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Abstract

Excitotoxicity is thought to be important in the pathogenesis of Huntington’s disease (HD).
Glutamate is the predominant excitatory neurotransmitter in the brain and excess activation of
glutamate receptors can cause neuronal dysfunction and death. Glutamate transporters regulate the
extracellular concentration of glutamate. GLT-1 is the most abundant known glutamate transporter
and accounts for most of the glutamate transport in the brain. Administration of ceftriaxone, an
antibiotic that increases the functional expression of GLT-1, can improve the behavioral
phenotype of the R6/2 mouse model of HD. To test the hypothesis that GLT-1 expression
critically affects the HD disease process, we generated a novel mouse model that is heterozygous
for the null allele of GLT-1 and carries the R6/2 transgene (double mutation). We demonstrated
that the protein expression of total GLT-1, as well as two of its isoforms, are decreased within the
cortex and striatum of 12-week-old R6/2 mice and that the expression of EAAC1 was decreased in
the striatum. Protein expression of GLT-1 was further decreased in the cortex and striatum of the
double mutation mice compared to the R6/2 mice at 11 weeks of age. However, the effects of the
R6/2 transgene on weight loss, accelerating rotarod, climbing and paw-clasping were not
exacerbated in these double mutants. Na*-dependent glutamate uptake into synapatosomes
isolated from the striatum and cortex of 11-week-old R6/2 mice was unchanged compared to
controls. These results suggest that changes in GLT-1 expression or function per se are unlikely to
potentiate or ameliorate the progression of HD.
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Introduction

Huntington’s disease (HD) is a neurodegenerative disorder characterized by the loss of
efferent medium spiny neurons in the caudate nucleus and putamen and, to a lesser extent,
other neurons within the basal ganglia (Vonsattel ef a/., 1985). HD is caused by an
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expansion of a CAG trinucleotide repeat in exon 1 of the HD gene, which codes for a
mutated huntingtin protein (The Huntington’s Disease Collaborative Research Group,
(1993).

It has been suggested that excitotoxicity, affecting especially neurons with high NMDAR
expression such as medium spiny neurons, is important in the pathogenesis of HD (Beal et
al., 1991; Yanai et al.,, 2006). Acute exposure of neurons to excitatory amino acids such as
glutamate leads to neurodegeneration (Lipton & Rosenberg, 1994). The striatum receives a
large glutamatergic input from corticostriatal afferents and is at risk for excitotoxic injury.

Glutamate is the predominant excitatory neurotransmitter in the mammalian CNS.
Extracellular levels of glutamate are maintained at relatively low levels to prevent
inappropriate activation of glutamate receptors, in particular high-affinity NMDA receptors
(Herman & Jahr, 2007). There is no evidence for the extracellular metabolism of glutamate,
and it is thought to be cleared from the extracellular space primarily by Na*-dependent
glutamate transporters. The critical role of glutamate transport in protecting neurons from
the toxicity of extracellular glutamate has been demonstrated in vivo and in tissue culture
(Rosenberg & Aizenman, 1989; Rosenberg et al., 1992; Robinson et al., 1993; Lipton &
Rosenberg, 1994; Rothstein et al., 1996; Mitani & Tanaka, 2003; Brustovetsky et al., 2004).

Five glutamate transporters [GLAST (EAAT1), GLT-1 (EAAT2), EAACL (EAAT3),
EAAT4 and EAATS5] have been identified to date (Danbolt, 2001). GLT-1 is responsible for
most (>90%) of the glutamate transporter activity in the forebrain (Danbolt et a/., 1992;
Haugeto et al.,, 1996; Tanaka et al., 1997; Matsugami et al., 2006). There is a decrease in
GLT-1 mRNA and glutamate uptake in HD patients post-mortem (Arzberger et al., 1997,
Hassel et al., 2008). In various mouse models of HD GLT-1 is down-regulated and a
decrease in glutamate uptake is observed (Lievens et al., 2001; Behrens et al., 2002; Shin et
al., 2005; Miller et al., 2008; Estrada-Sanchez et al., 2009). It has been reported that
ceftriaxone, a p-lactam antibiotic, known to increase the functional expression of GLT-1,
can reverse the observed deficit in glutamate uptake in the R6/2 transgenic mouse model of
HD (Miller et al., 2008) and provide therapeutic benefit.

In this study we examined the protein expression of various glutamate transporters in the
R6/2 mice, a transgenic model of HD. We generated a novel mouse model that is
heterozygous for a null allele of GLT-1 and carries the R6/2 transgene to determine if a
substantial (50%) loss of GLT-1 expression would exacerbate the HD behavioral phenotype
in the R6/2 transgenic mice. Finally, we measured the Na*-dependent glutamate uptake into
synaptosomes isolated from the cortex and striatum of age-matched R6/2 mice and
littermates, in order to determine if loss of function of GLT-1 could be demonstrated in the
R6/2 mice.

Materials and methods

Animals

A colony was maintained by breeding ovarian transplant R6/2 females (B6CBA-
Tg(HDexon1)62Gph/1J) obtained from The Jackson Laboratories (Bar Harbor, ME, USA)
with either BGCBAF1/J males or males, based on a C57BL/6 background, that were
heterozygous for GLT-1 (Tanaka et al., 1997). F1 offspring of the first mating generated
mice with either the WT or R6/2 genotype. F1 offspring of the second mating generated a
total of 51 animals with the following genotypes, GLT-1*/* (wild-type), GLT-1*/~
(heterozygous GLT-1), R6/2; GLT-1*/* (HD) and R6/2; GLT-1*/~ (HD and heterozygous
for GLT-1). Mice were housed under standard conditions (12-h light cycle from 7:00AM to
7:00PM) with ad /libitum access to food and water. All experiments were performed in
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accordance with NIH guidelines and were approved by the Children’s Hospital Boston
Institutional Animal Care and Use Committee.

Genotype and CAG repeat length

Genomic DNA was extracted from tail tissue samples in 2801 of DirectPCR Lysis Reagent
(Viagen Biotech) and 0.4 mg of proteinase K (Viagen Biotech) at 55°C overnight. Samples
were then heated at 85 °C for 45 min with gentle shaking and stored at 4 °C. PCR and
agarose gel electrophoresis were used to determine presence of the GLT-1 knockout gene,
R6/2 transgene and CAG repeat length. To amplify the R6/2 transgene and determine the
CAG repeat length the forward primer was 5'-CCG CTC AGG TTC TGC TTT TA-3” and
reverse primer was 5’ -GGC TGA GGA AGC TGA GGA G-3’. Each 20 pl PCR reaction
consisted of 2.0 il DNA template, 0.5 .M each primer, 0.2mM dNTPs, 1x Q-solution
(Qiagen), 1x PCR Buffer (Qiagen) and 2 units of HotStarTaqg Plus DNA Polymerase
(Qiagen). Cycling conditions were 95 °C for 5 min followed by 35 cycles of 94 °C for 30 s,
58 °C for 30°s, 72 °C for 60 s with a final extension at 72 °C for 10 min. Gel electrophoresis
of samples was performed in 2% agarose with 1x Tris-acetate-EDTA containing 0.25 mg/L
ethidium bromide as running buffer. Gels were run at 5 VV/cm for 60 min. The positive
control was DNA from B6CBA-Tg(HDexon1)62Gpb/1J from The Jackson Laboratories that
is known to have 169+1 CAG repeats. Analysis of fragment distance migration against the
positive control demonstrated that the R6/2 transgene in mice used for our experiments had
169+1 CAG repeats. To genotype for the presence of the GLT-1 knockout gene the forward
primer was 5'-TTC GGC TAT GAC TGG GCA CAA CAG -3’ and reverse primer was 5’-
TAC TTT CTC GGC AGG AGC AAG GTG-3. Each 20 pl PCR reaction consisted of 2.0
il DNA template, 0.5 wM each primer, 0.2mM dNTPs, 1x Phire reaction buffer (New
England BioLabs, Inc., Ipswich, MA, USA) and Phire Hot Start DNA polymerase (New
England BioLabs, Inc., Ipswich, MA, USA). Cycling conditions were 98 °C for 3 min
followed by 35 cycles of 98 °C for 55, 63 °C for 5 s, 72 °C for 20 s with a final extension at
72 °C for 1 min. Gel electrophoresis of samples was performed in 2% agarose.

Western Blot

Mice were euthanized using CO», brains were removed, and the striatum and cortex from
both hemispheres was dissected and frozen for immunoblotting. Brain tissue was
homogenized in ice-cold T-PER Tissue Protein Extraction Reagent (ThermoScientific,
Rockford, IL, USA) containing Complete, Mini Protease Inhibitor Cocktail Tablets (Roche
Applied Science, Indianapolis, IN, USA) following a previously published procedure
(Rakhade & Loeb, 2008). The tissue mixture was centrifuged at 13,000 r.p.m. for 10 min at
4 °C. The supernatant was collected and protein levels were quantified using the Bio-Rad
DC protein assay (Bio-Rad Laboratories, Inc, Hercules, CA, USA). Twenty pg of protein
from each sample was mixed with 0.775% DTT, 0.005 % Bromophenol blue, 0.3% SDS,
125 mM trisHCI (pH 6.8) and 10% glycerol at 4 °C and subjected to SDS-PAGE 4%-20%
acrylamide and transferred to Immun-Blot® PVDF membrane (Bio-Rad Laboratories, Inc,
Hercules, CA, USA). Membranes were stained with Ponceau S solution (Boston
Bioproducts, Ashland, MA, USA) to visualize protein. Membranes were incubated for 1 h at
room temperature in 5% milk in TBST [Tris-buffered saline (pH7.4) with 0.1% Triton-X].
Membranes were then incubated overnight at 4 °C with one of the following primary
antibodies diluted in 5% milk in TBST: rabbit anti-nGLT-1 antibody (Chen et a/., 2002)
diluted at 1:500; guinea-pig anti-GLT-1a antibody (Millipore, Billerica, MA, USA) diluted
at 1:5000; rabbit anti-GLT-1b antibody (Chen et a/., 2002) diluted at 1:1000; rabbit anti-
EAACI antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) diluted at 1:5000
or rabbit anti-GLAST (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA Santa Cruz)
antibody diluted at 1:200. Membranes were washed three times, each for 5 min, and then
incubated for 1 hr at room temperature with horseradish peroxidase coupled secondary
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antibody [rabbit and mouse at 1:10,000 (Bio-Rad Laboratories, Inc, Hercules, CA, USA);
guinea-pig at 1:1000 (Abcam)] diluted with 5% milk in TBST. Membranes were washed
three times, each for 5 min and then incubated with SuperSignal West Pico
Chemiluminescent Substrate (ThermoScientific, Rockford, IL, USA) for 5 min. The
membranes were exposed to Hyblot CL autoradiography Film (Denville Scientific, Inc.,
Metuchen, NJ, USA) and films were developed with a Kodak 2000 processor. Membranes
were then re-probed with chicken anti-p-tubulin antibody (Millipore, Billerica, MA, USA)
diluted at 1:10,000 to access for equivalent protein loading. Immunoblots were scanned and
digitized using ImageJ software to obtain the optical density of the bands.

Behavioral Assessments

All behavioral assessments were performed after a 10 min habituation to the testing room.
Assessments were coded by an independent observer who was blind to mouse genotype.

Body weight—Muice were weighed once a week from 3 to 11 weeks of age.

Accelerating rotarod—The Economex Rotarod apparatus (Columbus Instruments,
Columbus, OH, USA) was used to measure motor coordination and balance. Mice were
trained on the rotarod apparatus for two consecutive days to teach them the task and to
habituate them to handling. Weekly testing began on the third day and included a 10 s
acclimation period at a constant rotation of 4 rpm followed by an accelerating speed (4-34
rpm) for 5 min. Mice were given 4 trials separated by a 5-min inter-trial interval. The
latency to fall from the rod was recorded. Mice remaining on the rod for more than 300 s
were removed and their time scored as 300 s (Hickey et a/., 2005).

Climbing—Miice were placed under a wire cylinder (diameter - 10.5 cm, height - 15.5 cm,
open at the bottom) for 5 min and video-recorded. The latency to climb, the number of
climbing events and the total time spent climbing were counted. Climbing was defined when
all four paws of the mouse were off the floor of the testing bench and on the wall of the
climbing cage (Hickey et al., 2005).

Paw-clasping—Mice were suspended by the tail for 30 s to elicit the clasping phenotype,
which was scored on a scale from 0-4, where 0 represented no clasping, 1 represented one
forepaw clasping, 2 represented both forepaws and one hind paw clasping and 4 represented
all paws clasping (Hickey et al., 2005).

Electron Microscopic Immunocytochemistry on Tissue Sections

Wild-type and R6/2 mice at 4 and 10 weeks of age were anesthetized deeply, using
Nembutal (50 mg/kg), then transcardially perfused with 4% paraformaldehyde combined
with glutaraldehyde (0.1%) and buffered using 0.1 M phosphate (PB). Brains were sectioned
at a thickness of 40 wm using a vibratome. Sections were treated for 30 min with 1% sodium
borohydride/PB, to terminate the cross-linking actions of the aldehydes, then rinsed
repeatedly using 0.1 M PB, and stored in 0.01 M PB containing 0.9% sodium chloride
(saline) (PBS) and 0.05% sodium azide. Peroxidase-based labeling followed the procedure
of Hsu et al. (1981), using the ABC Elite kit (Vector Laboratories) and 0.02% of DAB
(Sigma- Aldrich) and 0.03% of hydrogen peroxide (Sigma) as substrates. Primary antisera
were diluted 1:500 for anti-cGLT-1a (710 ng/ml). Vibratome sections were incubated
overnight at room temperature or at 4°C. The pre-embedding silver-intensified colloidal
gold (SIG) procedure was done as described previously (Chan et a/., 1990), using the
GLT-1a antibody, a polyclonal antibody against the C terminus of GLT-1a protein based on
the published sequence (amino acid 559-573 of GLT-1) which was generously provided by
Dr. J. Rothstein (Johns Hopkins University) and has been previously characterized with
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respect to its specificity and localization in brain (Rothstein et al., 1994). Other immuno-
reagents that we purchased were biotinylated secondary antibodies directed against rabbit
1gGs, 1.4 nm colloidal gold-conjugated anti-biotin IgG (Goldmark, Phillipsburg, NJ) and a
silver-intensification kit (IntensEM; Amersham Biosciences, Arlington Heights, IL).

Tissue processing for electron microscopy was done as previously described (Chan et al.,
1990), using EMBED®812 (Electron Microscopy Sciences, Fort Washington, PA) as the
embedding medium. Fixation with osmium tetroxide also was omitted, to minimize loss of
SIG. In lieu of osmium tetroxide, ultrastructural preservation and visualization of
membranes was achieved by the osmium-free procedure developed by (Phend et a/., 1995)
and (Matsubara et al., 1996). In brief, 40-m-thick sections were post-fixed and
counterstained with a series of solutions, consisting of the following: tannic acid, uranyl
acetate, iridium tetrabromide, and para-phenylenediamine-HCI, each made in a maleate
buffer. These sections were infiltrated with Epon, flat-embedded between two sheets of
Aclar plastic, then capsule-embedded for ultrathin sectioning. Ultrathin sections were
collected serially onto Formvar-coated grids (200 or 400 mesh, thin bars). These ultrathin
sections were counterstained minimally with lead citrate (30 sec, using Reynold’s lead
citrate), to facilitate identification of processes and synapses without loss of SIG particles.
The ultrathin sections were viewed using JEOL’s 1200XL. Profiles were identified as
synapses, based on the clustering of vesicles within the terminal, the parallel alignment of
the plasma membranes of the axon terminal and the immediately adjacent dendritic spine,
and the presence of a thick postsynaptic density along the intracellular surface of the spine
membrane facing the axon terminal.

Sampling of synapses was performed strictly in the order that they were encountered, so as
to ensure randomness, from the tissue-resin interface, where penetration by immunoreagents
could be expected to be optimal. These profiles were stored digitally, using the AMT
software and Hamamatsu’s CCD camera.

Synaptosomal Glutamate Uptake

Mice were anesthetized using ether, brains were removed, and the forebrain or striatum and
cortex from both hemispheres was dissected, weighed and homogenized in 20x ice-cold
0.32M sucrose. Samples were centrifuged at 800g for 10 minutes at 4 °C. The supernatant
was poured into a fresh tube and centrifuged at 20,000 g for 20 minutes at 4 °C. The pellet
was then resuspended in 40x ice-cold 0.32 M sucrose and centrifuged at 20,000 g for 20
minutes at 4 °C. The washed pellet was then resuspended in 50x ice-cold 0.32 M sucrose by
homogenization. The isolated crude synaptosomes were kept on ice and used immediately.
Glass tubes containing 450 w1 of buffer [(in mM): 140 NaCl or 140 choline chloride, 2.5
KCI, 1.2 CaCly, 1.2 MgCl,, 1.2 KoHPOy, 10 glucose, 5 Tris base, and 10 HEPES]
containing glutamate [0.5 wM L-glutamate and 0.022 M [3H]-L-glutamate (PerkinElmer,
Boston, MA, USA)] were preincubated for 5 min at 37°C. Glutamate uptake into
synaptosomes was initiated by adding 50 p.l of crude synaptosomes to each tube and
incubating at 37°C for 30 seconds. To stop glutamate uptake, 2 ml of ice-cold choline buffer
was added to the tube, vortexed and plunged into an ice-water slurry. The samples were
filtered through Whatman GF/C filter paper pre-wetted with choline buffer and then the
filters were washed three times with 2 ml choline buffer. Radioactivity on the filters was
measured by liquid scintillation counting (TRI-CARB 2200CA, APACKARD, Long Island
Scientific, Inc.). The radioactivity taken up by the synaptosomes in the absence of sodium
was subtracted from that taken up in the presence of sodium to isolate Na*-dependent
transport. L-glutamate concentrations for the saturation analysis were: 2.5, 5, 10, 25, 50 and
100 uM.
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Statistical Analysis

Results

GraphPad Prism v4.0c software was used for statistical analysis. Group data were calculated
as meantS.E.M. One-way analysis of variance (ANOVA) was used to analyze the protein
expression of the various glutamate transporters in the striatum and cortex. Two-way
ANOVA and Bonferroni’s post hoc test was used to analyze the total body weight, latency
to fall, clasping score, latency to climb, number of climbing events and total climbing time
between genotype and age of mice. Unpaired t-test was performed to compare the frequency
of encounter with axon terminals immunoreactive for GLT-1a across the striatum of WT and
R2/6 mice.

Expression of glutamate transporters in the cortex and striatum

Previous studies have demonstrated a decrease in GLT-1 expression in HD, but none has
focused on the individual variant forms of GLT-1. Immunoblot analysis using antibodies
against the n/c-termini of GLT-1 was performed and as previously reported (Haugeto et al.,
1996), we saw a predominant immunoreactive band at approximately 75 kDa, and other
immunoreactive bands at higher molecular masses. These bands were quantified separately
and there was no evidence that they responded differently to the presence of the mutant
huntingtin protein. Thus, within each fraction, the optical densities of both the monomer and
multimer bands were summed and used to quantitate GLT-1 immunoreactivity. Immunoblot
analysis using an antibody against the n-terminus of GLT-1 demonstrated that the
expression of total GLT-1 is decreased in the cortex (Figure 1B; n=3; P<0.01) and striatum
(Figure 2B; n=3; P<0.01) of 12 week-old R6/2 mice when compared the age-matched wild-
type littermate controls. Using antibodies against the c-terminus of GLT-1, that are specific
for the GLT-1a and GLT-1b splice variants (Danbolt, 2001; a; Chen et al., 2002; Lee &
Pow, 2010), immunoblot analysis demonstrated that GLT-1a and GLT-1b were both
significantly decreased in the cortex (Figure 1B; n=3; P<0.05 and P<0.05, respectively) and
striatum (Figure 2B; n=3; P<0.01 and P<0.05 respectively) of 12 week-old R6/2 mice. The
protein expression of the neuronal specific glutamate transporter, EAAC1 was unchanged in
the cortex (Figure 1B; n=3) and significantly decreased in the striatum (Figure 2B; n=3;
P<0.05) of 12 week old R6/2 mice when compared to wild-type littermates. The protein
expression of the astrocytic specific glutamate transporter, GLAST was unchanged in the
cortex and striatum of age-matched mice. As expected, there was a decrease in GLT-1[(total
GLT-1[67% (cortex); 59% (striatum; P<0.001) of wild-type], GLT-1a [64% (cortex;
P<0.01); 59% (striatum; P<0.05) of wild-type] and GLT-1b [60% (cortex; £<0.01);53%
(striatum; P<0.05) of wild-type] isoforms] expression in the cortex and striatum of animals
that were heterozygous for the GLT-1 knockout gene (Figure 3B and 4B; n=3). Mice, at 11
weeks of age, that were heterozygous for GLT-1 knockout gene and expressed the R6/2
transgene had a further decrease in the expression of total GLT-1 (15% of wild-type levels
in R6/2; GLT-1*/~; P<0.001compared to 50% in R6/2; A<0.01) as well as two of its
isoforms [GLT-1a (28% in R6/2; GLT-1*/~; P<0.001 compared to 70% in R6/2; P<0.05)
and GLT-1b (22% in R6/2; GLT-1*/~; P<0.001 compared to 54% R6/2; P<0.001)] in the
cortex (Figure 3; n=3). In the striatum of these double mutant mice, a significant further
decrease in total GLT-1 (38% in R6/2; GLT-1*/~;<0.001 compared to 78 % in R6/2;
P<0.05) and GLT-1a (36% in R6/2; GLT-1*/~; P<0.001 compared to 84% in R6/2) was
detected, while the protein levels of GLT-1b (43% in R6/2; GLT-1*/=; P<0.01 compared to
66% in R6/2; P<0.05) demonstrated trends towards a further decrease (Figure 4; n=3). The
astrocytic specific glutamate transporter, GLAST, was significantly increased in the cortex
of mice that were heterozygous for the GLT-1 knockout gene when compared to their age-
matched littermates (Figure 3; n=3;P<0.05).
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Body weight

Littermate mice that did not carry the R6/2 transgene, had a steady increase in body weight
from 3 to 11 weeks of age (Figure 5A; n=11-16). Mice that carried the R6/2 transgene had
an increase in body weight from 3 to 6 weeks for age. From 6 to 9 weeks of age, they
maintained their body weight and then from 10 weeks of age onwards, there was a
significant decrease in body weight in comparison to wild-type mice and GLT-1*/~ mice
(n=11-16; P<0.05).

Rotarod Analysis

From 6 weeks of age onwards, the R6/2; GLT-1*/~ mice had a significant decrease in the
latency to fall from an accelerating rod when compared to age-matched wild-type and
GLT-1*~ animals (Figure 5B; n=11-16; A<0.05). A significant decrease in the latency to
fall from an accelerating rotarod was only observed a week later, from 7 weeks of age
onwards in the R6/2; GLT-1*/* animals (n=11-16; A<0.05).

Clasping Phenotype

Similar results were also observed in the clasping analysis where there was a significant
difference between the R6/2; GLT-1*/~ animals and the R6/2; GLT** animals from the age-
matched wild-type and GLT-1*/~ controls from 7 and 8 weeks of age, respectively (Figure
5C; n=11-16; P<0.05).

Climbing Analysis

Climbing analysis demonstrated a reduction in the climbing behaviour from 3 weeks of age
onwards in the mice that carried the R6/2 transgene regardless of the expression levels of
GLT-1 (Figure 5D, E and F; n=11-16; P<0.05). The animals with the R6/2 transgene
showed increased latency to climb (Figure 5D; P<0.05), as well as a dramatic reduction in
the number of climbing events (Figure 5E, P<0.05) and the total time spent climbing (Figure
5F; P<0.05) in comparison to age-matched wild-type and GLT-1*/~ animals.

Expression of GLT-1a in the presynaptic axon terminals in the striatum

GLT-1la-immunoreactivity in the striatum of C57BL/6 mouse was visualized using HRP-
DAB (Figure 6). By light microscopy, GLT-1a appeared as fine puncta in the neuropil
surrounding neurons in the striatum. These immunoreactive puncta were less dense in the
external capsule (ec) and the fiber bundles coursing throughout the striatum. There was an
absence of punta in the striatum of the GLT-1 knockout mice and the only profiles visible
were the very pale nuclei within somata of unlabeled neurons, that was most likely
background labeling (Figure 6B). EM images showed that HRP-DAB labeling was
associated with the intracellular surface of the plasma membrane of processes that are
identifiable as astrocytic, based on the highly irregular contour and the absence of vesicles,
microtubules and postsynaptic densities (Figure 6C). The cytoplasm of the labeled astrocytic
process is indicated by asterisks. The labeled astrocytic process was adjacent to a GLT-1a-
immunoreactive axon terminal, GT, that was forming an asymmetric synapse with a spine.
Within GT, immunoreactivity was evident along the intracellular surface of the plasma
membrane, a portion of which faces the spine. Providing evidence that GLT-1a is expressed
in presynaptic axon terminals in the striatum Using SIG EM-ICC, a method that yields the
most quantitative data and precise localization of the antigenic sites, with an antibody for
GLT-1a, we quantified the expression of GLT-1 in the presynaptic axon terminals in the
striatum of 4 and 10 week old WT and R6/2 mice. Using SIG, we confirmed that GLT-1a
occurs both along the presynaptic membrane (straight arrows) and intracellularly within
axon terminals (curled arrows). Representative labeling in the striatum of 4 week old WT
mice is shown in Figure 6D. Quantitative analysis showed no difference in the expression
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levels of GLT-1 in axon terminals in age-matched wild-type and R6/2 mice at 4 and 10
weeks of age (Figure 6E; n=3).

Glutamate uptake into synaptosomes isolated from age-matched wild-type and R6/2 mice

Glutamate uptake into synaptosomes isolated from the forebrain of wild-type adult mice was
assayed and was found to be sodium-dependent, inhibited by the broad-spectrum glutamate
transporter antagonist, TBOA and was lost when the synaptosomes were preincubated with
saponin, a compound that permeabilizes the membrane. The glutamate uptake into these
synaptosomes was also temperature-sensitive (see Supplemental Figure 1). If the glutamate
uptake were due to passive transport through channels or membrane leak, then the
temperature coefficient (Q1p) would be the Q4 for diffusion of small solutes in water, or
1.3. The kinetics of glutamate transporters are strongly temperature dependent with a Q1 of
transport between 2-3 (Wadiche & Kavanaugh, 1998; Auger & Attwell, 2000). We
determined the Q1 for 3H-L-glutamate uptake to be 2.27+0.21and using the Arrhenius
equation the activation energy was determined to be 4.98 kJ/mol. The K, and Vs Of
glutamate uptake into these synaptosomes was 10.99+1.21 uM and 5.0£0.82 pmol/p.g/min,
respectively (see Supplemental Figure 2). Na* dependent glutamate uptake was decreased in
synaptosomes isolated from the forebrain of GLT-1*/~ mice, that have decreased levels of
GLT-1 protein, (69.6+£3.1%; P<0.0005; Figure 7). This is consistent with previous finding
that glutamate uptake into synaptosomes isolated from GLT-1 knockout mice is decreased to
5.8% of that observed in synaptosomes from WT mice (Tanaka et al., 1998). To determine if
the function of GLT-1-mediated glutamate uptake was altered during the progression of HD,
we isolated crude synaptosomes from the striatum and cortex of 6 and 11 week old R6/2
transgenic mice and littermate controls. The rate of radiolabelled glutamate uptake into these
synaptosomes was unchanged in the cortex (WT: 4.78+1.04 pmol/ig/min; R6/2: 5.29+1.35
pmol/pg/min) and striatum (WT: 5.67+0.89 pmol/g/min; R6/2: 7.46x1.20 pmol/g/min) at
6 weeks of age (Figure 8A; n=4) and also in the cortex (WT: 6.91+1.41 pmol/pg/min; R6/2:
9.05+2.27 pmol/g/min) and striatum (WT: 4.22+0.72 pmol/p.g/min; R6/2: 5.18+0.88 pmol/
pg/min) at 11 weeks of age (Figure 8B; n=4). The contribution of glutamate uptake
inhibited by a GLT-1 specific inhibitor (300LM dihydrokainate), which is indicative of the
GLT-1-mediated uptake, was unchanged in synaptosomes isolated from the cortex (WT:
46.3+7.6%; R6/2: 46.6+6.5%) and striatum (WT: 53.9£7.4%; R6/2: 55.8+5.9%) of 6 week-
old wild-type and R6/2 mice and from the cortex (WT: 82.0£1.4%; R6/2: 84.3+0.6%) and
striatum (WT: 76.9£2.9%; R6/2: 84.6+£0.9%) of 11 week-old mice (Figure 8C and 8D; n=4).

Discussion

GLT-1 protein and mRNA expression is known to be altered in late-stages of HD (Lievens
et al., 2001) and so changes in glutamate homeostasis was not considered to be a primary
event in HD, as changes in this protein’s expression occur after the onset of motor
symptoms (Carter et al., 1999; Sheldon & Robinson, 2007). However, Miller et al., (2008)
demonstrated a glutamate uptake deficit prior to when a change in GLT-1 expression was
observed. Using no-net-flux microdialysis coupled online to capillary electrophoresis with
laser-induced fluorescence to monitor functional changes in extracellular glutamate they
demonstrated that there was a deficit in glutamate uptake in R6/2 mice and, further, that
ceftriaxone increased levels of GLT-1 in the R6/2 mice and also restored the deficit in
glutamate uptake. Significantly, administration of ceftriaxone reduced the clasping and
climbing phenotype in R6/2 mice. The authors concluded that ceftriaxone attenuates the HD
phenotype by increasing GLT-1 expression and reversing the glutamate uptake deficit.
Conversely, we would expect that a decrease in the expression of GLT-1 would exacerbate
the HD phenotype. However, the present study shows that decreasing the expression of
GLT-1 in the R6/2 transgenic HD mice does not exacerbate the HD phenotype. These results
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suggest that ceftriaxone may ameliorate HD progression by an effect other than an effect on
GLT-1 expression. Our findings do not preclude the possibility that the disease severity in
the R6/2 mice might be potentiated with a further reduction in GLT-1 levels. However, our
goal was to produce a reduction in GLT-1 expression comparable to what is seen in the
disease, and test the effect of this manipulation In a mouse model of multiple sclerosis,
ceftriaxone has been shown to attenuate disease course by a mechanism independent of
GLT-1 expression and function (Melzer et al., 2008). For example, ceftriaxone is known to
promote nuclear translocation of p65 and activation of NF-kappaB. NF-kappaB is a family
of transcription factors that are involved in the control of a large number of normal cellular
processes, such as immune and inflammatory responses, developmental processes, cellular
growth, and apoptosis (Oeckinghaus & Ghosh, 2009). The observed effects of ceftriaxone
on HD could be attributed to downstream effects of NF-kappaB activation, other than
increase in expression of GLT-1. Alternatively, ceftriaxone is known to activate the
transcription factor Nrf2 (nuclear factor erythroid 2-related factor 2), which induces a
subunit of the glutamate/cystine-antiporter system x(c)(-), XCT (Sasaki et al., 2002;
Lewerenz et al., 2009). Induction of XCT expression leads to increased levels of intracellular
cysteine and thereby cystine, which is required for production of glutathione, the major
cellular antioxidant. Recent work has suggested a deficit in trafficking of the cysteine and
glutamate transporter, EAACL in HD (Li et al., 2010) and so an increase in XCT expression
may in some way compensate for a deficit in cysteine import by EAACL.

We assessed several behavioral signs of HD in mice with the R6/2 transgene in the presence
of wild-type levels of GLT-1 and in mice that were heterozygous for GLT-1 expression. In
each case, the decrease in the expression of GLT-1 did not significantly exacerbate the HD
phenotype. By 10 weeks of age, the mice that carried the R6/2 transgene showed a
significantly reduced body weight when compared to their wild-type and
GLT-1*"littermates. A decrease in body weight has been previously observed in the R6/2
transgenic HD mice at this age (Stack er al., 2005; van der Burg ef a/., 2008). Littermates
that carried the R6/2 transgene and had a decreased expression of GLT-1 had an earlier
onset of motor symptoms and the clasping phenotype, compared to their HD littermates
(Figure 5 B&C). However, there was no significant difference between the HD animals
regardless of expression levels of GLT-1 (R6/2; GLT-1*/* or R6/2; GLT-1*/"). Climbing is
a normal spontaneous activity in mice (Olsson & Dahlborn, 2002; van der Burg ef a/., 2008)
and there was a dramatic reduction in climbing behavior in R6/2 mice compared to wild-
type littermates from 4 weeks of age onwards (Hickey et a/., 2005). Decreased expression of
GLT-1 in littermate mice that carried the R6/2 transgene did not alter the climbing behavior
further.

Mice that were 10 weeks of age and heterozygous for GLT-1 expression with normal
huntingtin expression had an increased latency to fall from the accelerating rotarod (Figure
5B) and showed increased climbing behavior (Figure 5F). These results are in agreement
with previous findings that 3-month old GLT-1*~ mice demonstrated periods of
hyperlocomotion in a new environment (Kiryk et al., 2008).

At 4 weeks of age, GLT-1 mRNA is unaltered in the striatum and cortex, however from 8 to
14 weeks GLT-1 levels in these regions progressively decrease in HD (Lievens et al., 2001,
Sari et al., 2010). Our study expands these findings and demonstrates that both isoforms of
GLT-1 (GLT-1a and GLT-1b) are significantly decreased in the cortex of 11 week old R6/2
mice. In the striatum, nGLT-1 and GLT-1b expression are also significantly decreased in the
11 week old R6/2 mice, however a significant decrease in GLT-1a expression was only
observed in 12 week old mice (Figures 2 and 4). In our studies the expression of the
glutamate transporter GLAST was unchanged in the R6/2 transgenic mice when compared
with their littermates, supporting previous studies that demonstrated no change in the protein
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and mRNA expression of this transporter (Lievens et al., 2001; Behrens et al., 2002).
However, in the mice that were heterozygous for GLT-1 with normal huntingtin, there was
an increase in GLAST expression in the cortex of 11 week old mice. This effect was not
present in mice that were heterozygous for GLT-1 and carried the R6/2 transgene. However,
previous studies show no change in the expression of GLAST in cortical homogenates from
postnatal day 2 GLT-1 knockout mice (Takasaki ef a/., 2008). It is possible that in mice that
express the GLT-1 KO gene the expression of GLAST increases as the mice age to
compensate for the loss of the glutamate transporter GLT-1. In any case, this is the first
report of a change in GLAST expression as a consequence of decreased levels of GLT-1.

Previous studies using immunoblotting analysis have reported no changed in the protein
expression of the neuronal glutamate transporter EAACL. In contrast, our studies
demonstrated that EAAC1 was decreased at 11 weeks of age in the striatum. The
inconsistency between previous data and our data may be related to the different endogenous
controls of protein loading onto the gel. In our studies we used p-tubulin as the endogenous
control to ensure equal protein loading, instead of GAPDH, whose levels are known to be
altered in HD (Senatorov et al., 2003). Furthermore, to obtain an accurate representation of
the protein expression, we determined absolute values of optical densities in order to
quantify protein levels, in contrast to previous studies that determined protein expression
relative to GAPDH.

The reduction in glutamate transporter protein expression does not appear to be the primary
event in HD as it occurs after the onset of motor symptoms. However, glutamate
transporters might contribute to the pathogenesis of HD if their function was significantly
altered early in the course of the disease. The high-affinity sodium-dependent glutamate
transporters that regulate the concentration of extracellular glutamate provide the
predominant source of protection against excitotoxicity. Glutamate transport activity
depends on the presence of the transmembrane sodium gradient generated by the Na*/K*-
ATPase. During energy failure, extracellular K* and intracellular Na* concentrations rise,
thereby altering the electrochemical gradients that drive glutamate uptake by the glutamate
transporters. Under these conditions, glutamate transport through the transporter is reversed
and the transporters release glutamate into the extracellular space. The presence of glutamate
transporters at nerve terminals has been a controversial subject (Danbolt, 2001). In
hippocampal neurons, it has been demonstrated that the glutamate transporter GLT-1,
previously thought to be expressed in astrocytes, is also expressed in excitatory axon
terminals of mature hippocampal neurons (Chen et al., 2004). Older data from other labs
provides evidence for high affinity glutamate uptake activity in corticostirate axon terminals
in the striatum (Divac et al., 1977; Fonnum et al., 1981; Cross et al., 1986; Gundersen et al.,
1996). As the highest concentrations of glutamate are found inside nerve terminals
(Bramham et al., 1990), the reversal of glutamate transporters in this location may contribute
to an increase in glutamate at the synapse, causing excess activation of glutamate receptors,
neuronal dysfunction and eventually death. Our study is the first to demonstrate by EM-ICC
that GLT-1a is expressed in presynaptic terminals in the striatum. Furthermore, we show no
change in the expression of GLT-1a in the presynaptic terminals in the R6/2 mice at 4 and
10 weeks of age. A change in function of these presynaptically located glutamate
transporters, for example secondary to energy compromise, could possibly lead to excess
glutamate in the synapse and excitotoxicity.

A decrease in glutamate uptake is observed in post-mortem HD brains (Cross et al., 1986;
Hassel et al., 2008). By combining no —net-flux microdialysis with capillary electrophoresis
with laser induced fluorescence, Miller et al., 2008 demonstrated a decrease in basal
glutamate levels as well as a decrease in glutamate uptake in the striatum of 8 week old R6/2
mice. There is a decrease in 500,LM DHK-inhibitable glutamate uptake into synaptosomes
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isolated from the striatum of YAC128 mice compared to controls at 3 months of age,
demonstrating a decrease in the levels of GLT-1 mediated uptake when expression of GLT-1
protein was unaltered in comparison to wild-type littermates (Huang et a/., 2010). To
confirm previous findings of a decrease in glutamate uptake, we isolated synaptosomes from
the cortex and striatum of age-matched wild-type and R6/2 mice, however no change in
sodium-dependent glutamate uptake was observed at 6 weeks of age or even at 11 weeks of
age, when we observed decrease in GLT-1 protein levels in the striatum and cortex of R6/2
mice. Additionally, there was no change in the contribution of the GLT-1-mediated
glutamate uptake into synaptosomes from these age-matched mice. Previously, a modest
(13%) decrease in total glutamate uptake into striatal synaptosomes isolated from the
striatum of 12 week old R6/2 mice compared to wild type littermates was demonstrated, and
this decrease was eliminated when 800,M DHK was present (Lievens et a/., 2001). We did
not observe a decrease in glutamate uptake into synaptosomes isolated from the striata of 11
week old R6/2 mice. According to Lehre et al., 1995, GLT-1 expression in the striatum of
rats (at an unknown age) is 60% of the levels expressed in the neocortex. Based on these
findings, we would expect our data to demonstrate a decrease in glutamate uptake into the
striatum compared to the cortex. Our data do not support this expectation. This discrepancy
between our results and the previous study might be due to differences in age, sex, and/or
species.

Our findings suggest that the change in total glutamate uptake observed in humans is not due
to a decrease in the expression or a change in function of the glutamate transporter GLT-1.
Other glutamate transporters, such as low affinity glutamate transporters and the Na*
independent glutamate-cystine antiporter have been described in brain tissue and in cell
cultures (Erecinska & Silver, 1990; Balcar & Li, 1992). Of note, one methodological
difference between previous reports and our own study is that in all assays reported herein,
we subtracted sodium independent from total uptake to yield sodium dependent transport.
Previous studies reported total glutamate uptake and did not separate out these two
components.

This work was undertaken to examine the hypothesis that GLT-1 is a significant modifier of
disease progression in HD. In the course of this study, we have observed the following novel
findings: 1) EAAC1 expression in the striatum of the R6/2 mice at 11 weeks of age was
decreased; 2) expression of the GLT-1 variant form GLT-1b was decreased in addition to
GLT-1a; 3) GLAST expression is increased in the GLT-1*/~ mice; 4) GLT-1a is expressed
in presynaptic terminals in the striatum. Contrary to previous findings, we detected no
change in the Na*-dependent glutamate uptake at 6 weeks of age or 11 weeks of age in the
R6/2 mice, the latter time point occurring when a clear decrease in GLT-1 protein
expression was observed. Not all GLT-1 is expressed on the cell surface and is functional
(Kalandadze et al., 2002). Our results suggest that the pool of GLT-1 protein affected by
mutant Huntington in the R6/2 mice may be a non-functional component that is located
intracellularly. Alternatively, previous studies have suggested that uptake into synaptosomes
greatly over-represents uptake into axon terminals, because of heteroexchange, and under-
represents uptake into astrocytes (Danbolt et al., 2006; Furness et al., 2008; Petr et al., 2011,
Sun et al., 2012). If a decrease in GLT-1 protein were selectively due to loss of GLT-1 in
astrocytes, then this phenomenon might be difficult to detect in synaptosomal preparations.
Finally, we demonstrated that a decrease in GLT-1 expression produced by knockout of one
allele does not alter the progression of the HD phenotype in the R6/2 mouse model,
challenging the view that GLT-1 is a significant modifier of the disease.
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Refer to Web version on PubMed Central for supplementary material.
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ANOVA analysis of variance

HD Huntington’s disease
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Figure 1. Immunoblot analysis of protein expression of glutamate transporters reveals that
GLT-1 was significantly decreased in the cortex of 12 week-old R6/2 mice compared to age-
matched WT mice

A - Immunoblot analysis using nGLT-1, GLT-1a, GLT-1b, EAACL, GLAST and B-tubulin
antibodies on lysates from the cortex of 12 week old WT and R6/2 mice; GLT-1*~ mice. B
— Quantification of the protein expression of total GLT-1, GLT-1a, GLT-1b, EAAC1 and
GLAST expression in the cortex of 6 and 12 week-old WT and R6/2 mice. Histograms
showing the average absolute optical density, indicative of protein expression of total
GLT-1, GLT-1a, GLT-1b, EAAC1 and GLAST in the cortex of three 12 week old WT
(solid black) and R6/2 mice (solid white). *P<0.05, **P <0.01 (One-way ANOVA followed
by Bonferroni’s post hoc test); £SD; n=3.
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Figure 2. Immunoblot analysis of protein expression of glutamate transporters reveals that
GLT-1 and EAAC1 were significantly decreased in the striatum of 12 week-old R6/2 mice
compared to WT mice

A - Immunoblot analysis using nGLT-1, GLT-1a, GLT-1b, EAACL, GLAST and B-tubulin
antibodies on lysates from the striatum of 12 week old WT and R6/2 mice; GLT-1*/~ mice.
B - Quantification of the protein expression of total GLT-1, GLT-1a, GLT-1b, EAACL1 and
GLAST expression in the striatum of 6 and 12 week-old WT and R6/2 mice. Histograms
showing the average absolute optical density, indicative of protein expression of total
GLT-1, GLT-1a, GLT-1b, EAAC1 and GLAST in the cortex of three 12 week old WT
(solid black) and R6/2 mice (solid white). *P<0.05, **P < 0.01 (One-way ANOVA
followed by Bonferroni’s post hoc test); £SD; n=3.
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Figure 3. Immunoblot analysis of protein expression of glutamate transporters reveals that
GLT-1 was significantly decreased in the cortex of 11 week-old R6/2; GLT-1*/~ mice compared
to age-matched R6/2; GLT-1*"* mice

A - Immunoblot analysis using nGLT-1, GLT-1a, GLT-1b, EAACL, GLAST and B-tubulin
antibodies on lysates from the cortex of 11 week old GLT-1*"*, GLT-1*/-, R6/2; GLT-1*/*
and R6/2; GLT-1*/~ mice. B — Quantification of the protein expression of total GLT-1,
GLT-1a, GLT-1b, EAAC1 and GLAST expression in the cortex of GLT-1"/*, GLT-1*,
R6/2; GLT-1*/* and R6/2; GLT-1*/~ mice. Histograms showing the average absolute optical
density, indicative of protein expression of total GLT-1, GLT-1a, GLT-1b, EAAC1 and
GLAST in the cortex of three 11 week old GLT-1*/* (solid black), GLT-1*/~(spotted), R6/2;
GLT-1**(striped) and R6/2; GLT-1*'~ mice (solid white). *P<0.05, **P <0.01, ***P <
0.001 (One-way ANOVA followed by Bonferroni’s post hoc test); +£SD; n=3.
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Figure 4. Immunoblot analysis of protein expression of glutamate transporters reveals that
GLT-1 and EAAC1 was significantly decreased in the striatum of 11 week-old R6/2; GLT- 1=
mice compared to age-matched R6/2; GLT-1*/* mice

A - Immunoblot analysis using nGLT-1, GLT-1a, GLT-1b, EAACL, GLAST and B-tubulin
antibodies on lysates from the striatum of 11 week old GLT-1*/* GLT-1*~, R6/2; GLT-1*/*
and R6/2; GLT-1*/~ mice. B Quantification of the protein expression of total GLT-1,
GLT-1a, GLT-1b, EAAC1 and GLAST expression in the striatum of GLT-1*/*, GLT-1*/-,
R6/2; GLT-1*/* and R6/2; GLT-1*/~ mice. Histograms showing the average absolute optical
density, indicative of protein expression of total GLT-1, GLT-1a, GLT-1b, EAAC1 and
GLAST in the striatum of three 11 week old GLT-1*/* (solid black), GLT-1*/~ (spotted),
R6/2; GLT-1*/*(striped) and R6/2; GLT-1*/~ mice (solid white). *P<0.05, **P <0.01, ***P
< 0.001 (One-way ANOVA followed by Bonferroni’s post hoc test); +SD; n=3.
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Figure 5. Behavioral analysis demonstrated no significant differences between the R6/2;
GLT-1** mice and the R6/2; GLT-1*/~ mice

Total body weight (A), latency to fall (B), clasping score (C), latency to climb (D), number
of climbing events (E) and total climbing time (F) were recorded from the GLT-1*/* (closed
triangles), GLT-1*/~ (open triangles), R6/2; GLT-1*"* (closed circles) and R6/2; GLT-1*/~
(open circles) mice from 3- 11 week of age. *P<0.05, Both R6/2 and R6/2; GLT-1*/~
significantly different from GLT-1*/* (*). 1P<0.05, only R6/2; GLT-1*~ significantly
different from GLT-1*/* (t). (Two-way ANOVA followed by Bonferroni’s post hoc test);
+SEM; n=11-16
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% of total synapses
presynaptically labeled.

Figure 6. EM-ICC demonstrated that GLT-1a is expressed in the presynaptic terminals in the
striatum, however no significant difference was observed in the presynaptically labeled synapses
in the R6/2 transgenic mice when compared to their age-matched controls

A Representative light microscopy image showing immunoreactive puncta which represents
GLT-1a visualized using HRP-DAB. ec=external capsule. B — Representative micrograph
taken from the striatum of a GLT-1 knockout mouse. C — Representative EM micrograph
taken from the tissue shown in A. GT= GLT-1a immunoreactive axon terminal; UT =
unlabeled terminal; *=cytoplasm of the labeled astrocytic process. D — Representative
micrograph using SIG EM-ICC to visualize the expression of GLT-1a in the presynaptic
terminals in the striatum of 4 week old WT mice. The straight arrows point to SIG particles
residing at the presynaptic plasma membrane facing the synaptic cleft, while the curled
arrows point to SIG particles occurring intracellularly of the same axon terminals. Scale bar
represents 500nm. E — Histograms showing the average percentage of total synapses that
were presynaptically labeled in the striatum of WT (solid black) and R6/2 (solid white) mice
at 4 and 10 weeks of age.=SEM; n=3
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Figure 7. Glutamate uptake into synaptosomes isolated from the forebrain of 14 week old wild-
type and GLT-1*/~ mice

Representative histogram showing uptake of [3H]-glutamate into synaptosomes isolated
from the forebrain of 14 week-old wild-type and GLT-1*/~ mice. ***P<0.0005; (Unpaired t-

test); +SD.
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Figure 8. Glutamate uptake into synaptosomes isolated from the striatum and cortex of 6 and 11
week old wild-type and R6/2 transgenic HD mice is unchanged

A - The uptake of [3H]-glutamate into synaptosomes isolated from the cortex and striatum of
6 week-old wild-type (solid black) and R6/2 (solid white) mice. B - The uptake of [3H]-
glutamate into synaptosomes isolated from the cortex and striatum of 11 week-old wild-type
(solid black) and R6/2 (solid white) mice. C - The percent inhibition of uptake of [3H]-
glutamate into synaptosomes isolated from the cortex and striatum of 6 week-old wild-type
(solid black) and R6/2 (solid white) mice in the presence of 300 .M DHK. D - The percent
inhibition of uptake of [3H]-glutamate into synaptosomes isolated from the cortex and
striatum of 11 week-old wild-type (solid black) and R6/2 (solid white) mice in the presence
of 300 M DHK. £SEM; n=4
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