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Abstract

Significance: Dysregulation of cortical and striatal neuronal processing plays a critical role in Huntington’s
disease (HD), a dominantly inherited condition that includes a progressive deterioration of cognitive and motor
control. Growing evidence indicates that ascorbate (AA), an antioxidant vitamin, is released into striatal ex-
tracellular fluid when glutamate is cleared after its release from cortical afferents. Both AA release and glutamate
uptake are impaired in the striatum of transgenic mouse models of HD owing to a downregulation of glutamate
transporter 1 (GLT1), the protein primarily found on astrocytes and responsible for removing most extracellular
glutamate. Improved understanding of an AA-glutamate interaction could lead to new therapeutic strategies for
HD. Recent Advances: Increased expression of GLT1 following treatment with ceftriaxone, a beta-lactam anti-
biotic, increases striatal glutamate uptake and AA release and also improves the HD behavioral phenotype. In
fact, treatment with AA alone restores striatal extracellular AA to wild-type levels in HD mice and not only
improves behavior but also improves the firing pattern of neurons in HD striatum. Critical Issues: Although
evidence is growing for an AA-glutamate interaction, several key issues require clarification: the site of action of
AA on striatal neurons; the precise role of GLT1 in striatal AA release; and the mechanism by which HD
interferes with this role. Future Directions: Further assessment of how the HD mutation alters corticostriatal
signaling is an important next step. A critical focus is the role of astrocytes, which express GLT1 and may be the
primary source of extracellular AA. Antioxid. Redox Signal. 19, 2115-2128.

Introduction white matter (45). Dramatic though they are, these morpho-

logical changes are not the earliest signs of corticostriatal

ELL OVER A century ago, when George Huntington first

described the symptoms of the disease that would later
bear his name, he made a singular, but enduring contribution
to medicine. In one carefully written report, he not only
identified the choreic movements and mental impairments
that characterize Huntington’s disease (HD), but also its he-
reditary nature, progressive course, and adult onset (56).
Other investigators would later characterize the underlying
neuropathology. Although HD affects many brain regions,
morphological changes are first evident in the striatum and its
main source of neuronal input, the cerebral cortex (36, 108,
124). Over the 10-15 year course of HD, neurons in both re-
gions undergo extensive degeneration. Gross examination of
advanced HD patients at autopsy shows almost complete
atrophy of the striatum and widespread thinning of cortical

neuropathology; functional changes appear first. In fact, the
efficacy of corticostriatal transmission begins to decline even
before behavioral signs appear (99), and dysfunctional corti-
costriatal communication is apparent long before neuronal
loss (32). Because these functional changes are likely to hold
the key for developing an effective therapeutic strategy, they
deserve special attention.

The focus here is on how dysregulation of ascorbic acid
(AA), an antioxidant vitamin found in high concentrations in
the mammalian forebrain, may play a key role in the corti-
costriatal dysfunction underlying the HD behavioral pheno-
type. Unlike scurvy, which plagued British sailors well into
the 18th century (16), the AA problem in HD is not a simple
case of deficiency, but a deficit of release into striatal extra-
cellular fluid that either directly or indirectly involves
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glutamate, the excitatory amino acid transmitter (EAAT) re-
leased by cortical afferents. Together, AA and glutamate exert
a critical influence on corticostriatal function (42, 105, 109),
and thus an improved understanding of their involvement in
HD could lead to new therapeutic approaches.

This forum review begins with an overview of AA—its
chemical properties and effects on striatal physiology—and
the neurobiology of HD, including the transgenic mouse
models that have revealed so much about HD pathogenesis.
Subsequent sections highlight the neurobehavioral link be-
tween striatal AA release and glutamate uptake and their
disruption in HD. Numerous sources provide detailed infor-
mation on AA biochemistry (13, 121), the molecular genetics
of HD (29, 75, 111, 117), and corticostriatal involvement in
behavioral control (68, 86).

Biochemistry and Physiology of AA

AA is a hexuronic sugar acid that exists as a deprotonated
anion (AA) at physiological pH; for the remainder of this re-
view, therefore, AA is the proper designation for AA. Most
animals synthesize AA from glucose through a series of en-
zymatic steps in the liver (mammals) or kidneys (reptiles). The
structural similarity of glucose and AA is shown in Figure 1,
although it should be noted that under normal conditions
glucose exists as a six-membered glucopyranose. A limited
number of animals, including humans, are incapable of syn-
thesizing AA because they lack the final step in this process.
For them, AA is obtained by dietary intake, and plants, which
produce large amounts of AA to facilitate resistance to oxi-
dative stress (see also below), are the primary source. Animals
require AA because of its involvement in key bodily func-
tions, including the synthesis of collagen, the main component
of connective tissue, and a contributor to the composition of
bone and blood vessels (30). In humans with an AA defi-
ciency, for example, collagen is still produced but in weak-
ened form, resulting in skin lesions, bleeding from mucous
membranes, poor wound healing, edema, and other signs of
scurvy. AA also plays a role in the synthesis of norepinephrine
and neuropeptide hormones (105). In addition, AA facili-
tates iron absorption from the gut and regulates the ligand-
binding properties of some receptor proteins in the plasma
membrane (13).

All these diverse functions arise, in large part, from the
ability of AA to donate electrons, an ability that also makes
AA a powerful antioxidant or reducing agent. As an electron
donor, AA can neutralize potentially damaging oxygen rad-
icals (OHe) and nonradical, but highly reactive derivatives of
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FIG. 1. Similar molecular structure of glucose and ascor-
bate (AA). A series of enzymatic steps in the liver converts
glucose to AA in most mammals. Humans, other primates,
and a limited number of birds and rodents are unable to
make this conversion and obtain AA mainly from plants.
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oxygen (hydrogen peroxide [H,O,]), both of which are pro-
duced in the course of normal cellular metabolism. In the
brain, which has a high rate of metabolic activity, the anti-
oxidant property of AA is one of many mechanisms that can
protect against cellular damage caused by highly reactive
forms of oxygen. By donating an electron, however, AA itself
is oxidized to semi-dehydroascorbate, an ascorbyl radical. But
unlike the OHe radical and H,O,, semi-dehydroascorbate is
fairly stable and unreactive. By replacing a highly reactive
species with a more stable one, AA functions as an effective
free radical scavenger (94).

Because AA is water soluble, it scavenges free radicals in
the cytoplasm and extracellular fluid. Moreover, although AA
is not found in lipids, it can protect against lipid peroxidation
by regenerating lipophilic antioxidants such as the tocopher-
ols (vitamin E) to ensure antioxidant protection in cellular
membranes (12). If semi-dehydroascorbate loses a second
electron and a proton, dehydroascorbate is formed, and both
can be reduced back to the reduced form of AA by one of
several enzymatic pathways (46). The structures of semi-
dehydroascorbate and dehydroascorbate are shown in Fig-
ure 2. Alternatively, dehydroascorbate can be hydrolyzed and
then metabolized to oxalate. In vulnerable individuals, oxa-
late accumulation can result in kidney stones (94).

The ability to donate electrons also comes in handy for
studying AA. In fact, the most widely used technology for
detecting, measuring, and quantifying AA in the brain—
electrochemistry—relies on oxidation to identify how dy-
namic fluctuations in the extracellular level of AA can
modulate both neuronal function and behavior (101).

Electrochemical assessment

Classical electrochemical methodology uses carbon-based
electrodes to measure the current that results when molecules
oxidize in response to an applied voltage. One application of
this methodology is liquid chromatography with electro-
chemical detection, which is typically used in conjunction
with microdialysis. Extracellular fluid is sampled and col-
lected through a probe equipped with a dialysis membrane,
passed through a chromatography column to separate vari-
ous molecular species, and as they pass over a carbon elec-
trode, a voltage is applied to induce oxidation. The magnitude
of the resulting current is directly proportional to the con-
centration of the species being oxidized. Another application
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FIG. 2. Molecular structure of semi-dehydroascorbate
and dehydroascorbate. By acting as an antioxidant, AA loses
an electron to become semi-dehydroascorbate, the ascorbyl
radical. Unlike oxygen free radicals, semi-dehydroascorbate
is relatively stable. When it loses a second electron, semi-
dehydroascorbate becomes dehydroascorbate, which can
then be metabolized to oxalate for excretion.
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of this methodology, pioneered by Adams (1) and often called
voltammetry, dispenses with the dialysis probe and chro-
matography column and puts the carbon electrode directly in
the brain (61, 80). Without the chromatography column to
separate various molecular species, voltammetry relies on the
ability of different molecules to oxidize at different voltages,
thus achieving separation by oxidation. A potential is applied
over a voltage range large enough to ensure oxidation of
molecules of interest and then back again for their reduction.

Because of growing interest in the catecholamine trans-
mitters, Gonon et al. (41) modified the carbon-fiber electrodes
to ensure a clear separation between the oxidation peak for
AA and that generated by the catecholamines. Several vari-
ations of the modification procedure can be used, but the
basic requirement is to modify the carbon surface by elec-
trochemical pretreatment, which shifts the oxidation poten-
tial for AA to a value distinct from that for other easily
oxidized compounds (101). Figure 3 depicts a sample vol-
tammogram obtained from the striatum of a behaving mouse.
Note the distinct peaks for AA, catechols, and a third peak
that includes serotonin and uric acid. Although the original
goal of electrochemical modification was detection of cate-
chols uncontaminated by AA, the procedure generated a
distinct signal for AA that could be used for studying its role
in brain function.

Accumulation and distribution in brain

In mammals, the brain is among several organs (e.g., ad-
renal cortex and pituitary gland) with the highest concen-
tration of AA in the body. This is the case whether AA is
synthesized endogenously or obtained through the diet.
When AA enters the bloodstream, one of two sodium-
dependent vitamin C transporters (SVCT1 and SVCT2) in the
plasma membrane allows cells to accumulate AA. SVCT1 is
found exclusively in peripheral organs, including intestine,
lung, liver, and kidney, while SVCT2 is found not only pe-
ripherally in some of the same organs, but also in brain (49,
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FIG. 3. Representative voltammogram obtained from the
striatum of a freely behaving mouse. Note the distinct ox-
idation peaks for AA, catechols (dopamine, but mainly 3,4-
dihydroxyphenyl acetic acid, a dopamine metabolite), and
serotonin (5-HT)/uric acid (UA). The 5-HT/UA peak also
includes 5-hydroxyindole acetic acid, a 5-HT metabolite.
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116). Interestingly, both SVCT1 and SVCT?2 can regulate the
bioavailability of AA by adjusting their rate of transport and
even their expression depending on bodily or cellular need.
AA supplementation or deprivation, for example, either de-
creases or increases the intra-cellular accumulation of AA,
respectively, making it difficult to adjust brain levels of AA
under most conditions. In fact, guinea pigs, which, like hu-
mans, cannot synthesize AA, retain a high brain level even
when deprived of dietary AA (67) underscoring the impor-
tance of AA for brain function. It also is interesting that these
transporters play different roles in controlling the internali-
zation of AA. SVCT1 appears to regulate intra- and extracel-
lular homeostasis, whereas SVCT?2 targets tissues with the
most metabolic activity. In the brain, SVCT?2 is located on
neuroepithelial cells of the choroid plexus to move AA from
plasma to cerebrospinal fluid. SVCT?2 also is located on neu-
rons, which can accumulate AA to a concentration up to 10
times higher than extracellular levels. SVCT2 may play a
similar role for astrocytes and other glial cells, but the intra-
cellular level of AA in glia is not as high as in neurons (110).
Dehydroascorbate, the oxidized form of AA, is removed from
blood by one of several hexose transporters and then con-
verted back to AA by intracellular enzymes. Functionally,
SVCT1 and SVCT2 have been studied in several experimental
models, but kinetic properties have been difficult to charac-
terize because they vary depending on the cell, tissue, or
species studied (116).

The distribution of AA in the brain is not uniform (48, 79,
81). Highest levels are found in the forebrain including the
entire cortical mantle; the striatum has the highest level in the
basal ganglia. Within a given region, posterior areas have less
AA than anterior areas. Brainstem structures have the lowest
amounts of AA. The level of AA in brain extracellular fluid,
however, can change dramatically depending on behavioral
state. This is certainly the case in striatum where the level can
change by >300 uM in a few minutes.

The Dynamics of AA Release
into Striatal Extracellular Fluid

Behavioral activation elevates striatal extracellular AA. In
anesthetized animals, the extracellular level in striatum is
roughly between 250 and 350 uM depending on the region
sampled (6), but in the awake state, the level can double (93).
Stimuli that provoke behavioral activation, such as a tail
pinch, or systemic injection of amphetamine, a psychomotor
stimulant, can increase extracellular AA to even higher levels
(44, 89, 97, 133). The increase is not due to release from pe-
ripheral stores that are subsequently transported to the brain
since adrenalectomy does mnot alter amphetamine-
induced AA release in striatum, whereas administration of
para-hydroxy-amphetamine, which has the same sympatho-
mimetic action as amphetamine but does not cross the blood-
brain barrier, fails to elicit striatal AA release (130). Moreover,
the increase in striatal AA release that occurs when animals
are spontaneously active and the decrease that occurs when
they are quiet are several hours out of phase with the fluctu-
ations in plasma AA (44). In contrast, cortical lesions lower
striatal extracellular AA levels by >70% and also blunt the
increase caused by amphetamine (5). In addition, electrical
stimulation of cerebral cortex evokes a large increase in
striatal AA release (27). Interestingly, these manipulations



2118

cause similar changes in striatal glutamate transmission,
suggesting a link between glutamate release from cortical
afferents and the release of AA into striatal extracellular fluid.

Role of glutamate uptake

Ample evidence not only supports the idea of an AA-
glutamate link, but implicates glutamate uptake as the critical
event in AA release. The earliest evidence came from studies
showing that the addition of L-, but not D-glutamate pro-
voked AA release in striatal tissue (40, 43). Glutamate trans-
port is stereo-selective for the naturally occurring L-isomer.
The release of AA, moreover, is not calcium dependent, ar-
guing against a vesicular source (43). Additional research
showed that pharmacological blockade of glutamate trans-
port but not glutamate receptors blocked cortically evoked
striatal AA release. Collectively, these data suggest that the
uptake of glutamate released from cortical afferents triggers a
corresponding release of AA that involves a form of hetero-
exchange: extracellular glutamate is replaced by AA (35, 105).
Although the precise relationship between glutamate uptake
and AA release remains to be established, the underlying
process is controlled, in part, by a neural network that in-
cludes dopamine neurons. Dopamine is not required for AA
release in striatum and dopamine neurons are not the source
of this release, but dopamine can promote striatal AA release
by activating the corticostriatal pathway either directly or
indirectly via a basal ganglia-thalamic loop (see 100). In either
case, the essential requirement is corticostriatal activation to
ensure increased glutamate release, the clearance of which
triggers the release of AA.

Although glutamate uptake may be the trigger, the source
of the released AA is not clear. The corticostriatal projection
itself is a likely possibility. SVCT2 is highly expressed in
cortical pyramidal neurons, for example, but not in striatum
(8,90), suggesting that cortical afferents are the main source of
striatal AA release. In fact, kainic acid lesions of striatum,
which destroy cell bodies but not axon terminals, fail to alter
the basal level of AA in striatal extracellular fluid (96). Neu-
rons, moreover, accumulate a much higher concentration of
AA than glia (110), making neurons a more likely source of
AA release. Astrocytes, however, can store AA and release it
in a glutamate-dependent manner (129). Moreover, glutamate
uptake primarily occurs on astrocytes, and astrocytes have the
highest expression of glutamate transporters. Interestingly,
although cortical lesions can block AA release in striatum,
they also lower the level of striatal extracellular glutamate and
thus make less glutamate available for uptake by astrocytes.
At this point, it is difficult to rule out either the cortical pro-
jection or astrocytes as the source of AA in striatal extracel-
lular fluid.

A more intriguing question is the function of AA after it is
released. Both electrophysiological and behavioral evidence
suggest that AA modulates striatal neuronal processing.

Modlulation of striatal function

The striatum plays a critical role in action selection and the
flexibility of behavioral choice (11, 59, 69). Pyramidal neurons
in deep layers of cerebral cortex send massive glutamate
projections to the striatum where they mainly innervate me-
dium spiny neurons (MSNs), which account for >90% of the
striatal neuronal population. Cortical afferents also project to
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striatal interneurons, which in turn target MSNs. A glutamate
projection to MSNs also arises from midline thalamus. Glu-
tamate is the primary driver of MSN activity because without
cortical input MSNs are silent (128). In contrast, dopamine,
which innervates MSNs from the substantia nigra, plays a
modulatory role, enhancing the strength of the glutamate
signal relative to background activity (62, 64). As shown in
Figure 4, MSNs, which release gamma-amino-butyric acid,
are strategically positioned to process behaviorally relevant
cortical information and route it to downstream structures for
integration into ongoing behavioral activity.

Acute systemic injection of a large dose of AA (500-
1000 mg/kg) to rats leads to a rapid and prolonged increase
in the activity of presumed MSNs (33) and alters their
responsiveness to somatosensory stimuli (21). Simultaneous
monitoring of striatal extracellular fluid by voltammetry in-
dicates that the neuronal change closely parallels a rise in AA.
The increase in AA peaks at a level similar to that caused by
amphetamine or other behaviorally activating stimuli. At
such high doses, AA is likely to enter the brain by diffusion,
although other mechanisms cannot be ruled out. When AA is
directly applied to striatal neurons by iontophoresis, dose-
dependent increases in striatal activity are commonly ob-
served in awake, unrestrained rats (98). Further assessment of
this effect indicates that AA mainly potentiates the excitatory
action of glutamate, possibly by interfering with glutamate
uptake (63). The role of uptake, however, is difficult to inter-
pret from these data because although AA increases the
magnitude of the glutamate response, the duration of the
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FIG. 4. Schematic representation of the major neuronal
systems that innervate the striatum, including the medium
spiny neurons (MSNs), which inhibit (=) downstream
basal ganglia nuclei. Cortical pyramidal neurons provide
the bulk of excitatory (+) glutamate input along with affer-
ents from midline thalamus. Dopamine, which arises from
brainstem neurons, and striatal interneurons exert a modu-
latory or a net excitatory or inhibitory influence (+/-). In
striatum, interneurons are represented by the large circle,
while the two smaller flanking circles represent MSNs, which
are thought to play a critical integrative role.
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effect is not prolonged, arguing against a decline in uptake.
But elevated extracellular glutamate could desensitize some
receptors and thus mask an increase in the level of synaptic
glutamate. In fact, measurements of striatal extracellular glu-
tamate in response to cortical stimulation indicate that gluta-
mate uptake decreases after intrastriatal infusions of AA (107).
Thus, corticostriatal glutamate transmission is sensitive to the
level of AA in striatal extracellular fluid. The effect of AA on
glutamate transport is consistent with an AA-glutamate het-
eroexchange mechanism in which the uptake of glutamate
released from striatal afferents occurs in conjunction with re-
lease of AA (see above). According to this model, manipula-
tions that elevate extracellular AA prolong glutamate
transmission by interfering with the corresponding release of
AA from cellular stores. Interestingly, this effect may depend
on behavioral state since an increase in striatal extracellular
AA has a greater effect on glutamate transmission when ani-
mals are less behaviorally active (114). It also is noteworthy
that the neuronal response to AA cannot be explained by an
antioxidant effect since iontophoresis of the D-isomer, which
has the same redox potential as the naturally occurring
L-form, does not potentiate glutamate signaling (63).

When AA is removed from striatal extracellular fluid by
local infusion of AA oxidase in rats, behavioral activity de-
clines dramatically (106). Spontaneous movement in the open
field, exploration of novel objects, and interaction with other
rats are significantly decreased relative to vehicle infusions.
Behavioral responding returns when striatal AA is elevated
by a subsequent injection of amphetamine.

In sum, multiple lines of evidence indicate that dynamic
changes in extracellular AA play a critical role in both striatal
function and behavior by modulating glutamate transmis-
sion. An AA interaction with glutamate uptake is especially
interesting because the removal of extracellular glutamate is
arguably the most important mechanism available for con-
trolling the flow of cortical information to striatal neurons.

Mechanisms of Glutamate Transport

Neurons are highly sensitive to the excitatory effects of glu-
tamate. In fact, prolonged activation of N-methyl-D-aspartate
(NMDA) and other ionotropic glutamate receptors, including
alpha-amino-3-hydroxy-5-methylisoxazol-4-propionic acid
(AMPA) and kainate receptors, can lead to epileptic seizures,
increased susceptibility to neuronal injury, and excitoto-
xicity. These receptors, moreover, are found both inside and
outside the synaptic cleft, suggesting that glutamate may
have a different action depending on where the receptors are
located. Extrasynaptic NMDA receptors, for example, have
been implicated in the excitotoxic effects of glutamate and
may play a critical role in the neurodegeneration that occurs
in HD and possibly other neurodegenerative diseases (88).
Thus, maintaining a proper level of synaptic and extra-
synaptic glutamate is crucial not only for the transfer of in-
formation across the synapse but also for neuronal survival.
To ensure the clearance of glutamate after its release, astro-
cytes are equipped with proteins that transport glutamate
from an extra- to an intracellular location (24). These EAATSs
(in humans but different designations in rodents) comprise a
five-member family: EAAT1 (glutamate aspartate trans-
porter [GLAST]), EAAT2 (glutamate transporter 1 [GLT1]),
EAAT3 (EAAC1T), EAAT4, and EAATS. All appear to operate
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by coupling the inward transport of glutamate with that of
Na™ and H" ions, while K" ions are transported outward
(25). The stoichiometry of this transport is shown schemati-
cally in Figure 5. Despite the stoichiometry, glutamate
transport is not necessarily electrogenic since anion move-
ment through the transporter itself or neighboring channels
may balance the charge (24). Surprisingly, glutamate also can
be transported out of the cell. This process involves cystine,
an amino acid formed from the oxidation of cysteine. In this
transport system, known as Xc~, the anionic form of cystine
is taken up for use in the synthesis of glutathione, a powerful
intracellular antioxidant, while glutamate is transported in
an outward direction (115). Most of the glutamate detected in
extracellular fluid comes from glutamate-cystine exchange
rather than neuronal release (3).

In the case of GLT1, the rodent form of EAAT2, glutamate
transport is redox sensitive, suggesting that glutamate uptake
can be regulated by AA and possibly other antioxidants (122).
GLT1 is the most abundant of the glutamate transporters.
Accordingly, it is responsible for the removal of ~90% of
extracellular glutamate in most brain regions. GLAST, the
rodent equivalent of EAATI, is the next most abundant and
actually predominates in cerebellum and retina where EAAT4
(cerebellum) and EAATS (retina) are also expressed (78). Be-
cause all glutamate transporters, including the Xc™ system,
are found on astrocytes, these cells are critical participants
in the effectiveness of glutamate transmission. Some inter-
related mechanisms of glutamate transmission, glutamate
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FIG. 5. Stoichiometry of glutamate transport across the
plasma membrane. Uptake of one molecule of glutamate
and three Na+ ions and one H+ ion is accompanied by the
efflux of one K+ ion. Neighboring channels (not shown) may
balance the change in charge by allowing movement of ad-
ditional anions but the actual mechanism is not clear (24).
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transport, and AA release are shown schematically in Figure 6.
A GLT1 isoform is present on presynaptic axon terminals,
but its importance for controlling synaptic glutamate is
unclear (24).

GLT1 is the primary mechanism for keeping the extracel-
lular concentration of glutamate in the low micromolar range.
When this mechanism fails, the flow of information across the
synapse is distorted by overactivation of glutamate receptors,
and as the extracellular concentration approaches the milli-
molar level, activation of extrasynaptic receptors can trigger
neuropathology. In HD, dysregulation of AA release appears
to coincide with a failure of GLT1, which may explain the
deficits in striatal function that underlie the HD behavioral
phenotype.
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Post-synaptic
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FIG. 6. Schematic representation of key events related to
AA cycling at a tripartite synapse involving the presynaptic
terminal, the postsynaptic spine, and an astrocyte. Release
of glutamate (Glu) activates receptors (GluR) both inside and
outside the synaptic cleft. The released Glu is cleared by
glutamate transporter 1 (GLT1) on the adjacent astrocyte.
This promotes the release of AA by heteroexchange involv-
ing GLT1 directly or activation of an intervening mechanism
on the astrocyte. Events within the dashed lines indicate the
presumed relationship between Glu uptake by GLT1 and AA
release. It is possible that another source of AA release is a
GLT1 isoform on the presynaptic terminal, but the signifi-
cance of presynaptic GLT1 requires further investigation.
Extracellular AA is taken up by SVCT2 on the presynaptic
terminal or binds to GluR to modulate neuronal excitability.
Fully oxidized AA in the form of dehydroascorbate (DHAA)
is recycled back to AA in the astrocyte by glutathione (GSH),
an intracellular antioxidant, which itself is oxidized to oxi-
dized glutathione (GSSH). Glu in the astrocyte is either
converted to glutamine (GIn) for conversion back to Glu in
the presynaptic terminal or released by Xc™ in exchange for
cystine, which is used to synthesize GSH. The protein(s) re-
sponsible for AA efflux is (are) unknown and could include
GLT1 itself, reverse operation of SVCT2, or another protein.
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Genetics and Molecular Biology of HD

HD is an autosomal dominant condition caused by an ex-
panded CAG repeat in exon 1 of the huntingtin gene located
on chromosome 4 (57). Individuals with a repeat length above
35 CAGs are at risk for HD and full penetrance occurs above
39. Although multiple factors, including environmental in-
fluences (123, 127, 131), determine age of onset, HD typically
emerges in middle age (40-50 years), but as the length of the
repeat increases, the age of onset tends to decrease (47). In
juvenile HD, for example, CAG repeat length can easily ex-
ceed 50. Moreover, among HD-affected individuals, CAG
repeat length tends to increase across generations if trans-
mission is paternal, suggesting an effect of HD on spermato-
genesis (134).

The huntingtin protein (HTT) contains over 3000 amino
acids with the CAG expansion appearing in the N-terminal
region. Because mutant HTT is widely expressed, it triggers
cellular pathologies throughout the body, but the most nota-
ble of these, insoluble intranuclear and cytoplasmic inclu-
sions, is common in brain tissue (60). The role of these
inclusions in HD pathogenesis is far from settled since they
could be directly pathogenic or simply represent a protective
response as cells try to sequester the abnormal protein from
disrupting vital functions. In either case, the inclusions are not
present in unaffected brains, indicating that mutant HTT is
processed differently from its normal counterpart. Ample
research indicates that HTT participates in multiple cellular
functions, ranging from regulation of transcription to intra-
cellular trafficking, but the mechanism by which mutant HTT
leads to HD is unknown. What is clear is that mutant HTT
promotes aberrant protein—protein interactions. This and
other valuable insights into the pathogenesis of HD have
come from the development of transgenic animal models,
which allow for assessments of cellular function that are im-
possible to perform in human patients (22). Mice have become
the most widely used animals for this line of research.

Transgenic mouse models

Identification of the HD gene paved the way for the de-
velopment of animal models. The first was developed by in-
troducing exon 1 of the huntingtin gene from a patient with
juvenile HD into the mouse genome (77). The result was rapid
onset of robust neurological signs in what have become
known as the R6/1 and R6/2 strains of mice. Although many
additional models are now available, they can be grouped
into three broad categories based on the genetic manipulation,
as shown in Figure 7. Truncated models, represented by the
R6 mice, carry only a portion of the mutant gene, typically
exon 1 or the N-terminal portion that includes the expanded
CAG repeat. These animals, therefore, express only a trun-
cated version of mutant HTT. In an alternative approach, re-
searchers randomly inserted the full-length human mutant
huntingtin gene in the form of either bacterial artificial chro-
mosome (BAC) or yeast artificial chromosome (YAC) DNA
into the mouse genome (28). These are the so-called BAC and
YAC mice, respectively, and are categorized as full-length
models. They mimic adult-onset HD, but lack the robust be-
havioral phenotype of the R6 mice. A third category includes
mouse strains in which the expanded CAG repeat is inserted
directly or knocked in to the mouse huntingtin gene. These
knock-in mice model late adult onset HD, but never
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FIG. 7. Three categories of mouse models based on the
human mutant huntingtin gene for studying Huntington’s
disease (HD). Truncated models include exon 1 (R6) or the
relevant portion of exon 1 that contains the expanded CAG
repeat. Full-length models (bacterial artificial chromosome
[BAC] and yeast artificial chromosome [YAC]) include the
entire gene. In both truncated and full-length models, the
genetic manipulation is added to the mouse genome. In
contrast, the CAG expansion is inserted or “knocked in” to
the mouse genome in knock-in models.

completely replicate the severe behavioral impairments and
early mortality of HD.

Researchers use mice in particular categories to address a
specific question or to build on earlier work. The R6/2 line, for
example, is widely used because the entire disease course
plays out between 6 and 14 weeks of age and the behavioral
phenotype is strongly expressed by 9 or 10 weeks of age.
These features make R6/2 mice popular as an initial screen for
new therapeutics or for identifying the most prominent un-
derlying cellular abnormalities. In contrast, neurological signs
in BAC and YAC mice may take several months to develop,
but there also is ample opportunity for assessing cellular
pathogenesis when animals are still healthy. Knock-in mice
provide a model in which the HD mutation occurs in the
correct genetic location. Each model, therefore, has a unique
set of features that can be exploited for studying a particular
aspect of HD. Findings that generalize across models are
especially valuable for gaining insight into the underlying
neurobiology.

Altered corticostriatal processing

Abnormal patterns of electroencephalogram (EEG) activity
have been reported for patients in various, even early, stages
of HD (15, 95, 119). A prominent feature of the EEG record is a
loss of power in the alpha and theta bands along with dete-
riorating motor control and mental performance. Abnormal
cognitive evoked potentials also have been reported for pa-
tients showing early signs of HD (112). Collectively, these
recordings provided early confirmation of neuronal proces-
sing deficits in HD, and paved the way for more detailed
investigations of electrophysiological changes in transgenic
HD models. In R6/2, YAC, and knock-in mice, the balance of
excitatory and inhibitory inputs that normally controls the
membrane properties of cortical pyramidal neurons recorded
in vitro shifts toward a hyper-excitable state (23). Similarly,
pyramidal neurons recorded from BAC mice show decreased
inhibition, consistent with an elevation of cortical excitability
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(118). In cultured cortical neurons, which express the first 171
amino acids of mutant HTT and are grown on microelectrode
arrays, there is evidence of network-wide dysfunction in that
the number of spikes, the overall population of spike bursts,
and interburst intervals are all decreased (39). The pattern of
neuronal spiking, including burst activity, plays a critical role
in information transmission and synaptic plasticity (58, 74),
making the decrease in bursting especially relevant for HD. In
fact, decreases in bursting and in the number of spikes that
participate in a burst have been reported for pyramidal neu-
rons recorded from both prelimbic and primary motor areas
of cortex in freely behaving R6/2 mice as early as 7 weeks of
age (84, 125). Although the burst properties of individual
cortical neurons in mildly symptomatic knock-in mice did not
change relative to healthy strain controls, neuron pairs re-
corded simultaneously from knock-in mice showed signifi-
cantly less correlated firing, including fewer coincident bursts.
A decline in correlated firing also has been reported for R6/2
mice (125). The loss of correlated or synchronous firing among
groups of cortical neurons across different models is a key
point for HD because cooperative interactions among func-
tionally related neurons, which are often manifest as syn-
chronous oscillatory activity, shape behavioral output (9, 14,
84). In support of this view, dysregulation of prelimbic
activity occurs in R6/2 mice during abnormalities in the ex-
tinction of fear conditioning (126).

Like cortical neurons, striatal MSN electrophysiology is
altered in HD models, and again in vitro data point to an
increase in neuronal excitability (19, 65, 70, 87). Intracellular
recordings from R6/2 and knock-in mice, for example, indi-
cate that MSNs have a depolarized resting membrane po-
tential and enhanced sensitivity of the NMDA glutamate
receptor relative to wild-type (18, 71). Interestingly, record-
ings from behaving, symptomatic HD models indicate in-
creased MSN activity in both R6 lines, but not in knock-ins,
which express a relatively mild behavioral phenotype relative
to the R6s (84, 85, 104). Presumably, the elevated R6 firing rate
reflects the robust HD behavioral phenotype. In contrast,
MSN burst activity is decreased in all three models (84, 85). In
fact, decrease in correlated firing and coincident bursting
between pairs of simultaneously recorded MSNs is a consis-
tent finding across multiple mouse models and the behaving
transgenic HD rat (84). Thus, as in cortex, dysregulated MSN
activity patterns occur across multiple HD models.

Altered corticostriatal processing is most evident when the
activity of large populations of neurons, recorded as local field
potentials (LFPs), are recorded simultaneously in both regions
(53). Assessments of LFP activity in R6/2 mice behaving in an
open-field arena showed high frequency oscillations in both
motor cortex and striatum that did not appear in wild-type
control mice during quiet rest and grooming. Interestingly,
R6/2s most closely resembled wild-type when both groups
were engaged in active exploration. In fact, corticostriatal
synchrony at high frequencies declined in R6/2s as behavior
moved from quiet rest to active exploration, completely op-
posite to the control pattern. Abnormal cortical and striatal
high frequency oscillations also occur in R6/1 mice relative to
control during performance of a procedural learning task (17).
It appears, therefore, that HD mice fail to modulate corticos-
triatal communication appropriately to fit behavioral de-
mand. In an intriguing parallel, the decrease in AA release
occurs when HD mice are behaviorally active.
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Dysfunctional AA release

When symptomatic R6/2 mice and age-matched wild-type
controls are anesthetized and assessed for extracellular AA in
striatum, the AA level is comparable in both groups (102). As
the animals recover from anesthesia and begin spontaneous
movement, however, only wild-type mice show the expected
increase in AA. By 60 min after recovery from anesthesia, their
extracellular AA increases by >50%. In contrast, R6/2 mice
show the opposite response, a 25%-50% decline in AA that
trends slowly back to the anesthetized level after 100 min but
still well below the AA level in the behaving wild-types.
Similar results have been reported for striatal AA release
evoked by cortical stimulation: a much larger increase in
control than R6/2 mice (27). The postanesthesia decrease in
R6/2 extracellular AA, moreover, cannot be explained by a
loss of intracellular AA since R6/2 and control intracellular
levels are comparable (120). In line with the decrease in AA
release, R6/2 behavior also is impaired. These mice are less
active overall and engage in a more limited repertoire of
movements than wild-type, consistent with evidence that a
loss of extracellular AA in striatum hampers a wide range of
behavioral responses (see above).

Knock-in mice tested in early to mid-adulthood show a
similar decrease in striatal AA release upon recovery from
anesthesia, but with an interesting sex difference (26).
Males, which show greater behavioral deficits than females,
also show a greater behavior-related decrease in striatal AA
during behavioral episodes. Thus, the problem in male HD
mice appears to be a failure of AA release. In females, es-
trogen may play a neuroprotective role that delays onset
of HD neurological signs, including onset of the failure to
release AA.

Further assessment of R6/2 behavior indicates that the
pattern of movement is also altered (37). This can be assessed
in an enclosed plus-shaped maze; the maze is mounted on a
force plate and is used to measure turning probability and
should not be confused with the elevated, open-arm plus
maze used to measure anxiety. When allowed to move freely
in the enclosed plus maze, R6/2 mice spend as much time
moving as healthy strain controls but are less likely than
controls to turn into a perpendicular arm upon reaching the
center or choice point of the maze (52, 103). Turning proba-
bility is significantly reduced. Four intraperitoneal injections
of 300mg/kg AA spread over 7 days not only reverses the
decline in turning but also increases striatal AA release rela-
tive to vehicle treatment (103). AA, but not vehicle, injections
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also increase overall R6/2 locomotion in the open field. Thus,
a loss of extracellular AA in striatum may play an important
role in the HD behavioral phenotype.

The loss of extracellular AA also impacts striatal neuronal
activity (104). MSN firing rate is significantly elevated in R6/2
mice relative to control in both anesthetized and behaving
conditions, but with firing rates in the behaving condition that
often exceed 15 spikes/s, a rate that rarely appears in wild-
type mice. If, as some evidence suggests (108), the striato-
pallidal projection degenerates early in the course of HD, then
it is tempting to speculate that an elevated rate of striatal
activity is confined to the striatonigral pathway. Excessive
activity in this pathway could lead to the release of motor
programs that disrupt ongoing behavior and trigger the HD
behavioral phenotype (2). Interestingly, increased bursting
has been reported in the substantia nigra reticulata, the main
target of the striatonigral projection (91). Although more re-
search is required to identify the downstream pathways that
promote the HD behavioral phenotype, administration of
AA according to a protocol that elevates extracellular AA in
striatum (300 mg/kg/injection/day for several days) signifi-
cantly lowers striatal activity in R6/2 mice (104). Re-
presentative spike rasters, shown in Figure 8, illustrate the
ability of AA to slow striatal firing to a wild-type pattern,
while also increasing burst firing. This same protocol also
improves R6/2 behavior (103).

Although the mechanism by which AA injections improve
behavioral responding and striatal electrophysiology in HD
models remains to be established, a change in glutamate
transmission is a likely possibility. One interpretation is that
an increase in extracellular AA interferes with the operation of
the NMDA glutamate receptor. AA has been shown to occupy
a redox site on this receptor to decrease NMDA function (76),
but whether systemic injections of AA can elevate the extra-
cellular concentration to the high level (>500 M) required for
this effect is unknown. Interestingly, however, NMDA re-
ceptor sensitivity changes in HD mice (20), which may allow
for even a small increase in AA to antagonize NMDA acti-
vation. An alternative interpretation is that glutamate uptake
is impaired in HD mice, and in contrast to what happens in
healthy animals, AA injections may actually promote gluta-
mate uptake.

The glutamate uptake problem

In HD, ample evidence points to a problem with EAAT2 in
patients and its homologue in HD mice, GLT1. Evaluation of
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FIG. 8. Representative spike rasters recorded from the striatum of freely behaving wild-type (WT) or R6/2 mice. Each
row represents an individual neuron. Burst firing, calculated by the burst surprise method (see 85), is designated by a
horizontal line through a cluster of spikes. Note the spike bursts present in both the WT mouse treated with saline and the
R6/2 mouse treated with AA. The R6/2 mouse treated with saline shows the characteristic increase in firing but lack of burst

activity (see 104).
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tissue from HD patients indicates a decrease in EAAT2
mRNA and a decrease in EAAT2 expression in both striatum
and cortex (34). The loss of EAAT2, moreover, parallels the
severity of symptoms and cannot be explained by a loss of
astrocytes since these cells may actually increase in HD. In
addition, when HD postmortem tissue is evaluated for glu-
tamate uptake, a significant decrease is evident even at rela-
tively early stages (50). Similar results have been obtained
from HD mice. Decreases in both mRNA and protein have
been reported for GLT1 in R6/2 and other HD models (7, 73),
and even before the loss of GLT1 protein, there is a significant
decrease in striatal glutamate uptake (83). In fact, the decrease
develops just prior to the onset of the behavioral phenotype
(92). Collectively, these results suggest that a loss of GLT1
function is a critical step in HD progression and can occur
independent of a change in the level of GLT1 protein.

GLT1 function depends on palmitoylation, a process that
regulates protein insertion in cellular membranes (38). Pal-
mitoylation is accomplished by a family of palmitoyl-acyl
transferases (PATs), and the connection to HD involves
HIP14, a HTT-interacting protein that was the first PAT to
be characterized (55). Mutant HTT reduces palmitoylation
by altering HIP14 activity (132). In fact, YAC model mice
show a decrease in both GLT1 palmitoylation and gluta-
mate uptake (54). HIP14 knock-out mice, moreover, show
an HD-like phenotype, underscoring the importance of
palmitoylation and its role in glutamate transmission. GLT1
dysfunction also points to the direct involvement of astro-
cytes in HD neuropathology. 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. (10) restricted the expression of mutant HTT
to astrocytes and found decreased levels of GLT1, reduced
glutamate uptake, and most importantly, development of
the HD behavioral phenotype. Over the course of HD, the
loss of GLT1 protein leads to increased susceptibility to
glutamate-induced neurotoxicity (31). Drug treatments are
now available to increase GLT1 expression, and the results
of these treatments in HD mice not only confirm a link
between glutamate uptake and AA release but suggest a
possible therapeutic strategy.

Increasing GLT1 function and striatal AA release

The beta-lactam antibiotic, ceftriaxone, increases GLT1 ex-
pression. As a third generation cephalosporin, ceftriaxone
crosses the blood-brain barrier, and after several days of
treatment, GLT1 levels increase in mouse striatum and other
brain regions (113). Ceftriaxone treatment of symptomatic
R6/2 mice not only elevates GLT1 expression in striatum
but also increases glutamate uptake, indicating that the in-
creased expression is functional (83). More importantly, HD
neurological signs in these mice also improve. Daily cef-
triaxone for five consecutive days, for example, decreases
clasping, a unique response of the fore- and hind limbs of
HD mice to tail suspension, and it also increases turning in
the enclosed plus maze and climbing behavior in the open
field, both of which are suppressed in HD mice. In fact, the
R6/2 turning and climbing responses no longer differ from
the level of expression of these behaviors in ceftriaxone- or
vehicle-treated strain controls. In light of the chronic nature
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of HD, it would be useful to know whether ceftriaxone
treatment remains effective after long-term exposure, but
the results to date implicate upregulation of GLT1 as a
potential therapeutic target.

If GLT1 upregulation improves striatal glutamate uptake,
then it should be accompanied by a corresponding increase in
AA release. New evidence supports this view. In R6/2 mice
treated with ceftriaxone, electrical stimulation of cortex elicits
a rapid increase in striatal AA release that matches the wild-
type response, whereas vehicle-treated R6/2s release less AA
than similarly treated wild-type mice (82). In addition, local
infusion of a GLT1 inhibitor into striatum blocks cortically
evoked AA release. Thus, release of AA into striatal extra-
cellular fluid is not only linked to GLT1 function, but dysre-
gulation of this release may play an important role in HD
pathophysiology.

Although ceftriaxone also elevates GLT1 expression in
wild-type mice (83), the increase in striatal AA is not signifi-
cant (82). This may be due to compensatory mechanisms that
regulate synaptic levels of AA, a process that appears neces-
sary for normal function of corticostriatal activity (114). Al-
ternatively, cortical stimulation may evoke a near-maximal
AA release in these mice, which could limit the effectiveness
of ceftriaxone, whereas R6/2 mice are well below a maximal
release response. It also is interesting that apart from upre-
gulation of GLT1, ceftriaxone may promote glutamate release
by increasing expression of the cystine-glutamate exchanger
(66, 72). This would make more glutamate available for up-
take and thus promote a further increase in AA release.
Although this mechanism cannot be ruled out, it seems un-
likely because glutamate released by activation of Xc™ also
acts on presynaptic metabotropic glutamate receptors to in-
hibit further release (4). Collectively, the data suggest that
GLT1 plays a key role in driving AA into striatal extracellular
fluid. Recent evidence for differential expression of three
GLT1 splice variants (51), however, suggests a need for fur-
ther investigation of GLT1 involvement in AA release.

Innovation

Dysfunctional communication between cortical and striatal
neurons is an early sign of neuropathology in Huntington’s
disease (HD). Under normal conditions, striatal neurons
are driven by glutamate released from cortical afferents
and modulated by the release of ascorbic acid (AA). Both
glutamate clearance and AA release are impaired in HD ow-
ing to a failure of GLT1, a protein primarily found on astro-
cytes. Growing evidence suggests that by rebalancing striatal
extracellular glutamate and AA upregulation of GLT1 could
be a potential therapeutic target for HD neuropathology.

Conclusions

Ample evidence indicates that activation of GLT1, which
promotes the clearance of extracellular glutamate, results in
the release of AA, which in turn modulates the action of
glutamate on striatal neurons. The interaction between AA
and glutamate, which is tightly regulated by astrocytes, has
important implications for understanding both striatal func-
tion and behavior. In fact, dysregulation of glutamate uptake
and AA release appears to be a critical feature of the corti-
costriatal neuropathology that underlies HD. The time is right
to focus on astrocytes, including their role in striatal neuronal
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processing and the control of AA release. The results may
have important implications for a disease that has so far re-
sisted numerous attempts to devise an effective therapeutic
strategy.
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Abbreviations Used

5-HT = serotonin
AA = ascorbic acid or ascorbate
AMPA = alpha-amino-3-hydroxy-5-methylisoxazol-
4-propionic acid

REBEC

BAC =bacterial artificial chromosome
DHAA = dehydroascorbate
EAAT = excitatory amino acid transporter
GLAST = glutamate aspartate transporter
GIn = glutamine
GLT1 = glutamate transporter 1
Glu = glutamate
GluR = glutamate receptor
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HD = Huntington’s disease
HTT =huntingtin protein
LFP =local field potential
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NMDA = N-methyl-D-aspartate
OHe =hydroxyl radical
PAT = palmitoyl-acyl transferases
SVCT = sodium-dependent vitamin C transporter
UA =uric acid
WT = wild-type
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