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Abstract
A yeast artificial chromosome (YAC) mouse model of Huntington’s disease (YAC128) develops
motor abnormalities, age-dependent striatal atrophy and neuronal loss. Alteration of neurotransmitter
receptors, particularly glutamate and dopamine receptors, is a pathological hallmark of Huntington’s
disease. We therefore analyzed neurotransmitter receptors in symptomatic YAC128 Huntington’s
disease mice. We found significant increases in NMDA, AMPA and metabotropic glutamate receptor
binding, which were not due to increases in receptor subunit mRNA expression levels. Subcellular
fractionation analysis revealed increased levels of glutamate receptor subunits in synaptic membrane
fractions from YAC128 mice. We found no changes in dopamine, GABA or adenosine receptor
binding, nor did we see alterations in dopamine D1, D2 or adenosine A2a receptor mRNA levels.
The receptor abnormalities in YAC128 transgenic mice thus appear limited to glutamate receptors.
We also found a significant decrease in preproenkephalin mRNA in the striatum of YAC128 mice,
which contrasts with the lack of change in levels of mRNA encoding neurotransmitter receptors.
Taken together, the abnormal and selective increases in glutamate receptor subunit expression and
binding are not due to increases in receptor subunit expression and may exert detrimental effects.
The decrease in preproenkephalin mRNA suggests a selective transcriptional deficit, as opposed to
neuronal loss, and could additionally contribute to the abnormal motor symptoms in YAC128 mice.
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Huntington’s disease (HD) is a fatal, autosomal dominant neurodegenerative disorder for
which there is no effective treatment. The causative mutation is a CAG repeat expansion in
exon 1 of the HD gene which translates into a polyglutamine tract in the huntingtin (Htt) protein
(Huntington’s Disease Collaborative Research Group, 1993). Pathologically, HD is
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characterized by generalized brain atrophy, and selective neuronal cell death predominantly in
the striatum. Decreases in neurotransmitter receptors have been identified in HD striatum
including glutamate, dopamine, γ-aminobutyric acid (GABA), and muscarinic cholinergic
receptors. Presymptomatic HD patients have decreases in dopamine receptor levels as well as
decreases in mRNA levels for dopamine D1 and dopamine D2 receptors and striatal
neuropeptides such as preproenkephalin (PPE) (reviewed in Yohrling and Cha, 2002).

The R6/2 mouse model expresses only exon 1 of the human HD gene and displays selective
decreases in dopamine D1, group I metabotropic glutamate receptors and PPE mRNA well
before the onset of clinical symptoms, possibly contributing to their neurological decline
(Mangiarini et al., 1996,Cha et al., 1998,Cha et al., 1999,Luthi-Carter et al., 2000).
Furthermore, in other HD mouse models, there is down-regulation of neurotransmitter
receptors and neuropeptides, particularly in those mice displaying an overt neurological
phenotype (Menalled et al., 2000,Chan et al., 2002,Luthi-Carter et al., 2002,Kennedy et al.,
2005).

The YAC128 transgenic mouse model was created with a yeast artificial chromosome (YAC)
containing the entire human HD gene with 128 CAG repeats, including promoter regions
(Slow et al., 2003). YAC128 mice display a progressive neurological phenotype, presenting
with an initial hyperactivity and progressing to cognitive deficits and motor dysfunction (Van
Raamsdonk et al., 2005). The motor deficit in the YAC128 mice is highly correlated with
striatal neuronal loss, providing a structural correlate for the behavioral changes (Slow et al.,
2003). To explore the role of glutamate in the development of symptoms, we examined
glutamate receptors (GluRs) in brains taken from symptomatic 12 month old YAC128
transgenic mice and age-matched littermate controls using receptor binding autoradiography,
mRNA in situ hybridization and immunoblotting for receptor proteins. We also analyzed
GABA, adenosine and dopamine receptors, known to be affected in HD. We found increases
in binding to NMDA, AMPA and group I and group II metabotropic glutamate receptors
(mGluR) that were not wholly accounted for by increases in mRNA expression levels of
receptor subunits. Subcellular fractionation revealed increased GluR localization in the
synaptic fraction, which could suggest a receptor trafficking deficit in YAC128 mouse brains.
The abnormal receptor binding appears specific for glutamate receptors as there were no
changes in binding of GABA-A or GABA-B receptors, dopamine D1 or dopamine D2 receptors
or adenosine A2a receptors. In contrast to the lack of changes in neurotransmitter receptor
mRNA levels, there was a significant decrease in PPE mRNA.

MATERIALS AND METHODS
YAC72 and YAC128 mouse models

We have generated transgenic mouse lines using yeast artificial chromosomes (YACs)
containing human genomic DNA spanning the full-length gene, including all regulatory
elements. Transgenic mice express mutant huntingtin (Htt) containing 72 (YAC72) or 128
(YAC128) CAG repeats in a developmental and tissue-specific manner identical to that
observed in Huntington’s disease (HD) (Hodgson et al., 1999,Slow et al., 2003,Graham et al.,
2006). YAC128 transgenic mice exhibit initial hyperactivity at 3 months of age, followed by
hypokinesis at 12 months of age. The onset of a motor deficit on the rotarod is measurable at
6 months on age prior to the onset of neuronal loss at 9 months of age. YAC72 transgenic mice
exhibit hyperactivity at 7 months of age and striatal medium spiny neuron degeneration is
evident at 12 months of age. Thus, at 12 months of age, YAC72 mice are at an earlier
symptomatic phase than 12 month YAC128 mice.
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Tissue preparation
For YAC128 mice, six heterozygote symptomatic transgenic and six age-matched non-
transgenic control mice were studied at 12 months of age for receptor analysis and mRNA in
situ hybridization, and at 15 months of age for subcellular fractionation. Eight heterozygote
transgenic and five age-matched non-transgenic control mice from the YAC72 line were
studied at 12 months of age. All studies were conducted on coded samples by investigators
blinded to genotype. Mice were sacrificed and brains were removed, snap-frozen in chilled
isopentane and stored at −80°C. Sagittal cryostat sections (12 μm) were thaw-mounted onto
glass slides and stored at −80°C and the same cohort of sections was suitable for receptor
binding analysis and mRNA in situ hybridization. Frozen, dissected brain regions were used
for subcellular fractionation and immunoblotting.

Receptor autoradiography
Autoradiographic studies were performed as described in (Benn et al., 2004). Briefly, for
glutamate and GABA receptor studies, slides underwent a prewash in assay buffer for 30 min
at 4°C and dried under a stream of cool air. Slides were then incubated for 45 min in [3H]ligand
in the presence or absence of displacers. Conditions were as follows: Receptor assay:
concentration of [3H]ligand; assay buffer, displacers present in the incubation assay,
nonspecific “blank” condition. α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA): 10 nM [3H]AMPA; 50 mM Tris-HCl + 2.5 mM CaCl2 + 30 mM potassium
thiocyanate, pH 7.2 (Tris-HCl/CaCl2/KSCN); displacers, none; blank, 1 mM glutamate. N-
methyl-D-aspartate (NMDA): 100 nM [3H]glutamate; 50 mM Tris-acetate, pH 7.4; displacers,
none; blank, 1 mM NMDA. Group I metabotropic glutamate: 100 nM [3H]glutamate; Tris-
HCl/CaCl2/KSCN; displacers,100 μM NMDA and 10 μM AMPA; blank, 2.5 μM quisqualate.
Group II metabotropic glutamate: 100 nM [3H]glutamate; Tris-HCl/CaCl2/KSCN; displacers,
100 μM NMDA, 10 μM AMPA, and 2.5 μM quisqualate; blank, 1 mM glutamate. The [3H]
glutamate binding assays for metabotropic glutamate receptors can distinguish between group
I and group II mGluR (Catania et al., 1994). GABAA: 40 nM [3H]GABA; 50 mM Tris-HCl +
2.5 mM CaCl2, pH 7.4; displacers, 100 μM baclofen; blank, 100 μM isoguvacine. GABAB: 40
nM [3H]GABA; 50 mM Tris-HCl + 2.5 mM CaCl2 pH 7.4; displacers, 100 μM isoguvacine;
blank, 100 μM baclofen. All [3H]ligands were obtained from Perkin Elmer (Wellesley, MA).
After incubation in [3H]ligand, slides were subjected to three rapid washes in cold buffer, one
rapid wash in glutaraldehyde/acetone (2.5% vol/vol), and quickly dried under a stream of warm
air.

Assays for D1-like and D2-like DA receptors used a buffer containing 25 mMTris-HCl (pH
7.5), 100 mM NaCl, 1 mM MgCl2, 1 μM pargyline, and 10 mg/L ascorbate. For D1-like
receptors, slides were incubated with 1.65 nM [3H]SCH-23390 for 2.5 h. Nonspecific binding
was defined in the presence 1 μM cis-flupentixol). For D2-like receptors, slides were incubated
with 180 pM [3H]YM-09151–2 for 3 h. Nonspecific binding was defined in the presence 50
μM DA. Adenosine A2a receptor binding was performed in 50 mM Tris-HCl, 10 mM
MgCl2, pH 7.4 and 2 U/mL adenosine deaminase. Slides were incubated with 50 nM [3H]
CGS21680 for 90 minutes. Non-specific binding was defined in the presence of 20 μM
chloroadenosine. For dopamine and adenosine receptor binding, following incubation in [3H]
ligand, slides were rinsed in cold buffer for 10 min, rinsed quickly in distilled water and dried
under a stream of cool air.

For all receptor binding assays, slides and calibrated radioactive standards were apposed to
Hyperfilm 3H (Amersham, United Kingdom) for 1–3 months at 4°C. Films were developed
and analyzed using a computer-based image analysis system (M1 Imaging Research, St
Catharine’s, Ontario, Canada). Image density corresponding to binding of [3H]ligand was
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converted to pmol/mg protein by using calibrated radioactive standards, and nonspecific
binding was subtracted.

mRNA in situ hybridization
In situ hybridization was performed as described in (Benn et al., 2004). Briefly, frozen sections
were thawed to room temperature then fixed for 10 min in 4% paraformaldehyde, washed twice
in DEPC-PBS (0.1 M phosphate-buffered saline in DEPC-treated water) for 5 min each and
dehydrated in graded ethanols from 70 – 100%. Sections were hybridized overnight with
[35S] end-labeled 45-mer oligonucleotide probes (800,000 dpm/μL) in sealed chambers
humidified with 50% formamide/4X standard sodium citrate (SSC) water and washed three
times in 1X SSC at 55°C. Slides were dehydrated with ethanol and exposed to Amersham β-
max autoradiography film for one week. In situ hybridization signal was analyzed by measuring
film densities using the M1 computer-based image analysis system. Probes used were antisense
to ζ1, ε1 or ε2 NMDA receptor subunits (mouse orthologs of the NR1, NR2a and NR2b
subunits) (15), GluR1, GluR2, GluR3, GluR4 subunits of the AMPA receptor (16), dopamine
D1 and D2 receptors, adenosine A2a receptor and preproenkephalin (Benn et al., 2004).
Controls were sections incubated with an excess (100 μM) of unlabeled oligonucleotide.

Statistical analysis
A comparison of different groups (between genotypes and for each brain region) was performed
on receptor binding and in situ data. We compared t-tests (one-way ANOVA) between
genotypes in each region and compensated for multiple comparisons with Bonferroni-Dunn
posthoc test. We additionally performed two-way ANOVA with Beonferroni-Dunn posthoc
test. Significance level was P<0.05.

Real-time RT-PCR
Total RNA was extracted from mouse striatum with RNeasy Protect Mini Kit (Qiagen,
Valencia, CA), and treated with Amplification Grade DNaseI (Invitrogen, Carlsbad, CA). First-
strand cDNA was prepared from 1 μg of total RNA using SuperScript First-Strand Synthesis
System for RT-PCR (Invitrogen). Approximately 700 pg of first-strand cDNA was used as
template in real-time PCR reaction in a final volume of 25 μL. Mouse specific PPE primers
and β-actin primers were designed to meet specific criteria by using Primer Express software
(Perkin Elmer). The sequences for the PPE primers were 5′ TGC AGC TAC CGC CTG GTT
3′ and 5′ AGC TGT CCT TCA CAT TCC AGT GT 3′; and β-actin primers were 5′
ACGGCCAGGTCATCACTATTG 3′ and 5′ CAAGAAGGAAGGCTGGAAAAGA 3′. Real-
time PCR was performed using the ABI PRISM 7000 Sequence Detection System and SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA). All samples were run in
triplicate. Primary data analysis was performed using system software from Applied
Biosystems. For each experimental sample, the amount of PPE mRNA and endogenous
reference (β-actin) was determined from a standard curve. The standard curve was constructed
with threefold serial dilutions of pooled cDNA samples (4500 pg to 170 pg) and was run in
triplicate during every experiment. β-actin mRNA levels were used to control for template
loading. The amount of PPE mRNA level was divided by the amount of β-actin mRNA level
to obtain a relative PPE expression level. Statistical analysis of densitometry results were
performed using a Students t-test and statistical significance was achieved at P<0.05.

Subcellular fractionation and immunoblotting
Subcellular fractionation was performed as described in (Dunah and Standaert, 2003). Briefly,
striatum, frontal cortex, hippocampus and cerebellum were dissected from matched 15 month
old YAC128 transgenic and wild-type control mouse brains. Dissections from 6 brains of each
genotype were pooled, homogenized and subjected to sequential centrifuge steps at varying
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g in sucrose buffers to obtain a range of fractions: H (total homogenate), P1 (nuclear debris),
S2, P2 (crude synaptosomal membrane), S3, P3 (light membrane), LS1, LP1 (synaptosomal
membrane), LS2, LP2 (synaptic vesicle enriched fraction). Pellet fractions are membrane-
associated, soluble fractions are cytosolic. Fractions were quantified with the Bradford protein
assay kit and stored as 20 μg aliquots at −80°C. Freshly thawed aliquots were loaded onto 10%
SDS-PAGE gels, blotted on to PVDF membranes, immunoprobed and detected as described
(Dunah et al., 1996). Manufacturer’s guidelines for primary antibody concentration for
immunoblotting were used. Antibodies to GluR1, GluR2/3, GluR4, NR1, NR2a, NR2b, α1
subunit of the GABA-A receptor, and MAb2166 (Htt) were all obtained from Chemicon
(Temecula, CA). Antibodies to HIP1 and NR1 were from BD Biosciences Pharmingen (San
Diego, CA). HRP conjugated secondary antibody dilutions were 1:10,000 (BioRad, Hercules,
CA). Imaging and densitometry were performed on the Alpha Innotech FluorChem HD
imaging platform (Alpha Innotech, San Leandro, CA). Statistical analysis of densitometry
results were performed, comparing the two genotypes for each receptor protein within a
particular region with one-way ANOVA (t-test) with Bonferroni-Dunn posthoc correction for
multiple comparisons. Statistical significance was achieved at P<0.05.

RESULTS
Selective changes in glutamate receptor binding

We analyzed receptor binding autoradiography in the granule cell layer and molecular layer
of the cerebellum, entorhinal cortex, CA1, CA3 and dentate gyrus of the hippocampus, inner
cortex, outer cortex, striatum and thalamus in symptomatic 12 month old YAC128 mice and
age-matched littermate controls. All studies were conducted on coded samples such that
investigators were blinded to the genotype of the sample tissues. Receptor binding results are
summarized in Table 1.

The anatomical pattern of NMDA receptor binding for both control and transgenic mice was
similar to published autoradiographic studies (Cha et al., 1999), with the highest levels of
binding in CA1, followed by other hippocampal regions, cortex and subcortical regions.
Densitometric analysis of individual brain regions revealed a significant increase in NMDA
receptor binding in the dentate gyrus of the hippocampus (F(1,10)=5.26; P=0.045) and the
inner cortical layers (F(1,11)=6.63; P=0.026) in YAC128 transgenic mice (Figure 1, Table 1).
Further statistical analysis of all the data to consider genotype effects by two-way ANOVA
revealed a significant increase in NMDA binding in YAC128 mice compared to wild-type (F
(1,100)=17.9, P<0.001) (whole brain, WB; Figure 1, Table 1). Interestingly, NMDA receptor
binding shows a trend toward being increased in 12 month YAC72 transgenic mice compared
to wild-type littermates (F(1, 110)=3.107, P=0.081) (whole brain, WB; Figure 2, Table 3),
suggesting there may be a polyQ length dependent potentiation of NMDA receptor binding.

The anatomical pattern of AMPA binding in both control and transgenic mouse brain was also
similar to published autoradiographic studies in mouse, with highest binding in hippocampal
regions (Cha et al., 1999). There was a significant increase in AMPA binding in the transgenic
when compared to the wild-type mice that was limited to the molecular cell layer of the
cerebellum (F(1,10)=12.35; P=0.006) (Figure 1, Table 1). Furthermore, statistical analyses
employing two-way ANOVA revealed an increase of AMPA receptor binding across all brain
regions in YAC128 transgenic mice (F(1,100)=11.06; P=0.001). AMPA receptor binding was
also significantly increased in YAC72 transgenic mice compared to wild-type mice by two-
way ANOVA (F(1,110)=9.093, P=0.003), suggesting that AMPA receptor binding may be
more sensitive to the gain-of-function conferred by an expanded polyQ tract than NMDA
receptors (whole brain, WB; Figure 1, Table 3).
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We observed no difference in binding to group I mGluR within any brain region analyzed in
the YAC128 mouse brain (Figure 1, Table 1). However, there was a significant effect of
genotype on binding of the ligand, which was increased overall in YAC128 transgenic mouse
brains as compared to wild-type (F(1,100)=6.14; P=0.015). We observed a significant increase
in binding of the ligand to group II mGluR in the dentate gyrus of the hippocampus (F(1,10)
=14.02; P=0.004) in the YAC128 mouse brains, but two-way ANOVA revealed no difference
in group II mGluR binding in transgenic YAC128 mouse brains when data from all brain
regions are considered (Figure 1, Table 1).

No changes in non-glutamatergic receptor binding in YAC128 mice
Given the increases in glutamate receptor binding, we investigated other neurotransmitter
receptors. Decreases in GABA receptor binding have been reported in human HD patient brains
(Penney and Young, 1982). We therefore assessed GABA-A and GABA-B receptor binding
profiles in the YAC128 transgenic mouse line. However, we found no changes in binding of
ligand to GABA-A or GABA-B receptors in YAC128 transgenic mice compared to wild-type
littermate control mice (Figure 3 and Table 1).

We also investigated the binding of striatal-enriched neurotransmitter receptors implicated in
HD pathogenesis. Assessment of the dopaminergic receptors revealed no changes in dopamine
D1- or D2-like receptor binding in the YAC128 transgenic mice compared to wild-type
littermate controls (Figure 3, Table 1). Similarly, there were no changes in dopamine D1- or
D2-like receptor binding in YAC72 mice (data not shown). As expected, the binding pattern
of these receptors showed a striatal-enriched distribution for both wild-type and transgenic
YAC128 mouse brains. We investigated the binding properties of another striatally enriched
neurotransmitter receptor, the adenosine A2a receptor, which has been reported to be down-
regulated in the R6/2 mouse model of HD (Cha et al., 1998,Cha et al., 1999). We observed no
change in adenosine A2a receptor binding in transgenic mice compared to their control
counterparts for either the YAC128 mouse line (Figure 3, Table 1) or in YAC72 line (data not
shown). Together, these observations argue that neuronal degeneration in the striatum does not
simply cause a corresponding decrease in neurotransmitter receptor density. Furthermore, the
lack of change in non-glutamergic receptor binding highlights the specificity of the increases
in binding to glutamate receptors in YAC128 transgenic mouse brains.

Increases in glutamate receptor binding are not explained by increases in glutamate receptor
subunit mRNA expression

We have observed selective increases in glutamate receptor binding in the brains of YAC128
transgenic mice. Increases in receptor protein could result from increased mRNA levels. To
investigate this possibility, we performed in situ hybridization for mRNA expression levels of
the NMDA and AMPA receptor protein subunits (Figure 4 and Table 2).

We used probes specific for the ζ1, ε1 or ε2 NMDA receptor subunits (the mouse orthologs of
rat NR1, NR2a and NR2b subunits) of the NMDA receptor. The anatomical pattern of mRNA
expression of each subunit in both control and transgenic mouse brain was similar to published
studies (Cha et al., 1998,Cha et al., 1999). We found no differences between transgenic and
wild-type mice in mRNA expression levels in any brain region for the NR1, NR2a or NR2b
subunits of the NMDA receptor (Figure 4, Table 2). Similarly, 2-way ANOVA revealed no
effect of genotype on the mRNA expression level of any of the NR1, NR2a or NR2b subunit
mRNA expression levels in YAC128 mice. Analysis of YAC72 mice also revealed no changes
in any of the NR1, NR2a or NR2b subunit mRNA expression levels (data not shown).
Therefore, increased transcription of NMDA receptor subunit mRNA is not responsible for the
increase in NMDA-R binding.
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We further probed the mRNA expression levels of the GluR1, GluR2, GluR3 and GluR4
subunits of the AMPA receptor (Figure 4, Table 2). The anatomical pattern of AMPA mRNA
expression for all four subunits in both control and transgenic mouse brains was similar to
published studies in rat (Keinanen et al., 1990). We found no differences in GluR1 mRNA
expression in any of the brain regions, nor was it increased overall in transgenic mouse brains.
We observed a significant increase in GluR2 limited to inner cortex (F(1,11)=5.36; P=0.041),
striatum (F(1,11)=12.72; P=0.004) and thalamus (F(1,11)=6.48; P=0.027) in transgenic mice,
but 2-way ANOVA revealed no effect of genotype on overall GluR2 expression. In contrast,
2-way ANOVA revealed a significant effect of genotype on overall GluR3 expression in
YAC128 mice (F(1,110)=6.172; P=0.015), despite a lack of regional differences within the
brain. We observed a significant effect of genotype on GluR4 mRNA expression, with
expression being significantly increased in transgenic mice (F(1,100)=11.06; P=0.001).
However, there was no increase in GluR4 mRNA levels in the molecular cell layer of the
cerebellum, where this subtype is predominantly expressed. While there were increases in
GluR2 mRNA in discrete brain regions, and overall increases in GluR3 and GluR4 mRNA
levels, it appears unlikely that these could contribute to an increase in AMPA-R protein levels.
GluR3 and GluR4 are expressed at very low levels in the brain and furthermore, the GluR2
subunit was increased only in 3 specific brain regions. Therefore, it appears unlikely that
increases in mRNA levels of the AMPA receptor subunits alone are sufficient to cause the
increases in AMPA receptor binding.

No changes in non-glutamergic receptor mRNA expression levels
The dopamine D1- and D2-like and adenosine A2a neurotransmitter receptors predominantly
expressed in the striatum do not have altered binding in YAC128 transgenic mice. We sought
to confirm whether the mRNA levels of these neurotransmitter receptors were also unchanged
as they have previously been demonstrated to be altered in HD patient brains and other
transgenic mouse models (reviewed in Yohrling and Cha, 2002). We found the mRNA
expression of dopamine D1 and D2 receptors was predominant in the striatum in both YAC128
and control mice, as expected. We did not observe any differences in the mRNA levels of the
D1 or D2 dopamine receptors in the striatum (Figure 5, Table 2). Similarly, the pattern of
adenosine A2a mRNA expression appeared typical in both control and transgenic mice. Again,
we observed no differences in mRNA expression levels of the A2a receptor in the striatum of
YAC128 transgenic mice compared to control mice (Figure 5, Table 2), nor in the striatum of
YAC72 mice compared to their wild-type littermate controls (data not shown).

Increased synaptic localization of glutamate receptors
A number of possible molecular mechanisms could underlie our observation of specific
increases in glutamate receptor binding. Alterations of mRNA expression levels are insufficient
to cause these increases in receptor binding, thus ruling out increased transcription as an
underlying molecular mechanism. It is unclear if receptor binding measures only surface
receptors; theoretically, receptor binding assays on tissue sections might also be labeling
intracellular receptors. We therefore performed biochemical fractionation to determine the
abundance and subcellular localization of glutamate receptor subunits in control and transgenic
YAC128 mouse brains. These experiments were performed on homogenates prepared from
pooled dissections of the striatum, hippocampus, cortex and cerebellum from wild-type and
transgenic YAC128 mice. Fractions of particular interest were these from whole homogenates
(H) (which indicate the total amount of the neurotransmitter receptor protein), the light
membrane fraction (P3) (intracellular stores) and the synaptosomal fraction (LP1) (containing
synaptic membranes and intracellular synaptic vesicles). There was insufficient tissue from the
dissected brain regions to prepare a synaptic vesicle fraction (LP2). LP1 and P3 fractions were
run in triplicate for densitometry analyses, and all fractions are shown for purposes of
comparison (Figures 6 and 7).
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There was more NMDA NR1 subunit protein in the LP1 fraction in fractions from striatum
(P=0.002) and cortex (P=0.015) of transgenic mice, but no difference in the hippocampus or
the cerebellum. NR2a protein levels were increased in the LP1 fraction of YAC128 mice
compared to wild-type mice in cortex (P=0.006) and hippocampus (P=0.014) despite no
difference in protein levels in the P3 fractions. In contrast, NR2a levels were actually decreased
in the cerebellum (P=0.033). Similarly, NR2b protein levels were increased in LP1 fractions
prepared from the cortex (P=0.002) and hippocampus (P=0.008) of YAC128 transgenic mice,
but was unchanged in the striatum and cerebellum. Therefore, there were increases in NMDA
receptor protein in the LP1 synaptic membrane fraction predominantly in the cortex and
hippocampus, to a lesser extent in the striatum and no changes at all in the cerebellum (Figure
7). Thus, there were marked differences in the pattern of NMDA receptor subunit expression
in the different brain regions.

As for NMDA receptor subunits, we found increases in AMPA receptor subunits protein in
LP1 fractions from YAC128 transgenic mice (Figure 7). Overall, we observed significantly
increased GluR1 receptor subunit protein in the hippocampus only (P=0.002). There was
significantly increased GluR2/3 and GluR4 protein in the cortex (P<0.001 for GluR2/3 and
P=0.001 for GluR4), in the hippocampus (GluR2/3, P=0.027) and in the cerebellum (GluR4,
P=0.007). As for NMDA receptor subunit proteins, each brain region had a distinct pattern of
increased/unchanged levels of AMPA receptor subunit proteins, which argues against
generalized abnormalities in receptor protein control in YAC128 transgenic mouse brain. In
contrast to the increases in glutamate receptor subunit proteins, we observed no significant
differences in GABA-A receptor localization in LP1 fractions from YAC128 transgenic mice
(Figures 6 and 7).

Blots were re-probed for the Htt protein. As expected, we saw a band corresponding to full-
length endogenous murine Htt in both wild-type and transgenic YAC128 mice (Figure 7). We
also saw a band corresponding to full-length mutant Htt in YAC128 mice in all fractions,
resulting in an overload of Htt protein in subcellular fractions within YAC128 transgenic mouse
brains. Blots were additionally re-probed using antibodies to huntingtin-interacting protein 1
(HIP1). We observed increases in HIP1 protein levels in the P3 fraction that were significant
in the cortex (P=0.001) and striatum (P=0.032). Finally, we confirmed that equivalent amounts
of protein were loaded in each fraction by re-probing blots with antibodies to beta-actin (Figures
6 and 7) and by staining protein gels with Coomassie Blue (data not shown).

Preproenkephalin is down-regulated in the YAC128 transgenic mice
The neuropeptide preproenkephalin (PPE) mRNA is decreased in striata of symptomatic and
presymptomatic human HD patients (Augood et al., 1996). In addition, numerous mouse
models of HD have decreases in PPE mRNA at presymptomatic time points, before the onset
of a transgenic phenotype (Luthi-Carter et al., 2000,Menalled et al., 2000,Ariano et al.,
2002,Luthi-Carter et al., 2002). Decreased expression of PPE mRNA may thus be an early sign
of neuronal dysfunction due to the Huntington’s disease mutation. We analyzed PPE mRNA
levels in 12 month old YAC128 mice by mRNA in situ hybridization. PPE mRNA expression
was predominantly in the striatum in both control and transgenic mice. We observed a
significant decrease in PPE mRNA levels in the striata of 12 month old transgenic mice
compared to wild-type littermate controls (Figure 8, Table 2). This decrease was confirmed by
real-time RT-PCR (Figure 8).

DISCUSSION
Specific increases in NMDA and AMPA glutamate receptor binding in defined regions of
YAC128 mouse brains occurred in the absence of corresponding mRNA changes, suggesting
that increased transcription was not responsible for the receptor binding increases. Subcellular
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fractionation revealed complex alterations of glutamate receptor subunit protein localization
in synaptic membrane fractions limited to discrete brain regions in YAC128 transgenic mice.
The abnormal increases in receptor binding and synaptic membrane localization were specific
to glutamate receptors, as we found no changes in binding, mRNA expression or subcellular
protein localization for GABA, dopamine or adenosine receptors. Finally, we found
preproenkephalin mRNA was specifically down-regulated in YAC128 mice.

Glutamate receptors in HD
Intrastriatal administration of exogenous glutamate receptor agonists, particularly NMDA
agonists, reproduces neuropathological features of HD (Beal et al., 1986,DiFiglia, 1990,Albin
and Greenamyre, 1992). Enhancement of NMDA receptor-mediated synaptic currents and
comprised calcium homeostasis has been reported in multiple cell and mouse models of HD
in addition to the YAC128 mouse model (Cepeda et al., 2001,Laforet et al., 2001,Zeron et al.,
2002,Gines et al., 2003,Li et al., 2003,Li et al., 2004,Zeron et al., 2004,Tang et al., 2005,Fan
and Raymond, 2006,Shehadeh et al., 2006). Mutant Htt-potentiated NMDA receptor currents
at the synapse in YAC72 striatal cell cultures are postulated to be due to an increase in NMDA
receptors at the synaptic surface and a concomitant increase in receptor activity as mRNA
expression levels were unchanged (Li et al., 2003), which correlates well with our findings.
Interestingly, unpublished data (reported in (Fan and Raymond, 2006)) shows increased
NMDA receptor subunit expression at the synaptic membrane of cultured medium striatal
neurons from YAC72 mice, which could explain the enhanced current and toxicity.
Furthermore, polyQ length dependent Htt-mediated potentiation of NMDA receptors in
YAC128 striatal cell cultures has been reported to result in abnormal Ca2+ homeostasis and
neuronal apoptosis (Tang et al., 2005,Graham et al., 2006,Shehadeh et al., 2006).

Enhanced NMDA receptor current does not correlate with the extent of sensitivity to
excitotoxic insult. The R6/2 transgenic mouse model of HD exhibits an increased NMDA
receptor mediated current and a decreased sensitivity to quinolinic acid excitotoxic insults
(reviewed in Fan and Raymond, 2006). In contrast, sensitivity to glutamergic administration
is increased in the YAC72 mouse model, which has enhanced striatal neuronal vulnerability
to NMDA administration through increased Ca2+ influx (Zeron et al., 2002,Zeron et al.,
2004). Interestingly, NMDA receptor binding is maintained or decreased in the R6/2 mouse
model but is increased the YAC128 model, thus suggesting a molecular correlate for the
difference in response to excitotoxic glutamergic insults.

NMDA receptor binding and synaptic localization abnormalities were most prominent in the
hippocampus and the cortex. Aberrant NMDA receptor function in the context of long-term
potentiation in the hippocampus and corticostriatal synapses have been reported in multiple
models of HD (reviewed in Fan and Raymond, 2006). An elegant study examined the role of
synaptic circuitry in BAC transgenic mice expressing a truncated mutant Htt fragment either
in all forebrain neurons or only within the cortex (Gu et al., 2005). Progressive motor deficits
and cortical neuropathology only occurred when mutant transgene expression is in multiple
neuronal types, suggesting that cell-cell interactions between cortical and striatal neurons are
critical for HD pathogenesis.

There were increases in binding to both groups I and II mGluRs in YAC128 transgenic mice.
Metabotropic glutamate receptors are functionally neuromodulatory and are implicated in
synaptic plasticity and cell death, particularly through NMDA receptor potentiation (Orlando
et al., 2001, reviewed in Jayakar and Dikshit, 2004). Additionally, mGluRs have been proposed
to modulate ionotropic glutamatergic synaptic transmission by regulating glutamate release.
Interestingly, Taylor-Robinson and co-workers report increased glutamate levels in the striata
of HD patients (Taylor-Robinson et al., 1996). Furthermore, HD patients have been reported
to have dysmorphic dendritic arbors and spines in spiny striatal neurons, potentially increasing
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the number of functional connections, thus facilitating neuronal excitability and excitotoxic
cell death (Ferrante et al., 1991).

Disrupted post-translational control of glutamate receptors
A number of possible molecular mechanisms could underlie our observation of specific
increases in glutamate receptor binding. Alterations of mRNA expression levels are insufficient
to cause these increases in receptor binding, thus ruling out increased transcription as an
underlying molecular mechanism. We found complex alterations in NMDA and AMPA
receptor subunit protein levels in the synaptic membrane fraction that were unique to each
brain region analyzed, predicting a complex alteration of glutamatergic neurotransmission in
different regions of the YAC128 mouse brain. While there are some apparent discrepancies
between the receptor binding data and the subcellular fractionation data, it is important to note
that the receptor binding levels reflects the total number of receptors that can be bound,
including intracellular receptors, and thus does not necessarily correlate with the protein levels
at the synapse.

The abnormal glutamate receptor binding and presence in the synaptic fraction could be due
to alterations in receptor trafficking or to disrupted control of post-translational modification
of receptor subunits, such as phosphorylation. Further equally valid possibilities are that
receptor mRNA and/or protein stability is altered or that the glutamate receptors are modulated
post-translationally. Indeed, in R6/2 mice and a cell model, there are regionally specific
alterations of NMDA receptors at multiple levels, including subunit mRNA levels, subunit
phosphorylation and levels of anchoring proteins (Luthi-Carter et al., 2003,Song et al., 2003).
Therefore, the molecular mechanism underlying glutamate receptor binding and synaptic
localization abnormalities needs clarifying.

Striatal cell loss does not automatically alter neurotransmitter receptor levels
GABAergic striatal projection neurons degenerate in human HD patient brains and decreases
in D1 and D2 dopaminergic receptors have been documented in human HD patient brains and
transgenic mouse models (Penney and Young, 1982,Cha et al., 1998,Cha et al., 1999). In
contrast to findings in the R6/2 model, we found no difference in GABA-A, GABA-B, D1-
like dopamine, D2-like dopamine or A2a adenosine receptor binding in 12 month-old YAC128
transgenic mice. Similarly, we found no changes in mRNA expression levels for D1 dopamine,
D2 dopamine or A2a adenosine receptors, nor in GABA-A protein levels in the LP1 fraction.
Therefore, the lack of change in non-glutamate neurotransmitter receptors together with
specific glutamate receptor increases suggests a selective molecular mechanism.

YAC128 mice exhibit a 15% reduction in striatal neuron number at 12 months of age (Slow
et al., 2003). However, it is important to note that receptor binding assays measure receptor
density and consequently is not a reliable determinant of the numbers of surviving cells. Thus,
decreased numbers of striatal neurons would not necessarily produce decreased levels of
receptor binding density. Hence, the observation that levels of binding to GABA-A, dopamine
D1 and D2 receptors is unchanged in transgenic mice is not inconsistent with decreased
numbers of striatal neurons, and could in fact represent a compensatory mechanism. Indeed,
immunoblotting data suggest unchanged levels of receptor protein in the total homogenate
fraction, although this has not been confirmed by densitometry analyses. While receptor
binding levels appear unchanged at 12 months in YAC128 mice, it does not negate the
possibility of altered receptor binding levels at other time points.

Transcriptional dysregulation of preproenkephalin mRNA levels
Previous work has revealed mRNA alterations, both in human patient brains and HD models
(Augood et al., 1996,Cha et al., 1998,Cha et al., 1999,Luthi-Carter et al., 2000,Chan et al.,
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2002,Luthi-Carter et al., 2002,Zucker et al., 2005). We found no differences in NR1, NR2a or
NR2b, D1, D2 or A2a mRNA expression levels in YAC128 transgenic mice, arguing against
a global transcriptional deficit. However, we observed a decrease in the preproenkephalin
(PPE) mRNA levels, which agrees with well-documented decreases in other mouse models of
HD and human HD patients (Augood et al., 1996,Luthi-Carter et al., 2000,Menalled et al.,
2000,Ariano et al., 2002,Luthi-Carter et al., 2002). The decrease in PPE mRNA cannot be a
simple consequence of neuronal loss, as the levels of other mRNA species have been
maintained, or even increased in the striatum. This suggests the decrease in PPE mRNA could
be due to a selective transcriptional deficit. YAC128 mice thus share with other mouse models
the finding that preproenkephalin mRNA levels are decreased, supporting transcriptional
dysregulation as a common pathogenic mechanism in HD.
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AMPA  

Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

GABA  
γ-aminobutyric acid

GluR  
Glutamate receptor
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GluR1–4  
Subunits of the AMPA glutamate receptor

HD  
Huntington’s disease

HIP1  
Huntingtin-interacting protein 1

Htt  
Huntingtin

mGluR  
Metabotropic glutamate receptor

NMDA  
N-methyl-D-aspartate

NR1  
NR2a, NR2b, Subunits of the NMDA glutamate receptor

PPE  
Preproenkephalin

YAC  
Yeast artificial chromosome

YAC72/YAC128 
Transgenic mouse model of Huntington’s disease made using a YAC containing
the full length human gene and 72/128 CAG repeats respectively
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Figure 1. Increased glutamate receptor binding in YAC128 mice
(a) Glutamate receptor binding appears dark in representative images of control (WT) and
transgenic (YAC128) mice for NMDA, AMPA, group I and group II metabotropic glutamate
receptors and blank sections demonstrate the specificity of the binding. (b) Graphs show the
densitometric analysis of film images converted into to picomoles of [3H]ligand bound per
milligram protein (pmol/mg protein). Regions analyzed were the granule cell layer of the
cerebellum (cergrn), molecular layer of the cerebellum (cermol), entorhinal cortex (entctx),
hippocampal CA1 (hipca1), CA3 (hipca3) and dentate gyrus (hpsmdg), deep layers of the
frontal cortex (innctx), superficial layers of the frontal cortex (outctx), striatum (striat),
thalamus (thal) and whole brain (WB). * p<0.05, ** p<0.01.
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Figure 2. Increased glutamate receptor binding in YAC72 mice
(a) Representative images of glutamate receptor are shown for control (WT) and transgenic
(YAC72) mice for NMDA and AMPA receptors. (b) Graphs show the densitometric analysis
of film images converted into to picomoles of [3H]ligand bound per milligram protein (pmol/
mg protein). The same regions are analyzed as for the YAC128 mice (Figure 1b). Open bars
represent control mice, filled bars represent transgenic mice. * p<0.05, ** p<0.01.
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Figure 3. Non-glutamate receptor binding is unchanged in YAC128 mice
(a) Receptor binding appears dark in representative images of control (WT) and transgenic
(YAC128) mice for GABA-A, GABA-B, D1-like dopamine, D2-like dopamine, and A2a
adenosine receptors and blank sections demonstrate the specificity of the binding.
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Figure 4. Glutamate receptor subunit mRNA expression levels do not explain the increase in
glutamate receptor binding in YAC128 mice
(a) Receptor subunit mRNA expression appears dark in representative images of control (WT)
and transgenic (YAC128) mice for the NR1, NR2a, NR2b subunits of the NMDA receptor and
the GluR1, GluR2, GluR3 and GluR4 subunits of the AMPA receptor, with “cold” sections
showing the specificity of the labeling. (b) Densitometric quantitation of the GluR2 subunit
mRNA levels is shown. Regions analyzed were the granule cell layer of the cerebellum
(cergrn), molecular layer of the cerebellum (cermol), entorhinal cortex (entctx), hippocampal
CA1 (hipca1), CA3 (hipca3) and dentate gyrus (hpsmdg), deep layers of the frontal cortex
(innctx), superficial layers of the frontal cortex (outctx), striatum (striat), thalamus (thal) and

Benn et al. Page 18

Neuroscience. Author manuscript; available in PMC 2008 June 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



whole brain (WB). Open bars represent control mice, filled bars represent transgenic mice. *
p<0.05, ** p<0.01.
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Figure 5. No change in non-glutamatergic receptor subunit mRNA expression levels in YAC128
mice
(a) Representative images of control (WT) and transgenic (YAC128) mice, with “cold”
sections showing the specificity of the labeling are shown for D1 dopamine receptor, D2
dopamine receptor and A2a adenosine receptor mRNA species. Densitometric analysis
revealed no differences in striatal mRNA levels for dopamine D1-or D2-like dopamine
receptors, or A2a adenosine receptors (Table 2).
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Figure 6. Subcellular fractionation analysis suggests an increase in glutamate receptor subunits in
the synaptic membrane of YAC128 transgenic mice
Membrane bound subcellular fractions (20 μg) from WT (−) and YAC128 transgenic (+)
dissected brain regions (striatum, cortex, hippocampus and cerebellum) were used for Western
blotting. Shown are representative blots from (a) the cortex and  (b) the hippocampus–regions
which have the most alterations in glutamate receptor binding. Antibodies used recognize the
NMDA receptor subunits NR1, NR2a, NR2b; the AMPA receptor subunits GluR1, GluR2/3,
GluR4; GABA(A)a1 subunit of the GABA receptor, Htt Interacting Protein 1 (HIP1), Htt
(MAb2166), with actin and Coomassie-blue stained gels (not shown) as loading controls. Key:
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H (total homogenate), P1 (nucleus and debris), P2 (crude synaptosomal membrane), P3 (light
membrane) and LP1 (synaptosomal membrane).
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Figure 7. Quantitation of LP1 and P3 subcellular fractions shows an increase in glutamate receptor
subunits in the synaptic membrane of YAC128 transgenic mice
Membrane bound subcellular fractions (20 μg) from WT (−) and YAC128 transgenic (+)
dissected brain regions (striatum, cortex, hippocampus and cerebellum) were used for Western
blotting. Antibodies used recognize the NMDA receptor subunits NR1, NR2a, NR2b; the
AMPA receptor subunits GluR1, GluR2/3, GluR4; GABA(A)a1 subunit of the GABA
receptor, Htt Interacting Protein 1 (HIP1), Htt (MAb2166), with actin and Coomassie-blue
stained gels (not shown) as loading controls. (a) Densitometry was performed on LP1 samples
loaded in triplicate for the striatum, cortex, hippocampus and the cerebellum. Graphs show the
amounts of each protein from the fractions which are expressed as a percentage of wild-type
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(WT) mice of the same brain region. Open bars represent control wild-type mice, filled bars
represent transgenic YAC128 mice. * P<0.05, ** P<0.01, *** P<0.001. (b) Representative
blots used for densitometry for the LP1 (synaptosomal membrane) fraction from cortex – the
region which has the most alterations in glutamate receptor binding – are shown. Fractions
were made from dissected regions from wild-type (WT) and transgenic (YAC128) brains.
Samples are loaded in triplicate. (c) Densitometry was performed on P3 samples loaded in
triplicate for the striatum, cortex, hippocampus and the cerebellum. Shown is the data from the
cortex, a region which shows dramatic changes in the amounts of each protein from the
transgenic fractions which are expressed as a percentage of wild-type (WT) mice of the same
brain region. Open bars represent control mice, filled bars represent transgenic mice
(YAC128). * P<0.05, ** P<0.01. (d) Representative blots used for densitometry of actin, HIP1
and Htt (MAb2166) in the P3 fraction from the cortex, the region which shows the most
changes.
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Figure 8. Preproenkephalin mRNA levels are decreased in YAC128 mice
(a) Preproenkephalin (PPE) mRNA levels appear dark in representative autoradiographs from
control (WT) and transgenic (YAC128) mice. The decrease in intensity of signal is clearly
visible in the YAC128 mouse brain section. (b) Densitometric analysis was performed on the
striatum only as shown in the graph. (c) The graph shows relative PPE mRNA expression levels
by real-time RT-PCR, using beta-actin mRNA levels to control for template loading. Open
bars represent control mice, filled bars represent transgenic mice. * p<0.05, ** p<0.01.
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