD [57]. In HD transgenic models,
abnormal EEG also has been reported in R6/2 mice at 14 weeks of age [58]. However,
detailed studies evaluating the relationship between EEG parameters and HD phenotype
progression have not been carried out on HD transgenic models.

Intra-cellular aggregates of mutant HTT are found in both the cytoplasm and nucleus [59].
In neurons, mutant HTT aggregates are also located in axon terminals, where the presence of
aggregates has been correlated with decreased density of synaptic vesicles and decreased
release of glutamate in striatum of HD mice [60-62]. Altered glutamate release at
corticostriatal synapses has been observed in slice preparations, which show that paired-
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pulse facilitation induces a greater response in HD than control animals [63-66]. In vivo
experiments also indicate altered corticostriatal function. In a microdialysis study, R6/2 mice
showed decreased glutamate release in response to depolarization of striatal axon terminals
[67]. Collectively, these results indicate that mutant HTT alters the function of the
corticostriatal projection.

Neuronal dysfunction
In vitro electrophysiological recordings of cortical pyramidal neurons in R6/2, YAC128, and
knock-in HD transgenic models show altered membrane properties and a shift in the balance
of excitatory and inhibitory inputs, leading to a hyperexcitable cortex [68]. Likewise,
cortical neurons from BACHD mice show decreased pyramidal inhibition, suggesting
increased cortical excitability [35,69]. Besides altering the activity of cortical pyramidal
neurons in this model, mutant HTT also alters the activity of cortical parvalbumin-
containing interneurons, which may explain the loss of synchronized firing in cortical
pyramidal neurons observed in HD (see below) [35]. Cortical cultured neurons expressing
the first 171 amino acids of mutant HTT grown on microelectrode arrays show altered
network-wide spiking activity, as evidenced by decreases in the number of spikes,
population bursts, and interburst intervals [70]. The decline in burst firing is especially
interesting because of the importance of spike bursts for information transmission and
synaptic plasticity [71,72]. Altered cortical processing in HD also has been described in
vivo. Electrophysiological recordings of cortical neurons in freely behaving R6/2 mice show
reduced bursting and a decrease in the number of spikes that participate in a burst [73].
These changes in cortical activity were observed early (7-9 weeks) in the disease process.
Interestingly, although the 140CAG knock-in model did not show a change in the burst
properties of individual neurons, simultaneously recorded neuron pairs showed significantly
less correlated firing, including fewer coincident bursts. A decline in correlated firing also
has been reported for R6/2 mice [73]. Thus, a loss of correlated or synchronous firing
between cortical neurons appears to be a common feature of HD. This is a key point because
cooperative interactions among functionally related neurons, which are often manifest as
synchronous oscillatory activity, shape behavioral output [74-76]. In fact, dysfunction of
prelimbic neurons, which comprise a subregion of prefrontal cortex, is observed in R6/2
mice during extinction of fear conditioning [77].

Altered electrophysiological properties also have been reported for MSNs. Intracellular
recordings from R6/2 and knock-in MSNs indicate a depolarized resting membrane potential
[78] and enhanced sensitivity of the N-methyl–D-aspartate (NMDA) glutamate receptor
relative to wild-type [66,79]. Thus, HD appears to increase MSN excitability [33,64,80]. In
accord with this view, MSNs recorded from R6/2s require lower current intensity to reach an
action potential than age-matched controls [66]. Recordings from behaving, symptomatic
HD models indicate increased MSN activity in both R6 lines, but not in 140CAG knock-ins,
which express a relatively mild behavioral phenotype relative to the R6s [81-83]. Burst
activity, which corresponds to periods of high-frequency firing, is decreased in all three
models [82,83]. Moreover, reduced correlated firing and coincident bursting between pairs
of simultaneously recorded MSNs is a consistent finding across mouse models as well the
behaving transgenic HD rat [83,84]. Thus, as in cortex, disrupted MSN processing occurs
across multiple HD models [81,85]. Furthermore, altered firing properties in cortex and
striatum are associated with learning deficits in pre-symptomatic R6/1s during a procedural
learning task [86]. Similarly, electrophysiological changes are observed before the
appearance of pronounced HD motor signs and during cognitive tasks in the transgenic HD
rat [87].

Recently, electrophysiological evaluation of striatal output pathways show an agedependent
imbalanced activity in the neurons of the direct and indirect pathway in HD models. In
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YAC128 mice, at early stages of the disease (1.5 months), D1-positive neurons show
increased excitatory and inhibitory neurotransmission, while no changes were observed in
D2-positive cells. At 12 months, D1- and D2- positive cells show decrease excitatory
neurotransmission, while D2-positive cells show increased inhibitory neurotransmission as
compared with wild-type cells. Similar alterations were described in BACHD transgenic
models. Together, these data suggest that imbalanced glutamatergic and dopaminergic input
may underlie the progression of the HD behavioral phenotype [88-91].

Network dysfunction
Neurons tend to operate in a coordinated way within a given network. Motor episodes are
driven by oscillations in large populations of striatal neurons recorded as local field
potentials (LFPs) [92]. Spectral analysis of LFPs recorded from the globus pallidus of a HD
patient revealed an increase in power in the theta/alpha (4-12 Hz) and low gamma (35-45
Hz) bands [93]. Likewise, dysregulated LFP oscillations in theta (7-14 Hz) and gamma
(30-40 Hz) activity have been observed in the striatum of R6/2 mice when they engage in
the same open-field behaviors (e.g., grooming, locomotion) as wild-type [83]. When tested
in a plus maze, R6/2 mice show an inflexible behavior pattern characterized by a decreased
likelihood to turn right or left into a perpendicular arm [94]. Although both R6/2 and wild-
type mice show similar LFP patterns prior to entering and after leaving the center or choice
point of the maze, the R6/2 pattern is significantly more variable at the choice point [95].
Thus, mutant HTT expression causes changes in corticostriatal function that may promote
the development of the HD behavioral phenotype. In support of this view, Díaz-Hernández
et al. reported that after mutant HTT expression is switched off in a conditional HD model,
animals show a full recovery of motor function despite striatal neuronal loss and the
presence of mutant HTT aggregates [96]. Because cortical pyramidal neurons send
glutamatergic projections to MSNs, altered glutamate transmission may underlie
dysregulated corticostriatal function in HD. Among the glutamate changes elicited by
mutant HTT, a decline in glutamate uptake caused by decreased GLT1 activity has received
considerable attention.

Glutamate transmission and glutamate transporter 1 (GLT1)
As shown schematically in Figure 1A, effective glutamate transmission requires the
coordinated operation of proteins located pre- and post-synaptically and also in surrounding
astrocytes [97]. Depolarization of the presynaptic terminal induces calcium influx followed
by the mobilization and docking of synaptic vesicles to the plasma membrane to release
glutamate into the synaptic space. Glutamate activates -amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) and kainate receptors, both of which lead to sodium influx
and depolarization of the postsynaptic membrane. This effect promotes extrusion of the
magnesium ion that normally blocks the NMDA receptor channel, allowing this receptor to
be fully activated provided that glycine, an obligatory co-agonist, is also present. Full
NMDA activation results in the influx of calcium and sodium. In addition, glutamate can
bind to three groups of metabotropic receptors (mGluR), differentiated on the basis of their
signal transduction pathways and sequence homologies. Group I includes mGluR1 and
mGluR5, which are coupled to protein G q and the production of diacylglycerol and inositol
1,4,5-triphosphate (IP3). Group II includes mGluR2 and mRGlu3, which are coupled to G i/o
protein to inhibit adenylate cyclase and decrease the formation of cAMP [98]. Finally, group
III are coupled to G i/o protein, and thus their activation also lowers cAMP levels [98]. In
addition to their localization on pre- and post-synaptic terminals, glutamate receptors also
have been found on astrocytes [99], and like neurons, astrocytes may release vesicular-
stored glutamate [100, 101]. Therefore, astrocytes are likely to play a more active role in
glutamate transmission than previously believed, but their precise role is far from
understood.
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After its release, glutamate is removed from the synaptic space by specific Na+-dependent
high affinity transporters located mainly on astrocytes, but neuronal glutamate transporters
also have been described [102]. Five glutamate transporters have been reported (known as
excitatory amino acid transporters or EAAT in humans): EAAT1/GLAST (Glutamate
aspartate transporter); GLT1 (Glutamate transporter 1)/EAAT2; EAAC1 (excitatory amino
acid carrier 1)/EAAT3; EAAT4; and EAAT5 [103]. Although GLAST and GLT1 are mainly
located on astrocytes, neuronal isoforms of GLT, GLT1a and GLT1b, have been reported in
synaptic terminals in hippocampus and somatosensory cortex, respectively [104,105].
EAAC1 is a neuronal glutamate transporter. The distribution of EAAT4 and EAAT5 is
restricted to cerebellum and retina, respectively [102]. Studies based on glutamate
transporter knockout mice indicate that astrocytes play the most important role in regulating
extracellular glutamate concentrations. EAAC1 has been associated with the uptake of
precursors for the synthesis of the antioxidant, glutathione [106,107]. Extracellular
glutamate removed by astrocytes is metabolized to glutamine, which is released to the
extracellular space and taken up by neurons, where it is again metabolized to glutamate to
replenish the transmitter pool [50].

Glutamate transporters are transmembrane proteins that, according to crystallographic
studies performed on the GLT1 homologue from Pyrococcus horikoshii, operate as a bowl-
shaped trimer with a concave aqueous basin facing the extracellular space and a pointed
base facing the cytoplasm. The glutamate binding site is located beneath the bottom of the
basin [108]. When glutamate and three Na+ ions bind to the extracellular site, the transporter
internalizes them while it extrudes one K+ ion [108-110]. Glutamate uptake increases the
intracellular concentration of sodium regulated by the activity of Na+/K+ATPase, which
generates the Na+ transmembrane gradient, essential for the function of the glutamate
transporter. Recent evidence suggests that GLT1 co-localizes with N+/K+ATPase, glycolytic
proteins, and even with mitochondria, which collectively constitutes a large protein complex
that could support the energy demands of glutamate uptake [111,112].

The coordinated operation of glutamate receptors and transporters is essential for normal
excitatory transmission and rapid clearance of glutamate from the synapse. If glutamate is
not removed efficiently, the extracellular concentration could approach 1 mM, triggering an
excitotoxic cascade. Excitotoxicity is triggered by the over-stimulation of glutamate
receptors, leading to calcium-dependent protease activity, oxidative damage, and eventually,
death of the neuron. In fact, glutamate uptake failure and excitotoxicity are associated with
several neuropathological conditions and with neurodegenerative diseases, including HD
[113].

GLT1 and neuronal vulnerability in HD
Consistent evidence shows a link between altered GLT1 function and mutant HTT
expression. Evaluation of HD postmortem tissue shows reduced binding of D-[3H] aspartic
acid to high-affinity binding sites and diminished mRNA of GLT1 [114,115].
Immunohistochemical detection of GLT1 in the caudate nucleus of HD patients showed a
reduction in GLT1 in a grade-dependent manner, which occurs in spite of increased labeling
of the glial fibrillary acidic protein (GFAP) specific for astrocytes, suggesting that
mechanisms other than loss of astrocytes are associated with the reduction of GLT1 protein
[116]. Decreased glutamate uptake also has been described for prefrontal cortex of HD
postmortem tissue, and this effect is observed in the early stages of HD [117]. Similar
alterations have been described for transgenic models. Reduced GLT1 mRNA and decreased
GLT1 protein content have been consistently described in R6/2 and other models expressing
mutant HTT [58,116,118-120]. A corresponding reduction in glutamate uptake has been
described in the striatum of R6/2 mice in early symptomatic stages [121]. Similarly,
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decreased glutamate uptake occurs in R6/1 mice at 16 weeks of age when the behavioral
phenotype may not yet emerge [122]. Interestingly, the reduction in glutamate uptake in HD
models can occur without a reduction in protein content, suggesting that GLT1 function can
be affected independently of GLT1 expression (Figure 1B). Although multiple mechanisms
regulate GLT1 function, a key mechanism affected by HD is palmitoylation, the post-
translational addition of the saturated 16-carbon lipid palmitate to specific cysteine residues
on GLT1 [123]. Reduced GLT1 palmitoylation has been reported to occur in YAC128 mice
along with decreased GLT1-mediated uptake activity [123].

In fact, GLT1 dysfunction may explain, at least in part, the direct involvement of astrocytes
in HD neuropathology. Glutamate-induced neurotoxicity in R6/2 striatum correlates with
decreased levels of GLT1 [58]. Moreover, the molecular mechanisms altered by mutant
HTT in astrocytes are closely associated with neuronal dysfunction and the development of
phenotypic alterations in HD. Consistent with this view, Bradford et al. [124] restricted the
expression of mutant HTT to astrocytes and found decreased levels of GLT1, reduced
glutamate uptake, and most importantly, emergence of the HD behavioral phenotype.

A critical question, therefore, is whether an increase in glutamate uptake is a viable
therapeutic target for HD. It is interesting in this regard that ceftriaxone, a beta-lactam
antibiotic that crosses the blood-brain barrier, increases brain GLT1 expression in mice
[125]. To determine if ceftriaxone could have value as an HD therapeutic, Miller et al.
treated early symptomatic R6/2 mice and wild-type controls with ceftriaxone for five
consecutive days [126]. This treatment not only increased striatal GLT1 expression, but also
increased glutamate uptake, indicating that the GLT1 up-regulation was functional.
Ceftriaxone, moreover, improved several aspects of the HD behavioral phenotype, including
increased turning in the plus maze, increased climbing behavior in the open field, and a
decrease in clasping [126]. Thus, despite the down-regulation of GLT1 in HD, it is possible
to increase the expression of functional GLT1 and improve the HD phenotype.

Although an improved phenotype follows GLT1 up regulation, the potential use of
ceftriaxone in clinical trials requires caution because of some noteworthy side effects. For
example, the ceftriaxone-induced up regulation of GLT1 impairs mGluR-dependent long-
term depression (LTD) at mossy fibre-CA3 synapses in hippocampus [127], which suggests
a decline in synaptic plasticity. Ceftriaxone treatment also leads to an impairment of
prepulse inhibition [128], further suggesting a change in cognitive processing. Recently,
Bellesi et al. show that ceftriaxone treatment resulted in a delayed reduction in EEG theta
(7-9 Hz), which occurred along with increased motor activity [129]. Thus, even though a
loss of GLT1 function may underlie the corticostriatal communication problem in HD, and
GLT1 up regulation improves the HD phenotype, long-term exposure to ceftriaxone may
compromise key neuronal operations. Further study of this and other GLT1 activators is
warranted.

Glutamate uptake has long been linked to the release of ascorbate, the deprotonated form of
vitamin C found in high concentrations in the mammalian forebrain [130-132, Figure 1A,
B]. In fact, extracellular levels of striatal ascorbate are low in R6/2 and other HD mouse
models relative to wild-type [133-136], and this effect cannot be explained by an overall loss
of ascorbate since cellular levels of ascorbate do not decline in HD [137]. It appears,
therefore, that the mechanism responsible for ascorbate release is dysfunctional. To
determine if the mechanism involves GLT1, R6/2 mice were treated with ceftriaxone and
striatal ascorbate release was assessed in response to cortical activation, which triggers
glutamate release from corticostriatal terminals [126, 135]. Ceftriaxone, but not saline
vehicle, was found to increase cortically evoked ascorbate release, and this effect was
blocked by pharmacological inhibition of GLT1 [126]. These results further confirm that the
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GLT1 up-regulation induced by ceftriaxone is functional and also suggest that an increase in
ascorbate release is part of this process. Although glutamate uptake via GLT1appears
necessary for cortically evoked ascorbate release, it is not clear if the source of ascorbate
release is the corticostriatal projection itself or striatal astrocytes or both.

Ample evidence links glutamate uptake with ascorbate release. For example, infusion of L-
glutamate, the naturally occurring isomer, promotes the rapid release of ascorbate in rat
striatal tissue [138] and in synaptosomal fractions [139], whereas D-glutamate, which has
less affinity for transport, fails to alter ascorbate release. Similarly, global blockade of
glutamate uptake using non-selective uptake inhibitors diminishes extracellular ascorbate in
striatum [139, 140]. Thus, the level of striatal ascorbate in extracellular fluid appears to
depend on the extent of glutamate uptake, but the precise molecular mechanism by which
GLT1 function leads to ascorbate release remains to be determined (Figure 1A).

Nevertheless, because GLT1 is oxidation sensitive [141], it is tempting to speculate that the
failure to release striatal ascorbate, which can act as an extracellular antioxidant under most
conditions [for review see 142], may contribute to GLT1 dysfunction in HD. Ascorbate and
glutamate also are linked in their effects on MSN activity. An increase in extracellular
ascorbate, for example, can either enhance or suppress glutamate-evoked activation of
striatal neurons depending on how much ascorbate is present [143]. Interestingly, in R6/2
mice, which have low extracellular ascorbate and a high rate striatal neuronal firing, an
ascorbate treatment regimen that elevates the level of extracellular ascorbate in striatum and
also lowers MSN activity [81]. Conceivably, therefore, the corticostriatal dysfunction
underlying HD may involve a dysregulation of both ascorbate and glutamate owing to a
down-regulation of GLT1.

Ascorbate release also may be modulated by glutamate receptors. Blockade of NMDA
receptors with either the non-selective antagonist amantadine or the non-competitive
antagonist MK-801 decreases striatal ascorbate release [144,145]. Release of ascorbate in
retina, moreover, is mediated by activation of AMPA receptors [146]. Although activation
of postsynaptic glutamate receptors may modulate striatal ascorbate release, it is unlikely
that they play a major role since destruction of striatal neurons fails to alter the extracellular
level of ascorbate [147].

Although the precise mechanism by which mutant HTT leads to decreased function and
expression of GLT1 is unknown, it has been suggested that mutant HTT fragments form
insoluble inclusions in the cytoplasm and nucleus that alter GLT1 transcription [148,149]. It
also is possible that glutamate transporter function is inhibited by reactive oxygen species
[150], which are known to accumulate in HD and trigger oxidative damage [151,152].
Alternatively, because glutamate uptake is an energy-demanding process, deficient ATP
production, which is known to occur in HD, may play a role in the loss of glutamate uptake
[153]. In fact, inhibition of the glycolitic enzyme, glyceraldehyde-3-phospohate
dehydrogenase (GAPDH), decreases glutamate transporter levels and enhances glutamate-
induced damage in the striatum of the R6/2 model [154].

Although the contribution of GLAST and EAAC1 in HD has received less attention than
GLT1, reduced GLAST protein levels have been observed in late stages of the disease in
R6/2 mice [58,155]. Likewise, expression of mutant HTT reduces protein levels of GLAST
in astrocytes in vivo [116]. Altered function of EAAC1 has been described for cultured
cortical neurons expressing exon 1 of the mutant htt gene, which is associated with deficient
glutathione synthesis and increased oxidative damage [156]. More research is required to
determine if GLAST and EAAC1 are associated with neuronal dysfunction and neuronal
vulnerability in HD.
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Conclusion
Despite the increase in research that followed identification of the underlying genetic
mutation, an effective treatment for HD remains elusive. As described here, altered
corticostriatal neuronal processing is the primary driver of the HD behavioral phenotype,
and impaired operation of GLT1 appears to play a critical role. This conclusion is supported
by several lines of evidence indicating that deficient GLT1-mediated glutamate uptake
occurs early in HD progression, which in turn might lead to altered neuronal function and
the development of HD phenotype. Further evidence for GLT1 as a possible therapeutic
target comes from experiments showing that increased expression of GLT1 by ceftriaxone,
restores glutamate uptake, and improves the HD behavioral phenotype. In addition to its role
in regulating extracellular glutamate, GLT1 activity may be associated with neuronal
survival, and thus GLT1 down regulation may promote the large-scale neuronal loss
identified in HD patients at autopsy. Further understanding of GLT1 involvement in HD will
require new information on astrocytes, where most GLT1 is expressed. In fact, selective
expression of mutant HTT in astrocytes is sufficient to down regulate GLT1 and to induce
the HD behavioral phenotype in mice. Extending this line of research will have important
implications for HD treatment development.
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Figure 1A.
Schematic illustration of presumed transmission at a glutamatergic synapse in normal
conditions (A) and in HD (B). A) Depolarization of the axon terminal allows the fusion of
the presynaptic vesicles with the plasma membrane and release of glutamate (blue dots) into
the synaptic cleft. On the postsynaptic dendritic spine, glutamate activates ionotropic
receptors, AMPA/kainate, which allows the influx of sodium, and NMDA, which when
sufficiently depolarized leads to calcium influx, and metabotropic glutamate receptors
(mGluR), which occupy pre- and postsynaptic sites. Glutamate is removed from the synaptic
space by transporters located in neurons (EAAC1) and astrocytes (GLT1, GLAST). When
glutamate is taken up by astrocytes, it is metabolized to glutamine (Gln) by glutamine
synthetase (GS). Eventually, glutamine will be transported to the extracellular space by
glutamine transporters (SN) and then taken up (SA) by neurons. Glutamine is used as a
precursor in the synthesis of glutamate. In parallel with glutamate uptake by GLT1,
ascorbate (AA) is released into the extracellular space. Although the precise mechanism by
which AA is released is unknown, three possibilities have emerged: release via a specific
channel in astrocytes, co-transport by GLT1, or release from glutamate axon terminals. B)
Mutant HTT aggregates are located in axon terminals, dendritic spines and in astrocytes.
Morphological changes are induced by the expression of mutant HTT; also intracellular
aggregates are observed at all components of the glutamatergic synapse. In the axon
terminal, expression of mutant HTT alters vesicular glutamate release; in the dendritic spine,
mutant HTT alters the function of glutamatergic receptors and decreases function of the
neuronal transporter EAAC1. In astrocytes, there is decreased glutamate uptake and reduced
expression of GLT1 and GLAST. Finally, along with dysfunctional GLT1 uptake resulting
in elevated extracellular glutamate, there is a corresponding decrease in ascorbate release in
the HD glutamatergic synapse.
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