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ABSTRACT Loss of neurotransmitter receptors, espe-
cially glutamate and dopamine receptors, is one of the patho-
logic hallmarks of brains of patients with Huntington disease
(HD). Transgenic mice that express exon 1 of an abnormal
human HD gene (line R6/2) develop neurologic symptoms at
9-11 weeks of age through an unknown mechanism. Analysis
of glutamate receptors (GluRs) in symptomatic 12-week-old
R6/2 mice revealed decreases compared with age-matched
littermate controls in the type 1 metabotropic GluR
(mGluR1), mGluR2, mGluR3, but not the mGluRS subtype of
G protein-linked mGluR, as determined by [3H]glutamate
receptor binding, protein immunoblotting, and in situ hybrid-
ization. Ionotropic a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid and kainate receptors were also de-
creased, while N-methyl-D-aspartic acid receptors were not
different compared with controls. Other neurotransmitter
receptors known to be affected in HD were also decreased in
R6/2 mice, including dopamine and muscarinic cholinergic,
but not y-aminobutyric acid receptors. D;-like and D,-like
dopamine receptor binding was drastically reduced to one-
third of control in the brains of 8- and 12-week-old R6/2 mice.
In situ hybridization indicated that mGluR and D; dopamine
receptor mRNA were altered as early as 4 weeks of age, long
prior to the onset of clinical symptoms. Thus, altered expres-
sion of neurotransmitter receptors precedes clinical symp-
toms in R6/2 mice and may contribute to subsequent pathol-

0gy.

Huntington disease (HD) is an autosomal dominantly inher-
ited progressive neuropsychiatric disease that starts in midlife
and inevitably leads to death. The disease mutation consists of
an unstable expanded CAG trinucleotide repeat in the 5’
coding region of the gene that encodes a stretch of polyglu-
tamines (1). HD is thus a member of a family of CAG repeat
disorders causing progressive neurodegenerative diseases such
as spinobulbar muscular atrophy, several of the spinocerebellar
degenerations, and dentatorubropallidoluysian atrophy (2).
The protein product of the HD gene, huntingtin, is a protein
thought to be normally found in the cytoplasm and whose
function remains unknown. Its ubiquitous expression through-
out the nervous system and peripheral tissues offers no obvious
explanation for the preferential neuronal degeneration in
striatum and certain layers of cerebral cortex that occurs in HD
(3-5). Huntingtin appears to be associated with cytoskeletal
elements and the endosomal system (6, 7). The expanded
polyglutamine stretch has been proposed to confer toxic
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effects via several different mechanisms (8—10), but the critical
deleterious effects of expanded huntingtin have yet to be
identified.

Transgenic mice expressing exon 1 of the human HD gene
with an expanded CAG repeat develop a progressive neuro-
logical phenotype (11). Under the control of the human HD
promoter, transgenic mice (line R6/2) express part of the
human HD gene with CAG repeat lengths of 141 to 157
(normal < 35). In humans, repeat lengths of >70 invariably
produce the juvenile onset HD phenotype characterized by
early onset, rigidity, dystonia, tremor, and myoclonus. R6/2
mice develop normally, but around 6 weeks of age show loss of
brain and body weight, and, around 9-11 weeks, develop many
of the features of juvenile HD including irregular gait, abrupt
shuddering movements, stereotypic grooming movements,
resting tremor, and epileptic seizures (11, 12).

Although R6/2 mice demonstrate an abnormal neurological
phenotype, in most respects the brains of these mice appear
normal. The striata of symptomatic 12-week-old R6/2 mice
have normal immunohistochemical staining for GADgs,
GADyy7, calbindin, neuropeptide Y, somatostatin, nitric oxide
synthase, choline acetyltransferase, vasoactive intestinal pep-
tide, calretinin, and parvalbumin. Presynaptic neurite markers
that have been found to be normal in R6/2 mouse striata by
immunohistochemistry include synaptophysin, GAP-43, neu-
rofilament, a-synuclein, and tyrosine hydroxylase (S. W. Da-
vies, unpublished data).

Some aberrant features have been described in R6/2 mouse
brains, however. In addition to a clear reduction in brain
weight, neuronal intranuclear inclusions (NII) are seen in
striatal neurons of transgenic mice at 4.5 weeks (24). NII are
immunopositive for huntingtin and ubiquitin and are never
observed in control mice brains. In control mice, huntingtin
immunoreactivity is located in the cytoplasm and not the
nucleus. NII have also been described in human HD brain
biopsy material (13, 14) and in another CAG repeat disease,
Machado-Joseph disease (15). Despite the discovery of NII in
R6/2 mice, the mechanism of neuropathogenesis by which the
mutant human HD gene causes symptoms remains unknown.

Many changes in neurotransmitter receptors have been
identified in HD striatum including decreases in glutamate,
dopamine (DA), y-aminobutyric acid (GABA), and musca-
rinic cholinergic receptors (mAChR) (16-20). Furthermore,
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inclusions; NMDA, N-methyl-D-aspartic acid; AMPA, «-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid; GABA, y-aminobutyric
acid; s.a., specific activity.
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glutamate has been postulated to play a role in the pathogen-
esis of HD because intrastriatal injections of glutamate recep-
tor agonists, particularly those acting at the N-methyl-D-
aspartate (NMDA) receptor, reproduce neuropathological
features of HD (21-23). HD brains demonstrate reduced
glutamate receptors (GluRs) although this loss may represent
generalized neuronal loss (19, 20). MRI spectroscopy shows
increased levels of striatal glutamate/glutamine and lactate in
HD patients suggesting that glutamatergic function and ab-
normalities in energy metabolism may combine to produce
pathology (24, 25).

To explore the role of glutamate in the development of
symptoms in transgenic mice, we examined GluRs in the brains
of asymptomatic (4 and 8 week old) and symptomatic (12 week
old) R6/2 mice and age-matched littermate controls by using
receptor binding autoradiography, immunoblotting for recep-
tor proteins, and in situ hybridization. In addition to GluRs, we
analyzed other neurotransmitter receptors known to be af-
fected in HD, namely, GABA, mACh, and DA receptors.

MATERIALS AND METHODS

Receptor Binding. All studies were performed on coded
samples by experimenters blinded to genotype. For all studies,
transgenic R6/2 mice were compared with age-matched lit-
termate controls. Brains were rapidly frozen in liquid isopen-
tane. Sections (12 um) containing striatum and cortex were
thaw mounted onto polylysine coated glass slides, kept at
—70°C, and thawed 1 h prior to use. For glutamate and GABA
receptor studies, slides underwent a prewash in assay buffer for
30 min at 4°C and were then dried under a stream of cool air.
Slides were then incubated for 45 min in [*H]ligand in the
presence or absence of displacers. Conditions were as follows:
Assay: concentration of [*H]ligand [specific activity (s.a.)];
assay buffer, displacers present in the incubation assay, non-
specific “blank” condition. a-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors: 20 nM
PHJAMPA (s.a. 52.3 Ci/mmol; 1 Ci = 37 GBq); 50 mM
TrissHCI + 2.5 mM CaCl, + 30 mM potassium thiocyanate,
pH 7.2 (Tris'HCl/CaCl,/KSCN); displacers, none; blank, 1
mM glutamate (26). Kainate receptors: 80 nM [*H]kainate
(s.a. 58 Ci/mmol); 50 mM Tris acetate, pH 7.2; displacers,
none; blank, 1 mM kainate (27). NMDA receptors: 100 nM
[*H]glutamate (s.a. 49 Ci/mmol); 50 mM Tris-acetate, pH 7.4;
displacers, none; blank, 1 mM NMDA (27). Group I metabo-
tropic GluRs: 100 nM [*H]glutamate (s.a. 49 Ci/mmol);
TrissHCl/CaCl,/KSCN; displacers, 100 uM NMDA and 10
uM AMPA; blank, 2.5 uM quisqualate (28). Group II metabo-
tropic GluRs (mGlIuRs): 100 nM [*H]glutamate (s.a. 49 Ci/
mmol); TrissHCl/CaCl,/KSCN; displacers, 100 uM NMDA,
10 uM AMPA, and 2.5 uM quisqualate; blank, 1 mM gluta-
mate (29). GABA, receptors: 40 nM [*H]JGABA (s.a. 29.05
Ci/mmol); TrissHCI + 2.5 mM CaCl,, pH 7.4; displacers, 100
uM baclofen; blank, 100 uM isoguvacine (30). GABAg re-
ceptors: 40 nM [*H]GABA (s.a. 29.05 Ci/mmol); Tris-HCI +
2.5 mM CaCl, pH 7.4; displacers, 100 uM isoguvacine; blank,
100 uM baclofen (30).

All [*H]ligands were obtained from New England Nuclear.
After incubation in [*H]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. Slides were apposed to tritium-sensitive film (Hy-
perfilm H, Amersham) with calibrated radioactive standards
and allowed to expose for 2-3 weeks. Films were developed
and analyzed using a computer-based image analysis system
(M1, Imaging Research, St. Catharine’s, ON, Canada). Image
density corresponding to binding of [*H]ligand was converted
to pmol/mg protein by using calibrated radioactive standards,
and nonspecific binding was subtracted.
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Assays for Dj-like and D»-like DA receptors used a buffer
containing 25 mM TrissHCI (pH 7.5), 100 mM NaCl, 1 mM
MgCl,, 1 uM pargyline, and 0.001% ascorbate. For Dy-like
receptors, slides were incubated with 1.65 nM [*H]SCH-23390
(s.a. 70.3 Ci/mmol) for 2.5 h. Nonspecific binding was defined
in the presence 1 uM cis-flupentixol (31). The predominant
D;-like DA receptor (DAR) in the striatum is the D; receptor,
as opposed to the Ds receptor. For D»-like receptors, slides
were incubated with 180 pM [*H]YM-09151-2 (s.a. 85.5 Ci/
mmol) for 3 h. Nonspecific binding was defined in the presence
50 uM DA (32). The predominant D,-like receptor is the D,
receptor, with lower levels of D3 and D4 receptors present. For
[*H]mazindol binding, slides were prewashed for 5 min in cold
buffer: 50 mM Tris-HCI, 5 mM KCI, 300 mM NaCl, pH 7.9.
Slides were then incubated in 6 nM [*H]mazindol (s.a. 24
Ci/mmol) in the presence of 300 nM desipramine for 2.5 h.
Nonspecific binding was defined in the presence of 10 uM
nomifensine (33). After incubation in [*H]ligand, slides were
rinsed in cold buffer for 10 min, rinsed quickly in distilled
water, dried under a stream of cool air, and analyzed as
described above.

For mACh receptors, slides were prewashed twice for 5 min
in cold buffer: 7.75 mM Na,PO,, 137 mM NaCl, and 2.6 mM
KCI. Slides were incubated in 1 nM [*H]QNB (s.a. 49 Ci/
mmol) for 3 h (16). After incubation slides were rinsed twice
for 5 min in cold buffer, rinsed quickly in distilled water, dried
under a stream of cool air, and analyzed as described above.

Immunoblotting. Frozen mouse brain hemispheres were
sonicated in 10 vol of buffer: 50 mM Tris'HCl, 10% glycerol,
5 mM magnesium acetate, and 0.2 mM EDTA, with protease
inhibitors (phenylmethylsulfonyl fluoride, leupeptin, and
aprotinin). Protein concentrations were determined by Bio-
Rad protein assay. Using a 96-well manifold, 2.5 ug of protein
was loaded into each well and transferred onto nitrocellulose
membrane (0.45 wm pore size, Bio-Rad). Membranes were
washed in Tris-buffered saline with 0.1% Tween-20 (TTBS),
3 X 10 min, and then incubated for 1 h with 1:2,500 dilution
of primary antibody: mGluR1a (rabbit polyclonal, Chemicon),
mGluR2/3 (rabbit polyclonal, Chemicon), mGluRS5 (rabbit
polyclonal, Upstate Biotechnology, Lake Placid, NY),
NMDA-R1 (mouse monoclonal, Chemicon), and ubiquitin
(rabbit polyclonal, Dako). Membranes were washed 3 X 10
min in TTBS, and then incubated for 1 h in horseradish
peroxidase-conjugated secondary antibody (either goat anti-
rabbit or goat anti-mouse) at a dilution of 1:1,000 (for
mGluR1a and mGluR2/3) or 1:5,000 (ubiquitin, mGIuRS5, and
NMDA-R1). After 3 X 10 min washes in TTBS, immunore-
activity was visualized by using chemiluminescence (SuperSig-
nal, Pierce). Resultant film images were analyzed by using the
M1 image analysis system. OD values were measured from four
dots from each sample, film background was subtracted, and
values were normalized to values from control mouse brain
homogenates. Western blots confirmed that the GluR anti-
bodies employed recognized primarily single bands under the
immunoblot conditions employed.

Immunohistochemistry. Immunohistochemistry was per-
formed in parallel on 4% paraformaldehyde fixed brain tissue
from four transgenic and four control 12-week-old mice as
described by Kosinski et al. (5). Tissue sections were sequen-
tially incubated with primary polyclonal rabbit mGluR2/3
antiserum (1:200), with a Cy3 fluorescent goat anti-rabbit
secondary antibody (1:400, The Jackson Laboratory), and
visualized with a Bio-Rad Laser Confocal microscope, using
Kalman filtering. A blinded observer quantitated fluorescence
by measuring mean optical density in 10 nonoverlapping 100X
fields (50 X 50 pixels each) of each brain by using Adobe
(Mountain View, CA) PHOTOSHOP software. For each region
fluorescence levels were compared by using a repeated mea-
sures analysis of variance with a significance level of 1%
(SuperANOVA, Abacus Concepts, Berkeley, CA).
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In Situ Hybridization. Radioactive in situ hybridization using
RNA probes for mGluR1, mGluR2, mGluR3, mGluRS, and
NMDA-NR1 was performed as described (34). Oligode-
oxynucleotides specific for human B-actin (35), D; DAR (36),
or D, DAR (37) were labeled with 33S-dATP (35). Prehybrid-
ization was the same as for RNA probes with the exception that
chloroform was omitted (34). In situ hybridization signal was
analyzed by measuring film density.

RESULTS

We studied GIuR binding in symptomatic 12-week-old trans-
genic mice and age-matched littermate controls (Table 1, Fig.
1). Ionotropic GluRs [NMDA, AMPA, and kainate receptors]
showed varying alterations. While NMDA receptor binding
was not statistically different in the brains of transgenic mice
compared with controls, AMPA receptors were decreased to
85% of normal, and kainate receptor binding was decreased to
63.5% (striatum) and 72.8% (cortex) of control. GluRs are
classified into ion channel-linked (ionotropic) and G protein-
linked (metabotropic) receptors. The mGluRs are members of
the receptor superfamily characterized by seven membrane-
spanning domains and are further subdivided into three
groups. While group I mGluRs (mGluR1, mGluRS) are
positively coupled to phosphoinositide metabolism, group II
mGluRs (mGIuR2, mGluR3) are negatively coupled to ade-
nylate cyclase (for review, see ref. 38). Of the mGluRs, group
I mGluR binding was not significantly different between
transgenic and normal mice. Group II mGlIuR binding was
clearly affected, however, decreased to 72.5% (striatum) and
58.7% (cortex) of control values.

Because huntingtin has been postulated to play a role in
protein trafficking (14, 16, 26), one possibility is that the
decreases in group II mGluR binding was due to abnormal
trafficking of receptors, in which case the overall protein levels
may not be decreased. To investigate this possibility, we
performed immunoblots to determine if overall protein levels
were decreased. Immunoblot data indicated that not only was
group II mGluR binding decreased, but so were the amounts
of mGluR2/3 protein immunoreactivity (Table 2). There was
no decrease in the immunoreactivity for the mGIluRS5 subtype
of group I mGluR, or for the NMDA-NR1 subunit of NMDA
receptor. Therefore, decrease in receptor protein expression
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Fic. 1. Receptor binding autoradiography of normal and R6/2
mice brains. Representative coronal sections of control (4, C, and E)
and transgenic R6/2 mouse brain hemispheres (B, D, and F) subjected
to [*’H]JAMPA binding (4 and B), [’H]QNB binding for muscarinic
acetylcholine receptors (C and D), or [PH]SCH-23390 binding for
D;-like receptors (E and F). With all ligands, the R6/2 mice have lower
levels of binding, but the extent of receptor binding decrease varies
greatly, with D; DARs most affected, mAChRs somewhat less af-
fected, and AMPA subtype of ionotropic GluR only slightly decreased.

was selective. Immunoblots for ubiquitin, in contrast, revealed
increased immunoreactivity in R6/2 mice (1,250% of normal,
P < 0.0001). Increased ubiquitin immunoreactivity may cor-
respond to the development of NII in transgenic mice, as NII
are immunopositive for both huntingtin and ubiquitin (12).
Immunofluorescence using an antibody that recognizes both
mGluR2 and mGluR3 demonstrated decreased cortical neu-
ropil staining in R6/2 mice (Fig. 2). Quantitation of confocal
laser images of mGluR2/3 immunostaining revealed statisti-

Table 1. Receptor binding assays in control and transgenic R6/2 mouse brain
Striatum Cortex
Receptor assays Control Transgenic Control Transgenic
Glutamate receptors
NMDA 0.89 =0.10 0.80 = 0.07* 140 = 0.06 1.126 + 0.09
AMPA 2.79 *=0.05 2.38 *=0.08* 279 = 0.08 237 *=0.08*
kainate 1.15 *0.04 0.73 = 0.06% 1.03 = 0.05 0.75 = 0.06*
group I metabotropic 0.596 = 0.083 0.364 = 0.06 0.256 = 0.062 0.363 £ 0.053
group II metabotropic 1.86 = 0.08 1.35 =+ 0.06% 235 = 0.08 1.38 + 0.04%
Nonglutamate receptors
GABAA 1.08 =0.03 0.99 =*0.05 171 = 011 1.44 *0.09
GABAg 0.44 =0.05 0.35 = 0.06 094 = 0.16 0.66 =0.11
muscarinic ACh (QNB) 430 *=0.17 2.78 =+ 0.09% 260 = 0.09 1.90 +0.07%
dopamine uptake (mazindol) 092 =052 0.57 *=0.23 — —
D1 Dopamine Receptors
4 weeks 296 +0.02 279 =0.07 — —
8 weeks 2.73 +0.04 0.91 =0.07% — —
12 weeks 252 +0.13 0.81 = 0.06% — —
D2 Dopamine Receptors
4 weeks 0.88 =0.03 0.78 =*0.05 — —
8 weeks 0.98 = 0.03 0.36 = 0.05% — —
12 weeks 0.97 =0.03 0.49 = 0.02% — —

Numbers represent pmol [*H]ligand bound per mg protein (mean = SEM, n = 6—12 mice per group).

P < 0.01; TP < 0.001; P < 0.0001.
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Table 2. Protein immunoblots in control and transgenic R6/2
mice brain

Antibody Control Transgenic
mGluR1a 100 = 8.3 750+ 83
mGluR2/3 100 = 7.7 30.8 £ 3.1%
mGIuR5 100 = 5.3 1132+ 79
NMDA-R1 100 = 24.5 87.8 =224
Ubiquitin 100 = 15.0 1250 = 50*

Numbers represent film optical density (OD) measurements as a
percentage of the mean OD readings of the control group (mean *+
SEM, n = 6 mice per group).

*P < 0.0001.

cally significant decreases in R6/2 cortex (76.2% of control,
P < 0.0001) and in striatum (89.3% of control, P < 0.0001).

Decreases in receptor protein could result from decreased
translation of mRNA into protein or from decreased mRNA
levels. To differentiate these possibilities, we performed in situ
hybridization for GluR mRNA. In the brains of symptomatic
12-week-old R6/2 mice, there were marked decreases in the
expression of mRNA for mGluR1, mGIluR2 and mGluR3
(Table 3). Decreased mRNA expression for these receptors
was unlikely to simply represent cell loss, as there was no
difference in mRNA levels measured for mGluR5, NMDA-
R1, or B-actin. Therefore the selectivity of alteration of
receptor protein expression was also found at the mRNA level.
Decreased mRNA levels could result either from decreased
transcription or increased mRNA turnover.

Given the selective alterations in GluRs, we investigated
other neurotransmitter receptors known to be affected in
human HD brain. At 12 weeks, when the animals were clearly
symptomatic, quantitative receptor autoradiography revealed
statistically significant decreases in striatal receptor binding
for [*’H]QNB, a ligand for mAChRs (35% decrease), [*H|SCH-
23390, a ligand for the D; family of DARs (67% decrease), and
PH]YM-09151-2, a ligand for D, family of DARs (59%
decrease) (Table 1, Fig. 1). A decrease in [PHJONB binding
was also observed in the cortex of transgenic animals, indi-

S
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cating that receptor alterations were not limited to the stria-
tum. There were no significant changes in GABAA or GABAg
receptors, or in [*H]mazindol binding, a measure of DA uptake
sites.

R6/2 mice develop neurologic symptoms by 9-11 weeks.
The observed changes in neurotransmitter receptors in the
brains of 12-week-old R6/2 mice, then, could be secondary to
a generalized pathologic process. To delineate the temporal
relationship of neurotransmitter receptor alteration to the
development of symptoms, we analyzed brains of asymptom-
atic 4- and 8-week-old mice. In situ hybridization revealed that
the decreases in mGluR1, D; DAR, and D, DAR mRNA
signals in the striatum were statistically significant by 4 weeks
of age, and the decrease in mGIluR2 mRNA expression in the
cortex was significant by 8 weeks of age with a trend toward a
decrease at 4 weeks (Table 3, Fig. 2). Decreases in D; and D,
DAR binding were observed in the brains of §-week-old mice,
and there was also a trend toward a decrease in the brains of
4- week-old mice. Thus, in 8-week-old animals, there are
already major alterations in the glutamate and DA neuro-
transmitter systems, both of which have major importance in
striatal function. There is also evidence of receptor mRNA
expression changes beginning as early as 4 weeks.

DISCUSSION

While the gene for HD has been identified, the mechanism by
which neuropathological damage occurs remains unknown.
Changes in GluRs, DARs, and mAChRs have also been
observed in human HD brains (16-20). We have found
alteration of many of these receptors in the brains of R6/2
mice, suggesting that these mice reproduce some of the
neuropathological changes described in HD (16-20).

GluRs have been postulated to play a role in the pathogen-
esis of HD. The loss of striatal mGluR2 receptors in R6/2 mice
is of particular interest because these receptors are normally
responsible for regulating the release of glutamate from
presynaptic corticostriatal terminals (39, 40). Loss of presyn-
aptic mGluR2 receptors might then result in unregulated

e e
et O TR s
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F1G. 2.  In situ hybridization and immunofluorescence for mGluRs in control (4-D) and transgenic R6/2 (E-H) mice. In situ hybridization for
mGIluR2 mRNA in 4-week-old (4 and E) and 12-week-old mice (B and F). mGluR2 mRNA hybridization signal appears dark on this film image.
Note decreased labeling of cortical neurons in 12-week-old R6/2 mice; some decrease in cortical signal can be noticed in 4-week-old animals. (C
and G): Fluorescent immunohistochemistry using an antibody that recognizes mGluR2 and mGluR3; signal appears bright in this image. Bar =
20 pm. Decreased mGluR2/3 immunoreactivity is apparent in the cortex of R6/2 mice. (D and H): In situ hybridization for mGluR5 mRNA.
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Table 3. In situ hybridization showing mRNA levels in control and transgenic R6/2 mice

Striatum Cortex

ISH probe Control Transgenic Control Transgenic
mGluR1

4 weeks 2455+ 12.1 187.9 £ 9.1* 100 = 6.1 90.9 = 6.1

8 weeks 261.5 = 30.7 126.9 = 7.7* 100 = 11.5 80.8 = 3.8

12 weeks 2784 =353 143.1 £ 9.8* 100 = 5.9 725 = 5.8*
mGluR2

4 weeks 288 % 15 272+ 15 100 = 3.0 81.8 = 7.6

8 weeks 152+ 15 6.6+ 1.5 100 = 7.7 56.4 = 5.1F

12 weeks 288+ 1.5 364+ 1.5 100 = 5.3 549 + 3.5%
mGluR3

4 weeks 772 £ 47 77.6 = 5.6 100 = 6.3 843+ 55

8 weeks 862+ 6.2 66.7 = 4.6 100 = 7.7 769 = 7.7

12 weeks 59.6 £ 5.6 414 = 25 100 = 5.6 58.6 = 2.5%
mGluR5

4 weeks 2113 = 11.3 196.9 = 6.2 100 = 5.1 1134 = 3.1

12 weeks 236.5 =224 197.9 + 14.6 100 = 8.3 114.6 = 10.3
NMDA-R1

4 weeks 777 £ 3.6 674+ 3.6 100 = 5.2 934+ 57

8 weeks 76.6 = 5.7 553+ 45 100 = 6.1 90.2 = 8.6

12 weeks 771+ 87 80.8 = 6.6 100 = 8.9 96.9 = 6.8
D1 dopamine

4 weeks 100 = 7.7 53.8 = 2.8F - -

8 weeks 100 += 87 60.5 = 6.3* - -

12 weeks 100 * 43 377+ 1.7% - -
D2 dopamine

4 weeks 100 += 3.1 823+ 51 - -

8 weeks 100 = 8.1 39.0 = 4.2% - -
B-actin

4 weeks 942+ 19 89.6 = 1.9 100 = 1.9 96.1 = 1.9

12 weeks 945+ 74 86.8 = 6.1 100 = 4.3 1015+ 52

Numbers represent film optical density (OD) expressed as a percentage of signal in the cortex of control
mice (mean = SEM, n = 6-8 mice per group). For D; and D, dopamine receptor mRNA, numbers
represent film OD expressed as a percentage of signal in striatum of control mice.

*P < 0.01; TP < 0.001; ¥P < 0.0001.

release of synaptic glutamate. Increased glutamate release has
been postulated to play a role in the pathogenesis of HD
(21-23).

DARs were profoundly altered, with mRNA and protein
alterations occurring prior the development of symptoms. The
finding that DARs were affected prior to the onset of symp-
toms is consistent with studies in human HD, as decreases in
DARs have been found in presymptomatic patients with HD,
and D; and D, receptor mRNA have been found to be
decreased in a grade 0 postmortem HD brain sample (41, 42).

Whereas certain neurotransmitter receptors were pro-
foundly affected, others were not. There was no simple pre-
dictor of which receptors were likely to be affected. While
many G protein-linked receptors (mGluR1, mGluR2,
mGluR3, Dy, D5, and mACh) were decreased, other G protein-
linked receptors (mGluRS and GABAg) were unaffected. Of
the ion channel-linked receptors, AMPA and kainate recep-
tors were decreased, but NMDA receptors were not signifi-
cantly altered.

It is extremely unlikely that these changes are due to
nonspecific dysfunction of a specific striatal cell type. The
predominant neuron in the striatum (>90%) are the GABA-
containing medium spiny neurons, all of which contain high
levels of NMDA-R1, mGluRS, AMPA, GABA4, DAR (D,
and/or D;), and mAChRs and intermediate levels of mGluR1
and mGIluR3 receptors. Our current findings indicate a de-
crease in the mGluR1, mGluR3, DARs, and mAChRs, without
a concomitant decrease in the AMPA, NMDA-NR1, mGluRS5,
or GABAA receptors that are contained within the same
medium spiny striatal neurons. Furthermore, mGluR2 mRNA

is expressed in cortical neurons projecting to striatum and in
the striatal cholinergic interneurons, but not in striatal pro-
jection neurons. Cortical mGluR2 mRNA expression was
decreased, consistent with a loss of mGluR2 in corticocortical
and corticostriatal terminals. The pattern of receptor de-
creases cannot be explained solely by damage to a particular
subset of striatal neurons. The present data argue that the
observed alterations occur at the level of specific receptors
within a given cell type, rather than in all genes of a subpopu-
lation of neurons.

In short, R6/2 mice demonstrate altered expression of
multiple neurotransmitter receptors. These alterations are
selective for certain receptors, and this loss cannot be ex-
plained by generalized dysfunction of a particular cell type. A
recent study has found accumulation of huntingtin in dystro-
phic neurites, suggesting that there may be altered trafficking
in HD (14). Our immunoblot studies indicate that total
amounts of mGluR proteins are decreased, indicating that the
observed changes are not simply due to improper protein
trafficking and are more likely to represent dysregulation
either of transcription, mRNA turnover, or translation.

It is consistent that the defect occurs at the level of tran-
scription. We cannot exclude accelerated degradation of
mRNA, but certain mRNA levels were unaffected. The recent
observation that NIT accumulate in the nuclei of R6/2 neurons
confirms that the mutant protein can enter the nucleus. Many
transcription factors contain glutamine-rich regions that par-
ticipate in the formation of polar zipper complexes with other
factors (43). Of interest, an antibody that can discriminate
between normal and disease HD alleles was raised not against



Neurobiology: Cha et al.

the protein huntingtin, but against the TATA binding protein,
a protein that can bind DNA (44).

We found mRNA alterations in 4-week-old animals, around
the time that NII become detectable in certain brain regions
(12). One scenario is that the abnormal HD transgene product
enters the nucleus and alters the transcription of multiple types
of neurotransmitter receptors. NII are never seen in glial cells,
and neurons may be specifically susceptible to their formation.
Neurons may have a particular set of transcription factors that
can interact with abnormally long polyglutamine tracts, bond-
ing, for example, through the formation of polar zippers (43).
Huntingtin immunoreactivity is normally cytoplasmic, but
aggregation with a transcription factor could provide a means
by which abnormal huntingtin could enter the nucleus. The
protein product of the HD transgene has recently been shown
to form insoluble aggregates in vitro in a manner dependent on
polyglutamine repeat length, suggesting that abnormally ex-
panded polyglutamine stretches can promote anomalous pro-
tein binding interactions (45). Perhaps those genes whose
expression is altered share recognition sites for a common
transcription factor. An altered complement of receptors,
especially mGluRs, DARs, and mAChRs, all of which are
heavily expressed in the striatum, may lead to further pathol-
ogy and symptomatology characteristic of HD.

As R6/2 mice do not contain the full-length abnormal
human huntingtin gene, but only exon 1 that contains the CAG
repeat region, the current findings may have relevance for
other CAG repeat disorders. Altered expression of neuro-
transmitter receptors may prove to be a common pathologic
mechanism of polyglutamine diseases. Paulson et al. (15) have
recently observed NII in Machado-Joseph disease, lending
credence to the idea that the CAG repeat disorders may share
a common cellular defect.
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