
The Journal of Neuroscience, March 1995, 75(3): 2533-2546 

Immunoprecipitation, Immunoblotting, and lmmunocytochemistry 
Studies Suggest That Glutamate Receptor 6 Subunits Form Novel 
Postsynaptic Receptor Complexes 
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An antibody was made to a C-terminus peptide of the glu- 
tamate receptor 62 subunit and used to study the distri- 
bution, biochemical properties, and developmental expres- 
sion of the S receptor in rat brain. The antibody recognizes 
both 61 and 62 but not AMPA, kainate, NMDA, and 
mGluRla glutamate receptor subunits based on Western 
blot analysis of transfected HEK-293 cells. Western blot 
analysis of brain showed a single immunoreactive band, 
migrating at M, = 114,000. lmmunoprecipitation of deter- 
gent-solubilized cerebellar membranes was done to deter- 
mine if S is associated with other glutamate receptor sub- 
units and if it binds any of the common excitatory amino 
acid ligands. Based on results of these studies, AMPA, 
kainate, NMDA, and mGluRlcw subunits do not coassemble 
with S subunits, and 3H-glutamate, 3H-AMPA and 3H-kainate 
do not bind to the S receptor complex. Western blot and 
immunocytochemical analyses showed marked expression 
of S in the cerebellum while lower levels were detected in 
other regions of the brain. A dramatic increase of S1/2 im- 
munoreactivity was observed in the cerebellum between 
the ages of 10 and 15 d postnatal. Light and electron mi- 
croscopy, respectively, demonstrated dense immunostain- 
ing in Purkinje cells and in postsynaptic densities of the 
adult parallel fiber-Purkinje spine synapse. The prominent 
6112 immunoreactivity found in the parallel fiber-Purkinje 
spine synapse, and the temporal correlation of the devel- 
opment of this synapse with the major increase in 6112 im- 
munoreactivity, suggest a major functional role for the S 
subunits in cerebellar circuitry. 

[Key words: ligand binding, Purkinje cells, parallel fibers, 
cerebellum, long-term depression, metabotropic glutamate 
receptors] 

Glutamate is the major excitatory amino acid in the mammalian 
CNS (review by Monaghan et al., 1989). Glutamate receptors in 
the CNS can be classified broadly into metabotropic and iono- 
tropic receptors. Metabotropic glutamate receptors (mGluRs) are 
coupled to phosphoinositide and/or CAMP metabolism while 
ionotropic glutamate receptors (GluRs) contain integral, cation- 
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specific ion channels (for a recent review, see Hollmann and 
Heinemann, 1994). According to pharmacological and subse- 
quent binding studies, GluRs were classified into three main 
subtypes: the NMDA, a-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid (AMPA), and kainate (KA) receptors (for 
reviews, see Monaghan et al., 1989; Watkins et al., 1990; Young 
and Fagg, 1990). In the last 5 years, cloning studies have led to 
the characterization of multiple subunits which comprise each 
of the three GluR subtypes (for reviews, see Nakanishi, 1992; 
Sommer and Seeburg, 1992; Hollmann and Heinemann, 1994). 
The AMPA receptor has four subunits, GluRl-4, or GluR-A to 
-D (Hollmann et al., 1989; Boulter et al., 1990; Keinanen et al, 
1990; Nakanishi et al., 1990; Sakimura et al., 1990). The kainate 
receptor has five subunits, GluRS-7 and KAl and KA2 (Bettler 
et al., 1990; Boulter et al., 1990; Egebjerg et al., 1991; Herb et 
al., 1992; Lomeli et al., 1992; Sakimura et al., 1992; Werner et 
al., 1992). The NMDA receptor has five subunits, NRl, NR2A, 
-2B, -2C, and -2D (Kutsuwada et al., 1992; Meguro et al., 1992; 
Monyer et al., 1992). 

In addition to these three major classes of functional GluRs, 
a number of other subunits which are structurally related to other 
GluRs but with, as yet, no demonstrable function have been 
identified. These include the kainate binding proteins (KBPs), 
which were among the first members of the GluR family to be 
cloned (Gregor et al., 1989; Wada et al., 1989) and appear to be 
expressed only in lower vertebrates, and the more recently iden- 
tified 8 receptor in mammalian brain (Yamazaki et al., 1992; 
Araki et al., 1993; Lomeli et al,, 1993). Two apparent subunits 
of the 6 receptor have been identified in both mouse and rat. 61 
and 62 share 56% amino acid identity, but have low homology 
with other GluR subunits (18-25% identity). 62 mRNA is ex- 
pressed predominantly in cerebellar Purkinje cells (Araki et al., 
1993; Lomeli et al., 1993), while 61 mRNA is expressed lightly 
throughout the brain, with higher expression in developing brain. 
The most distinguishing characteristic of the 6 subunits, how- 
ever, is their apparent lack of ion channel activity when ex- 
pressed alone, together, or in combination with other GluR sub- 
units. This raises the possibility that the 6 subunits are 
nonfunctional in brain or that additional subunits are required to 
form functional receptor complexes. To further characterize the 
6 receptor, we have developed an antibody selective for the 61 
and 62 subunits. Such antibodies can be applied to determining 
the light and ultrastructural localization of the S subunits, prob- 
ing their relationships with other glutamate receptor subunits, 
and screening their possible ligand binding properties, all of 
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which may provide clues concerning the function of this putative 
receptor complex. 

Materials and Methods 
Antibody production and characterization. A synthetic peptide 
(QPTPTLGLNLGNDPDRGTSI) corresponding to the carboxyl termi- 
nus 20 amino acids of the rat glutamate 62 receptor subunit (Lomeli et 
al., 1993) was prepared commercially. Following conjugation to bovine 
serum albumin (BSA) using glutaraldehyde, and injection into rabbits 
according to the protocol used for making antibodies to the AMPA 
receptors described by Wenthold et al. (1992), the antibodies were af- 
finity purified using the peptide attached to activated CH Sepharose 4B 
(Pharmacia LKB Biotechnology, Piscataway, NJ) as described (Petralia 
and Wenthold, 1992; Wenthold et al., 1992). 

The 61 and 62 cDNA clones inserted into the eukaryotic pRK5 plas- 
mid vectors were kindly provided by Drs. P Seeburg and H. Lomeli, 
University of Heidelberg, while the cDNA clones of the other glutamate 
subunits used in this study were kindly supplied by Drs. S. Heinemann, 
Salk Institute, S. Nakanishi, Kyoto University, and P Seeburg. The 
cDNAs were transfected into human embryonic kidney cells (HEK-293) 
by the calcium phosphate-DNA precipitation method with commercially 
obtained reagents (Specialty Media, Inc., Lavalette, NJ). Cells were har- 
vested 48 hr after transfection and washed with 50 mM Tris-HCl, pH 
7.4. 

Electrophoresis and immunoblotting. Sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE) was carried out according 
to the method of Laemmli (1970) using gels 8 cm in length with ac- 
rylamide gradients of 4-20%. Proteins were transferred to nitrocellulose 
membranes as described by Towbin et al. (1979). Membranes were 
treated overnight with 5% nonfat dry milk in Tris buffered saline- 
Tween (TBS-Tween: 50 mu Tris, 150 mu NaCl, pH 7.4, containing 
0.05% Tween 20). Antibodies were used at 1.5 kg/ml, and bound an- 
tibody was detected using either the alkaline phosphatase detection sys- 
tem (Kirkeaaard and Perrv Laboratories, Inc., Gaithersburg, MD) or the 
chemilumiiescence detection system (New England Nuclear, Boston, 
MA). Prestained standards from GIBCO-Bethesda Research Labs were 
myosin, phosphorylase b, BSA, ovalbumin, carbonic anhydrase, B-lac- 
toglobulin, and lysozyme, migrating at M, = 203,000, 105,000, 71,000, 
44,000, 28,000, 18,000, and 15,000, respectively. Molecular mass was 
estimated using unstained standards, myosin (200 kDa), B-galactosidase 
(116 kDa), phosphorylase b (97 kDa), BSA (66 kDa) and ovalbumin 
(45 kDa), obtained from Bio-Rad (Richmond, CA). 

Zmmunoprecipitation. Membranes were prepared from adult rat cer- 
ebellum and solubilized with Triton X-100 as previously described 
(Wenthold et al., 1992). Immunoprecipitation of receptors from brain 
was then carried out as follows. Anti-61/2 antibody (5-10 kg) was 
incubated with Triton X-100 solubilized cerebellar membranes at 4°C 
for 1.5 hr. Protein A-agarose was then added to the incubation mixture 
and left to incubate for an additional 1.5 hr. The resin was pelleted by 
centrifugation (3000 rum for 10 min) and washed three times. The 
washed-resin was then resuspended in 150 p,l of 2X electrophoresis 
samule buffer (12.5 m&t Tris-HCl. 4% SDS. 20% alvcerol. 10% R-mer- 
captoethanol) and boiled for 3 min. After centrifugation in an Eppendorf 
microfuge, the supernatant was subjected to SDS gel electrophoresis. 
The electrophoretically separated proteins were then analyzed either by 
Western blotting using the antibodies specific for glutamate receptor 
subunits or by silver staining (Giulian et al., 1983). 

Deglycosylation. Membranes from rat cerebellum or transfected cells 
were pelleted and resuspended in phosphate buffered saline (PBS), pH 
7.2, containing 1% SDS. The resuspended membranes were then boiled 
for 2 min. Octylglucoside (1%) and the protease inhibitors phenylme- 
thylsulfonyl fluoride (PMSF; 0.5 mM), leupeptin (10 kg/ml) and pep- 
statin (10 p,g/ml) were then added to their final concentrations indicated 
above, and the SDS concentration was reduced to 0.1%. Recombinant 
N-glycosidase F (Boehringer Mannheim, Indianapolis, IN) was added 
to a final concentration of 0.8 U/100 pl and incubated overnight at 
37°C. Controls were treated in the same way except that no enzyme 
was added. Samples were resuspended in electrophoresis sample buffer 
and analyzed by SDS-PAGE. 

Protease digestion. Homogenates of cerebellum and Sl- and 62-trans- 
fected HEK-293 cells were centrifuged in an Eppendorf microfuge for 
2 min. The pellets were then resuspended in 0.125 M Tris/HCl (pH 6.8) 
containing 0.5% SDS and boiled for 2 min. For each preparation, V8 
protease (Endoproteinase Glu-C, Boehringer Mannheim) at three dif- 
ferent concentrations (0.01 mg/ml, 0.1 mg/ml, and 1 mg/ml) was then 

added to the samples, and each was incubated for 30 min at 37°C. 
Control samples without protease were also included in the experiment., 
After 1 vol of 2X electrophoresis sample buffer was added, each sample 
was boiled for 3 min prior to SDS-PAGE and Western blot analyses 
using the anti-6112 antibody. 

Ligand binding. Rat cerebellar membranes were solubilized with 1% 
Triton X-100 for ligand binding studies as described (Wenthold et al., 
1992, 1994). Binding analyses were done using 10 nM 3H-AMPA, 10 
nM 3H-glutamate, and 5 nM jH-kainate. Incubations with radioactive 
ligand were carried out for 30 min followed by precipitation with poly- 
ethylene glycol. To determine immunoprecipitation of ligand binding 
activity, 100 pl of antiserum was incubated with 100 pl of protein A- 
Agarose (Pierce Chemical Co., Rockford, IL) for 1.5 hr, and the resin 
with the bound antibody was washed extensively. Detergent solubilized 
cerebellum (500 pl) was incubated with the resin for 1.5 hr at 4°C. 
Binding activities in the unbound fractions were determined and com- 
pared to values obtained using pre-immune serum or normal serum. 

Immunocytochemistry. Young male Sprague-Dawley rats (119-184 
gm) were anesthetized with a 1:l mixture of ketamine (Ketaset, Aveco 
Co., Fort Dodge, IA) and xylazine (Rompun, Mobay Corp., Shawnee, 
KS), and perfused transcardially, as described previously (Petralia and 
Wenthold, 1992; Petralia et al., 1994a), with 0.12 M phosphate buffer 
(pH 7.2) followed by 4% paraformaldehyde (in same buffer) with or 
without 0.1% glutaraldehyde for light/electron or light microscopy, re- 
spectively. 

The most useful anti-al/2 antibody concentrations were 0.5-1.5 kg/ 
ml. We used a preembedding immunocytochemical procedure as de- 
scribed in detail previously (Petralia and Wenthold, 1992; Petralia et 
al., 1994a). Briefly, 50 pm sections were blocked in 10% normal goat 
serum/PBS, incubated overnight in primary antibody and visualized us- 
ing an avidin-biotin-peroxidase system (Vectastain kit, Vector Labo- 
ratories, Burlington, CA) and 3’,3-diaminobenzidine tetrahydrochloride 
(DAB; 10 mg/20 ml PBS + 5 )*l 30% hydrogen peroxide). Sections 
for electron microscopy were fixed in 1% osmium tetroxide and em- 
bedded in Poly/BED 812 resin (Polysciences, Inc., Warrington, PA). 
Yellow sections (average 75 nm) were taken from the edge (i.e., per- 
pendicular to the plane of the section) of the 50 pm sections on an 
LKB Ultratome IV ultramicrotome, and examined unstained in a JEOL 
JEM-100CX II transmission electron microscope. 

Controls. Sections in which PBS was substituted for the primary 
antibody (PBS controls) were run in every experiment, for all structures 
studied. In addition, preadsorption control tests (two rats) were run on 
sections of all structures studied; sections were incubated with antibody 
which was preincubated with specific peptide conjugated to BSA (50 
p,g/ml), along with appropriate accompanying sections treated with pri- 
mary antibody (without peptide) and sections with primary antibody 
and glutaraldehyde-treated BSA (50 yg/ml; without peptide). In addi- 
tion, in most experiments, some sections were run with one or more 
other polyclonal, C-terminus glutamate receptor antibodies (GluRl, 
GluR2/3, NRl) as positive controls; these were made similarly to the 8 
antibody and have been fully characterized and used for light and elec- 
tron microscope distribution studies (Petralia and Wenthold, 1992; 
Wenthold et al., 1992; Petralia et al., 1994a). 

Anatomical survey. Basic procedures were as described in previous 
studies (Petralia and Wenthold, 1992; Petralia et al., 1994a-c; Tachibana 
et al., 1994). Sagittal sections (seven sides of six rats) were taken from 
up to six levels (PW79-85; i.e., corresponding to Figs. 79-85 in Paxinos 
and Watson, 1986). Coronal sections (two rats) included some sections 
from PW28-33, PW42-43, and PW54-64. Transverse sections from cer- 
vical spinal cord (four rats), cervical dorsal root ganglia (four rats), 
pituitary glands (four rats), and pineal glands (three rats) were exam- 
ined. Thin sections for electron microscopy (two rats) of cerebellar cor- 
tex were taken from sagittal vibratome sections. 

As described previously (Petralia and Wenthold, 1992; Petralia et al., 
1994a), choice of optimum antibody concentrations was based on the 
presence of dense staining in some structures as compared to PBS con- 
trol sections. Typically, staining penetrated several micrometers on both 
sides of the section; lack of staining in the middle of the width of the 
section was considered in all assessments of light and electron micro- 
scope localization of staining. Staining is described as “neuropilar” and 
“neuronal,” as defined in Petralia and Wenthold (1992; also Petralia et 
al., 1994a), i.e., neuronal staining refers to staining of the cell body, 
excluding nucleus, and the major dendrites which could be traced from 
the cell body, while neuropilar staining includes processes not traced to 
specific cell bodies and the unresolvable matrix between cells. In white 
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Cerebellum 

Figure 1. SDS-PAGE and immunoblot analysis of rat cerebellum and transfected cell membranes using an antibody directed against a peptide 
corresponding to the C-terminus of the 62 subunit. An intense immunoreactive band is seen in cerebellum, as well as membranes from HEK-293 
cells transfected with 62, and membranes from cells transfected with 61 cDNAs (A). The broad immunoreactive bands present in transfected cell 
membranes can be resolved into two bands (B) when less intensely developed. Deglycosylation (d) with N-glycosidase F eliminated the higher 
molecular weight band of both 61 and 62 transfected cell membranes and reduced the size of the immunoreactive band in cerebellum (B). C, 
Comparison of peptide maps of 61/2-immunoreactive proteins in the cerebellum and transfected cell membranes using increasing concentrations of 
V8 protease. Similarly migrating immunoreactive bands were found in the cerebellum and 82-samples (arrowheads). Bars show-the position of the 
prestained standards, myosin (M, = 203,000), phosphorylase b (kf, = lOS,OOO), BSA (M, = 70,800), and ovalbumin (M, = 43,600). Additional 
lower molecular weight standards, carbonic anhydrase (M, = 28,250) and P-lactoglobulin (kf, = 17,900), are shown in (C). Molecular mass 
estimates were obtained in a separate experiment and are based on unstained standards run in parallel with the sample. 

matter, very small, stained cells, typically elongate-multipolar, were pre- 
sumed to be glia, probably astrocytes, as noted in previous articles (Pe- 
tralia and Wenthold, 1992; also Petralia et al., 1994a-c; Tachibana et 
al., 1994). Our descriptions of immunostaining in large structures of the 
brain (e.g., hypothalamus, septum, thalamus, etc.) can be considered 
valid for the portion examined only, since such structures extend beyond 
the sections examined as described above, and as noted previously (Pe- 
tralia and Wenthold, 1992). Identification of structures with electron 
microscopy was based on defined criteria (e.g., Peters et al., 1991), as 
reviewed previously (Petralia and Wenthold, 1992; Petralia et al., 
1994a). 

Results 
Properties of antibodies to 6 subunits 
The carboxyl terminus of 62 was chosen as the target of anti- 
body production based on previous studies on other glutamate 
receptor subunits which showed that the carboxyl terminus pep- 
tides were useful for producing antibodies that could be applied 
to immunoprecipitation, Western blotting and immunocytochem- 
istry (Wenthold et al., 1990, 1992; Petralia and Wenthold, 1992; 
Petralia et al., 1994a-c). The 62 peptide used (QPTPTLGL- -- 
NLGNDPDRGTSI) contains several amino acids also present z 
the cor&ponding region of 61 (underlined amino acids). West- 
ern blot analysis of membranes from cells transfected with 61 
and 62 cDNAs showed that the antibody recognizes both 61 and 
62 (Fig. 1A). Based on these results, we conclude that immu- 
noreactivity detected in brain is due to both 61 and 62 subunits, 
and refer to the antibody as anti-6112 antibody. Both 61 and 62 
samples showed a broad immunoreactive band that can be re- 
solved into two bands when less sample is applied or when the 
gels are developed lighter (Fig. 1B). The lower molecular weight 
components appear to represent deglycosylated forms of the pro- 
teins since treatment with the N-glycosidase F converted the 
higher molecular weight form into the lower molecular weight 

form (Fig. 1B). The estimated molecular mass for the 62 protein 
expressed in HEK-293 cells was determined to be 110 2 3 kDa 
(n = 5) for the glycosylated form and 104 +- 2 kDa (n = 4) 
for the deglycosylated form. For 61 expressed in HEK-293 cells, 
the molecular mass was estimated to be 115 + 2 kDa (n = 5) 
for the glycosylated form and 109 & 3 kDa for the deglyco- 
sylated form. Immunoblot analysis of the cerebellum, where 62 
expression is reported to be heaviest (Araki et al., 1993; Lomeli 
et al., 1993), showed a single major band with a molecular mass 
estimated to be 114 ? 2 kDa (n = 4); after treatment with N- 
glycosidase E the mass was reduced to 110 + 3 kDa (n = 4). 
The similarity in sizes between 61 and 62 expressed in HEK- 
293 cells, and the fact that the major immunoreactive band in 
cerebellum did not exactly comigrate with 62 from transfected 
cells, raised the possibility that the antibody was not recognizing 
62 in cerebellum, but rather 61 or a related protein. To verify 
that the major protein recognized in the cerebellum by the anti- 
S1/2 antibody is 62, peptide maps of cerebellum and membranes 
from cells transfected with 61 and 62 cDNAs were generated 
by limited digestion with V8 protease. The immunoreactive pep- 
tide pattern generated from cerebellum closely resembled that 
generated from 62, while that from 61 was devoid of immuno- 
reactive peptides suggesting that immunoreactive peptides too 
small to be resolved on the gel are produced (Fig. 1C). The 
slight difference in migration rates between cerebellar 62 and 62 
from transfected cells could be due to modifications other than 
N-glycosylation which differentially affect the protein from the 
two sources. While our value of 109,000 Da for the molecular 
mass of the deglycosylated 61 subunit fits that of the calculated 
molecular mass of 110,440 Da, our value of 104,000 Da for the 
deglycosylated 62 subunit from transfected cells is somewhat 
lower than the calculated value of 113,229 Da (Hollmann and 
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Figure 2. Specificity of anti-6112 an- 
tibodies in relation to other glutamate 
receptor subunits. Glutamate receptor 
subunits were expressed in HEK-293 
cells and examined by SDS-PAGE and 
immunoblot analysis with anti-61/2 an- 
tibodies. Staining was done using the 
chemiluminescence detection system. 
Standards are as described for Figure 
1, A and B. To assure that sufficient 
receptor protein was applied to the gels 
to detect possible antibody cross-reac- 
tion, expression was determined using 
the respective subunit-specific antibody 
in all cases except KAI, for which a 
specific antibody has not been reported. 

Heinemann, 1994). The value we obtain for the deglycosylated 
62 subunit in the cerebellum, 110,000, is similar to the calcu- 
lated value of the 62 subunit. 

To characterize the specificity of the anti-6112 antibodies with 
respect to other members of the glutamate receptor family, the 

Figure 3. Distribution of 61/2 immunoreactivity in the rat CNS and 
peripheral tissues. The cerebellum shows a major immunoreactive band 
with no staining in other CNS samples (A), but with prolonged staining 
a low level of immunoreactivity was seen in other brain regions (B). 
No staining was detected in the non-neuronal samples of liver, muscle, 
and kidney (C). Staining was done with the chemiluminescence (A) or 
alkaline phosphatase (B, C) detection systems. Standards are as de- 
scribed for Figure 1, A and B. 

antibody was tested on immunoblots of membranes from HEK- 
293 cells transfected with the cDNAs of different glutamate re- 
ceptor subunits including GluRl, GluR2, GluR3, GluR4, GluR6, 
GluR7, KAl, KA2, NRl, NR2A, NR2B, NR2C, and mGluRlcx 
(Fig. 2). The antibody did not recognize any of the other sub- 
units. 

Using the Western blotting technique, regional distribution 
analysis of S1/2 immunoreactivity in the adult rat nervous sys- 
tem demonstrated its marked presence in cerebellum compared 
to other areas of the brain (Fig. 3). Only with intense develop- 
ment are light immunoreactive bands seen in samples of other 
brain regions (Fig. 3B). Since the antibody recognizes both 61 
and 62, the staining likely represents both of the subunits. Im- 
munolabeling of 61 or 62 is not seen in non-neuronal tissues 
(Fig. 3C). In all brain samples, no additional immunoreactive 
bands are detected indicating that there is no significant cross- 
reaction with other proteins. In control experiments in which the 
antibody was preincubated with the peptide (0.2 mg/ml) used 
for immunization, immunoreactivity was eliminated in immu- 
noblots of cerebellar homogenates and of Sl- and S2-transfected 
HEK-293 cells (data not shown). 

Immunoprecipitation 

Since it showed the highest expression of 6 protein (Fig. 3), the 
cerebellum was used to investigate the relationship of the 6 sub- 
units with other glutamate receptor subunits. Triton X-100 sol- 
ubilized cerebellar membranes were immunoprecipitated with 
anti-6112 antibodies and analyzed by Western blotting using 
antibodies to AMPA (GluR2/3), kainate (GluR617, KA2), 
NMDA (NRl, NR2A/B), and metabotropic (mGluRlcu) receptor 
subunits, as well as with antibodies to 6112. Only the 6 subunits 
were immunoprecipitated (Fig. 4), suggesting that subunits of 
AMPA, kainate, NMDA and mGluRla receptors do not form 
molecular complexes with the 6 subunits. To investigate the pos- 
sibility of other coimmunoprecipitating proteins, the immuno- 
precipitated product was silver stained. A major band comigrat- 
ing with the immunostained 6 subunits was seen along with 
several minor unidentified bands (Fig. 4). It therefore appears 
that the major immunoprecipitated bands represent the 6 sub- 
units, or the 6 subunits and other comigrating proteins. 
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Figure 4. Immunoprecipitation of Triton X-100 solubilized rat cere- 
bellar membranes with anti-&l/2 antibodies. Immunoprecipitated pro- 
teins were electrophoretically separated and analyzed either by immu- 
noblotting with antibodies directed against the glutamate receptor 
subunits, S1/2, NRl, NR2A/B, GluR2/3, GluR6/7, KA2, and mGluRla 
(left) or by silver staining. Except for the anti-NRl antibody which is 
a monoclonal antibody raised in mice, all the other antibodies used were 
made in rabbits. The bands noted by the asterisk correspond to the IgG 
heavy chain which is prominent when antibodies made in rabbits are 
used for immunoblotting. A band corresponding to the 61/2 subunits 
was immunoprecipitated (arrowhead), while none of the other gluta- 
mate receptor subunits were detected. Silver staining identified a major 
band which comigrates with the immunostained 6 subunits (arrow- 
head). Additional unidentified minor bands (arrows), as well as IgG 
heavy chain (nsterisk) were also detected by the silver staining method. 
Standards are as described in Figure 1. 

L&and binding 

Since the above studies showed that the antibodies were effec- 
tive in immunoprecipitating S subunits from Triton X-100 sol- 
ubilized cerebellar membranes, we used immunoprecipitation 
to determine if excitatory amino acid ligand binding activity 
was associated with the S subunits. Triton X-100 has been 
shown to solubilize AMPA and kainate receptors that retain 
their ligand binding properties (Hampson et al., 1987; Hunter 
et al., 1990), and previous studies have demonstrated immu- 
noprecipitation of ligand binding activity with antibodies to the 
carboxyl terminus of AMPA and kainate receptors (Wenthold 
et al., 1992, 1994). Using this approach, anti-S1/2 antibodies 
did not immunoprecipitate 3H-AMPA, 3H-glutamate, or ?H- 
kainate binding activity from Triton X-100 solubilized cere- 
bellar membranes (Table 1). 

Developmental projile of a-subunits in the cerebellum 

Although the above studies indicate that the S subunits do not 
form a molecular complex with AMPA, kainate, NMDA, and 
mGluRlol receptors, it is possible that S receptors are func- 
tionally associated with other glutamate receptor populations. 
Such a relationship may be indicated by similar developmental 
patterns (e.g., Ryo et al., 1993). To address this we studied the 
developmental expression of the S subunits in relation to that 
of representative subunits of AMPA (GluR2/3), kainate 
(GluR6/7), NMDA (NRl), and metabotropic (mGluRla) re- 
ceptors in the cerebellum. These results (Fig. 5) show a dra- 
matic increase in S1/2 immunoreactivity between 10 and 15 d 

Table 1. Immunoprecipitation of detergent-solubilized AMPA, 
glutamate, and kainate binding sites from rat cerebellum using 
anti-W2 antibodies 

?H-AMPA 7H-Glutamate ‘H-KA 

Percentage of binding recovered 
101.9 k 4.6 105.0 k 6.0 107.8 + 4.6 

Data represent the percentage of binding unretained by a column of protein 
A-agarose to which 100 pl of antiserum was attached, compared to that ob- 
tained with preimmune serum. Values are the means f  SEM for four or five 
determinations done in duplicate. 

of age, different from developmental patterns of other receptor 
subunits studied, except for that of mGluRla which also shows 
a significant, although less dramatic, increase at this same time 
(see also Shigemoto et al., 1992; Ryo et al., 1993). 

Light microscope distribution of 61/Z immunoreactivity in the 
adult 

Except for the cerebellum, neurons and neuropil of most 
regions of the brain stained lightly to moderately, while glia 
stained lightly throughout the white matter of the brain (Figs. 
6, 7). In the main olfactory bulb, moderate staining was found 
in neuropil of the glomerular and external plexiform layers, 
while the granule cell layer stained lightly and mitral cells 
stained moderately to moderately dense (Fig. 7a). Staining of 
the external plexiform layer of the accessory olfactory bulb 
(Fig. 6) often was moderately dense; otherwise staining in the 
accessory olfactory bulb was similar to that of the main olfac- 
tory bulb. Neuropil and neurons of the cerebral cortex typically 

Age (days) 

62 

mGluR1 a 

GM213 

NRl 

GluR6/7 

Figure 5. Patterns of developmental expression of the glutamate re- 
ceptor subunits 61/2, mGluRla, GluR2/3, NRl, and GluR6/7 in the rat 
cerebellum. Eighteen micrograms of protein was applied to each lane. 
At all ages, samples analyzed with the different antibodies were ob- 
tained from the same preparation of cerebellum. 
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Figure 6. Low magnifications of sagittal sections immunolabeled with antibody to S1/2. Full sections correspond most closely to Figures 81 (top) 
and 83 (bottom) of Paxinos and Watson (1986; PW81,83); additional hindbrain sections correspond most closely to PW83 (top) and PW85 (bottom). 
AO, Anterior olfactory n.; AB, accessory olfactory bulb; CP, caudate-putamen; DC, dorsal cochlear n.; DC, dentate gyms; EC, external cuneate 
n.; FH, forelimbkrindlimb area of cortex; Fr, frontal cortex; IC, inferior colliculus; In, interposed cerebellar n.; LR, lateral reticular n.; MO, molecular 
layer of cerebellar cortex; 05, olfactory bulb; Pn, pontine n.; PV, posteroventral cochlear n.; Rt, reticulothalamic n.; S, subiculum; SC, superior 
colliculus; SO, supraoptic n.; S5, spinal trigeminal n.; Tu, olfactory tubercle; 7, facial n.; arrowhead, marginal zone of caudal part of spinal 
trigeminal n. Magnification, 5.5X. 

stained lightly, although layer V pyramidal cells (Fig. 7b), 
some neurons of the deep layer VI, and some neurons scattered 
through other layers, stained moderately. In the hippocampus, 
neuropilar staining was moderate in the stratum oriens (CAl- 
CA3), molecular layer of the dentate gyrus, and outermost lay- 
er of the CA1 molecular layer (i.e., stratum lacunosum-mole- 
culare), and light in the molecular layer of CAl-CA3 and in 
the hilus (Fig. 7c,d). The CAl-CA3 pyramidal cell layer con- 
tained moderate staining. Light to moderate staining was found 
in small/medium neurons throughout the stratum oriens and 
molecular layer of CAl-CA3 and in the hilus. Hilar neurons 
found on the edge of the granule cell layer often were stained 
moderately; these cells resembled those described as dentate 
pyramidal basket cells and type two dentate basket cells 
(Amaral, 1978; also Ribak and Seress, 1983), although iden- 
tification was not definitive since usually only the cell bodies 
and bases of the major dendrites were distinct (Fig. 7d). Often 
these cells were distinguished easily from the adjacent granule 
cell bodies which typically stained lightly or were unstained. 
Neuropil of the caudate-putamen was stained lightly to mod- 
erately. Most neurons stained lightly or were unstained, al- 

though moderate staining was found in a few medium/large 
neurons (Fig. 7e). Staining typically was light in most neurons 
and neuropil of the dorsal parts of the thalamus (e.g., lateral 
dorsal and lateral posterior nuclei), while it was moderate in 
ventral parts (e.g., ventrolateral and ventromedial nuclei), as 
well as in the reticulothalamic (Fig. 6) and anterodorsal nuclei. 
In the hypothalamus, staining typically was light to moderate 
in neurons and neuropil, while staining in scattered neurons 
and those of the supraoptic nucleus (Fig. 6) was moderate to 
moderately dense. 

In the midbrain, the periaqueductal gray contained lightly to 
moderately stained neurons in a moderately stained neuropil; 
staining of neurons in the adjacent oculomotor nuclei was sim- 
ilar although the neuropil stained moderately to moderately 
dense. In the superior colliculus (Fig. 6), neuropil stained lightly 
to moderately; most neurons stained lightly, although large, mul- 
tipolar neurons of deep layers stained moderately. In contrast, 
moderately stained neurons were seen commonly throughout the 
inferior colliculus (Fig. 6) which contained moderately stained 
neuropil. 

In the hindbrain, moderately dense neuronal and neuropilar 
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Figure 7. Sagittal sections of forebrain structures immunolabeled with antibody to S1/2. a, Olfactory bulb: EP, External plexiform layer; Gr, 
granule cell layer; Mi, mitral cell. b, Layer 5 of forelimb/hindlimb cortex. arrowheads, Apical dendrites of pyramidal cells. c, CA2 region of 
hippocampus. SO, Stratum oriens; Py, pyramidal cell layer; MO, molecular layer. d, Dentate gyrus. Gr, Granule cells; Hi, hilus; MO, molecular 
layer; arrows, hilar neurons on border of granule cell layer. e, Caudate/putamen. Moderate staining is present in only a few cells (arrows). 
Magnification, 438 X. 
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Figure 8. Sagittal sections of cerebellum immunolabeled with antibody to SU2. Gr, Granular layer; MO, molecular layer; Pj, Purkinje cells; 
arrows, Purkinje cell dendrites. c and d, High magnifications of middle (c) and upper (d) regions of molecular layer. Note densely stained puncta 
(arrowheads) associated with moderately stained dendrites, and sometimes appearing to be situated apically on putative dendritic spines (especially 



staining was found in the outer layers of the dorsal cochlear 
nucleus, while neurons/neuropil of the lateral reticular nucleus, 
and neuropil of the marginal zone of the caudal part of the spinal 
trigeminal nucleus, stained moderately to moderately dense (Fig. 
6). However, neuronal staining of the marginal zone often was 
obscured by the neuropilar staining. In addition, neuropil and 
neurons of many hindbrain structures stained moderately, most 
notable being that of the trigeminal and facial motor nuclei (Fig. 
6). 

Densest staining in the nervous system overall was found in 
the cerebellum, most notably in Purkinje cell bodies which 
stained densely (Figs. 6, 8). The molecular layer contained 
moderately dense stained neuropil and a few, lightly stained 
small cells. Staining of the granular layer was moderate, but 
staining in granule cells was difficult to delineate due to the 
scantness of the cytoplasm. Staining in the granular layer was 
seen most prominently as a network of fine processes outlining 
granule cells and as scattered patches of staining in the neu- 
ropil. Densely stained puncta were common in the molecular 
layer, especially in the outer third, but were uncommon in the 
granular layer. At high magnifications, puncta of the molecular 
layer often appeared to represent dendrite spine heads (Fig. 
8c,d), matching, in size and shape, the immunolabeled struc- 
tures identified with electron microscopy (Fig. 9~2,~; see be- 
low). Bergmann glial processes usually were not stained, but 
sometimes stained lightly. 

Substantial staining was seen in some structures outside of the 
brain (data not shown). In the spinal cord dorsal horn, neurons 
and neuropil stained moderately to moderately dense, but neu- 
ronal staining sometimes was obscured by the neuropilar stain- 
ing. Motoneurons of the spinal cord stained moderately in a 
lightly to moderately stained neuropil. Moderate staining was 
found in ganglion cells of the dorsal root, while light to moderate 
staining was found in ganglion cells of the vestibular ganglia. 
Staining of the pineal gland was dense with densely stained 
puncta. Staining of the pituitary gland was moderate to moder- 
ately dense in the anterior lobe, light in the intermediate lobe, 
and moderately dense in the posterior lobe, which contained 
numerous stained processes and puncta. 

Electron microscope distribution of W2 immunoreactivity in 
the adult cerebellum 

Staining was often dense in cytoplasm of Purkinje cells, while 
granule cell body cytoplasm contained little or no staining. The 
most prominent staining was in postsynaptic densities in spines 
of parallel fiber synapses of the molecular layer (Fig. 9). Most 
of these synapses could be identified as parallel fiber/Purkinje 
spine synapses, based on defined criteria (Mugnaini, 1972; Palay 
and Chan-Palay, 1974). Typical characteristics included (1) a 
stained postsynaptic density on the side of an oval spine head 
attached to a narrow neck (both usually stained); (2) an un- 
stained synaptic cleft; (3) an unstained presynaptic terminal 
filled with round vesicles, among parallel fibers (bundles of un- 
myelinated axons in compact, parallel formation; often the syn- 
apse was continuous with a parallel fiber in the section); (4) 
contact between the presynaptic terminal and the postsynaptic 
spine limited mainly to the active zone; and (5) wrapping of 

t 
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synapse with glial processes; these glial processes sometimes 
were stained. These stained synapses were most common in the 
outer portion of the molecular layer where often several of them 
could be seen to branch from the same, stained dendritic shaft. 
Typically, the dendritic shaft bore characteristics of a Purkinje 
cell shaft including numerous mitochondria and large size (1 pm 
or more in caliber). Staining of postsynaptic densities and den- 
drites corresponded to staining of puncta and dendrites seen with 
light microscopy (Fig. 8c,d; see above). Stained postsynaptic 
densities also were found in some other forms of synapses, in- 
cluding those with neckless spines or synapses directly on the 
dendritic shaft. Stained synapses were rare in the granular layer. 
Only one definitive example was seen; this was a dendrite pro- 
cess with stained cytoplasm and postsynaptic density apposed to 
an unstained terminal in a glomerulus. 

In addition to staining in postsynaptic densities and cyto- 
plasm in the molecular layer, staining also was common in glial 
processes in all layers, and including both thin, irregular pro- 
cesses with attenuated cytoplasm and larger processes contain- 
ing bundles of filaments. These glial processes included many 
astroglial sheaths which surround glomeruli and granular cells, 
some glial wrappings of parallel fiber/Purkinje spine synapses 
in the molecular layer, and some glial processes surrounding 
blood vessels, myelinated and unmyelinated axons, and den- 
drites. Staining for S in glia is not surprising considering that 
there is substantial evidence that various types of glia contain 
AMPA, kainate, metabotropic, and probably NMDA receptors 
(e.g., Petralia and Wenthold, 1992; Tanabe et al., 1993; Uchi- 
hori and Puro, 1993; Gallo et al., 1994; Petralia et al., 1994a,c). 

Staining was uncommon in other structures, although many 
small, unidentified processes were stained. Only occasional 
staining was found in putative parallel fibers. Presynaptic stain- 
ing was rare and never definitive. 

Controls for immunocytochemistry 

Sections of brain, ganglia, and endocrine glands in which PBS 
was substituted for the primary antibody (PBS controls) were 
unstained except for occasional light staining in glia of the 
hindbrain. In sections of spinal cord, gray matter, and inner 
portions of white matter were unstained, but substantial stain- 
ing often was present in glia of the outer portions of the white 
matter. A few, lightly stained, unidentifiable processes were 
found in the posterior pituitary lobe. Results of preadsorption 
control experiments were similar to those of PBS controls for 
all structures. 

Discussion 

In this study, we developed an antibody selective for the glu- 
tamate receptor S subunits and used it to characterize the bio- 
chemical and immunocytochemical properties of the S proteins 
in the rat CNS. The antibody was made to a 20 amino acid 
peptide corresponding to the C-terminus of 62, and recognizes 
both Sl and 62. The antibody does not recognize several other 
glutamate receptor subunits, and, based on Western blot anal- 
yses, is selective for the S subunits in rat brain. The specificity 
of the antibody allowed characterization of the 61 and 62 sub- 
units through immunoprecipitation, Western blotting, and im- 

in c). Compare puncta and associated putative spines (c) with definitive synaptic structures in another section examined with electron microscopy 
(Fig. 9a,c). Magnification: a, 55X; b, 438X; c and d, 1070X. 
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Figure 9. Electron micrographs of cerebellar molecular layer immunolabeled with antibody to 61/2. d, Main dendritic shah; sn, spine neck; ps, 
presumptive parallel fiber presynaptic terminal; arrows, stained postsynaptic densities. c and d are high magnifications of a and b, respectively. 
Compare dendrite spines and stained postsynaptic densities in Figure 9, a and c, with possible corresponding structures from a similar section, seen 
with light microscopy (Fig. 8~). u-d, Upper molecular layer. e, Upper/middle molecular layer. Magnification: a and b, 12,500X; c-e, 50,000X. 
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munocytochemistry. From these studies, the following major 
findings become apparent. First, based on immunoprecipitation 
analyses, the 6 subunits do not appear to be associated with 
.AMPA, kainate, NMDA, or mGluR1cr receptor subunits. Sec- 
ond, immunoprecipitation of the 6 subunits does not immu- 
noprecipitate 3H-AMPA, 3H-kainate, or “H-glutamate binding 
activity from Triton X- 100 solubilized cerebellar membranes 
suggesting that the 6 receptor complex does not bind these 
ligands. Third, immunocytochemical analyses show intense im- 
munostaining on the postsynaptic membrane of the parallel fi- 
ber/Purkinje spine synapse, characteristic of a postsynaptic re- 
ceptor. These findings support the conclusion that the 6 
subunits form a unique postsynaptic receptor complex that is 
not associated with AMPA, kainate, or NMDA receptors. 

Relationship of 6 subunits to other glutamate receptors 

The 6 subunits do not form functional ion channels when ex- 
pressed in transfected cells or oocytes (Yamazaki et al., 1992; 
Araki et al., 1993; Lomeli et al., 1993) suggesting that additional 
subunits are required for activity. The possibility that the 6 sub- 
units may assemble with subunits of other glutamate receptor 
subtypes was investigated by immunoprecipitation of detergent 
solubilized cerebellar membranes with the anti-S1/2 antibody 
and staining for coimmunoprecipitating subunits. Coimmuno- 
precipitation of subunits of AMPA, kainate, NMDA, and me- 
tabotropic receptors was tested. We found that none of the sub- 
units coimmunoprecipitated with the 6 subunits indicating that 
complexes between 6 and other subtypes are not formed. How- 
ever, we cannot rule out the possibility of subunit dissociation 
during solubilization, although this approach is used commonly 
to determine subunit interactions and has been successfully ap- 
plied to analyze structures of AMPA (Wenthold et al., 1992), 
kainate (Wenthold et al., 1994), and NMDA (Sheng et al., 1994) 
receptors. These findings are consistent with those of Lomeli et 
al. (1993) who investigated the physiological properties of cells 
cotransfected with cDNAs of 6 subunits and AMPA, kainate, 
and NMDA receptor subunits, and found no evidence for inter- 
action between the subunits. The lack of coimmunoprecipitation 
with known glutamate receptor subunits suggests that the 6 sub- 
units may form a complex with yet unidentified proteins. Im- 
munoprecipitation of detergent-solubilized cerebellar mem- 
branes did not identify prominent copurifying proteins, as 
determined by silver staining, although several minor bands are 
present and these are candidates for further study. It is possible 
that 61 and 62 together form a functional receptor, but this is 
unlikely based on their very different distribution and develop- 
mental patterns (Araki et al., 1993; Lomeli et al., 1993). 

6 Subunits and ligand binding 

Ligand binding autoradiography on the cerebellum identified the 
predominant excitatory amino acid binding site in the Purkinje 
cell and molecular layers as a quisqualate-sensitive glutamate 
site (Greenamyre et al., 1984, 1985; Olson et al., 1987; Young 
and Fagg, 1990). This site is significantly reduced in number in 
mice lacking Purkinje cells, while in mice whose granule cell 
population was depleted, the number of quisqualate-sensitive 
sites is more than doubled, suggesting that this site is primarily 
restricted to the Purkinje cells (Olson et al., 1987). Because of 
the heavy expression of mGluR1 in Purkinje cells (Masu et al., 
1991; Martin et al., 1992) and the fact that glutamate binding to 
mGluR1 is quisqualate-sensitive (Aramori and Nakanishi, 1992), 
most of the glutamate binding in the molecular layer of the cer- 

ebellum is likely to represent metabotropic receptors. Therefore, 
these results give little information concerning the ligand bind- 
ing properties of the 6. In the present study, we find that anti- 
S1/2 antibodies do not immunoprecipitate “H-AMPA, 3H-kain- 
ate, or “H-glutamate binding activity from Triton X-100 
solubilized cerebellar membranes. We cannot rule out the pos- 
sibility that either solubilization or binding conditions were in- 
appropriate for the 6 receptor, although conditions of solubili- 
zation, immunoprecipitation, and binding were similar to those 
which have been used successfully for both AMPA and kainate 
receptors (Wenthold et al., 1992, 1994). These results are con- 
sistent with those of Lomeli et al. (1993) who showed that cells 
transfected with 61 or 62 cDNAs did not exhibit 3H-AMPA or 
3H-kainate binding. The absence of binding activity in trans- 
fected cells could be explained if a critical component of the 
receptor complex was not expressed with the subunit; however, 
immunoprecipitation of the detergent solubilized receptor com- 
plex from brain would likely contain the total receptor complex. 
The fact that glutamate and glutamate-related ligands do not 
bind to the 6 receptor may indicate that the 6 receptor has a 
pharmacology unlike that of the known glutamate receptors and 
raises the question of whether or not glutamate is the natural 
agonist of the 6 receptor. The postsynaptic localization of 6 at 
parallel fiber/Purkinje spine synapses suggests that the parallel 
fiber neurotransmitter is the natural agonist of the 6 receptor, 
and there is considerable evidence that this, is glutamate, based 
on physiological studies (Stone, 1979; Crepe1 et al., 1982; Kano 
and Kato, 1987; Kano et al., 1988), granule cell lesion studies 
(Young et al., 1974; Sandoval and Cotman, 1978), and immu- 
nocytochemical localization of glutamate in the presynaptic ter- 
minal (Somogyi et al., 1986). Furthermore, mGluRla also has 
a postsynaptic localization at this synapse and glutamate is be- 
lieved to be the natural agonist for this receptor (Martin et al., 
1992). 

Immunocytochemical distribution of the 6 subunits 

Light microscope distribution of S1/2 immunoreactivity is con- 
sistent with a pattern resulting from the combined localization 
of 61 and 62 subunits. Thus, the light to moderate immunostain- 
ing seen in the cerebral cortex, hippocampus, and caudatelpu- 
tamen may correspond to the localization of mRNA to 61 (Lo- 
meli et al., 1993; see also Fig. 12 of Tiille et al., 1993) while 
the dense staining in the Purkinje cells probably reflects the pres- 
ence of abundant 62, as shown previously by in situ hybridiza- 
tion (Araki et al., 1993; Lomeli et al., 1993) and light micro- 
scope immunocytochemistry (Araki et al., 1993). However, 
immunostaining in some structures may reflect the presence of 
both 61 and 62, including the gray matter of the spinal cord, 
periaqueductal gray, and possibly some portions of the cerebral 
cortex and hippocampus, as suggested by in situ hybridization 
studies (Lomeli et al., 1993; Tiille et al., 1993). 

The data presented in this study, in conjunction with that of 
previous studies, indicate that glutamate receptors containing 6 
subunits and metabotropic receptors form the two major types 
of glutamate receptors in the parallel fiber/Purkinje spine syn- 
apse (assuming that the 6 subunits form functional glutamate 
receptors). Electron microscope immunocytochemistry indicates 
that 6 (this study) and mGluRla (Martin et al., 1992; Gores et 
al., 1993) subunits are very abundant in the postsynaptic den- 
sities of parallel fiber/Purkinje spine synapses. GluRl also is 
present at this synapse (Baude et al., 1994; but see Martin et al., 
1993) although other glutamate receptor types may be absent 
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or less common (GluR2-4: Martin et al., 1992, 1993, KA2; 
GluR6/7: Petralia et al., 1994~; NMDARl and 2: Petralia et al., 
1994a,b). Use of postembedding immunogold techniques indi- 
cates that mGluR1cx may preferentially localize at the parallel 
fiber synapse periphery, while GluR2/3/4c is chiefly distributed 
over the main body of the synaptic zone (Baude et al., 1993; 
Nusser et al., 1994); it should be interesting to see if future 
immunogold studies reveal a preferential localization of 6 to 
subregions of this synapse. In addition, the great increase in 
abundance of both 6112 and mGluRla immunoreactivity, in im- 

ical characteristics of a metabotropic glutamate receptor, mGluR1, in 
transfected CHO cells. Neuron 8:757-765. uron 8:757-765. 

Baude A, Nusser Z, Roberts JDB, Mulvihill E, Jeffrey McIlhinney RA, Roberts JDB, Mulvihill E, Jeffrey McIlhinney RA, 
Somogyi P (1993) The metabotropic glutamate receptor (mGluRlol) 1) The metabotropic glutamate receptor (mGluRlol) 
is concentrated at perisynaptic membrane of neuronal subpopulations perisynaptic membrane of neuronal subpopulations 
as detected by immunogold reaction. Neuron 11:771-787. lmunogold reaction. Neuron 11:771-787. 

Baude A, Moln& E, Latahiec D, Jeffrey McIlhinney RA, Somogyi P 
(1994) Synaptic and nonsynaptic localization of the GluRl subunit 
of the AMPA-type excitatory amino acid receptor in the rat cerebel- 
lum. J Neurosci 14:2830-2843. 

Bettler B, Boulter J, Hermans-Borgmeyer I, O’Shea-Greenfield A, De- 
neris ES, Moll C, Borgmeyer U, Hollmann M, Heinemann S (1990) 

time of development of most parallel fiber/Pnrkinje spine syn- 
munoblots of the cerebellum at 15 d postnatal, matches: (1) the 

apses (Altman, 1972, 1982), (2) the time when sensitivity of 
Purkinje cells to glutamate more than doubles (review by Crepe1 
and Audinat, 1991), and (3) the peak of metabotropic glutamate 
receptor-coupled activity in rat cerebellum (Mayat-et al., 1994). 
However, since S1/2 immunoreactivity also was common in 
many glial elements in the cerebellum, we cannot rule out that 
some of this increase seen at 15 d may represent immunolabel- 
ing of glia, since glial processes also increase in number at about 
this time (Altman, 1972). 

Cloning of a novel glutamate receptor subunit, GluR5: expression in 
the nervous system during development. Neuron 5:583-595. 

Boulter J, Hollmann J, O’Shea-Greenfield A, Hartley M, Deneris E, 
Maron C, Heinemann S (1990) Molecular cloning and functional 
expression of glutamate receptor subunit genes. Science 249: 1033- 
1037. 

Crepe1 E Audinat E (1991) Excitatory amino acid receptors of cere- 
bellar Purkinje cells: development and plasticity. Prog Biophys Mol 
Biol 55:3146. 

Crepe1 E Dhanjal SS, Sears TA (1982) Effect of glutamate, aspartate 
and related derivatives on cerebellar Purkinje cell dendrites in the rat: 
an in vitro study. J Physiol (Lond) 329:297-317. 

Egebjerg J, Bettler B, Hermans-Borgmeyer I, Heinemann S (1991) 
Cloning of a cDNA for a glutamate receptor subunit activated by 
kainate but not AMPA. Nature 35 1:745-748. 

Gallo V, Patneau DK, Mayer ML, Vaccarino FM (1994) Excitatory 
amino acid receptors in glial progenitor cells: molecular and func- 
tional properties. Glia 11:94-101. 

Physiological signijicance 

It is yet unclear how the 6 receptor fits into the synaptic function 
of the Purkinje cell. Electrophysiological studies support the 
presence of non-NMDA receptors at the parallel fiber/Purkinje 
spine synapse and the involvement of AMPA receptors in long- 
term depression (LTD; reviews by Crepe1 and Audinat, 1991; 
Linden et al., 1991; Linden, 1994). However, it is not clear 
which AMPA subunits are present in the postsynaptic membrane 
of the parallel fiber/Purkinje spine synapse. Immunostaining 
with antibody to GluR2/3 is very light or absent at the postsyn- 
aptic side of the parallel fiber/Purkinje spine synapse (Martin et 
al., 1992, 1993), while staining of the Purkinje cell body is very 
intense (Petralia and Wenthold, 1992; Martin et al., 1993). In 
contrast, a study by Baude et al. (1994) reported that GluRl, 
which has a very low expression in Purkinje cells based on 
immunocytochemical and in situ hybridization studies (Petralia 
and Wenthold, 1992; Martin et al., 1993; Sato et al., 1993), has 
a significant expression at this synapse. In fact, excepting 
mGluR 1 IX, 6 is the only known glutamate receptor subunit which 
is expressed densely in both Purkinje cell bodies and parallel 
fiberlpurkinje spine synapses. Since our immunoprecipitation re- 
sults do not support an association with AMPA receptors, we 
suggest that a 6 subunit forms part of a unique non-NMDA 
receptor complex which is heavily expressed at this synapse, is 
intimately involved in LTD, and contains one or more, as yet, 
undiscovered subunits, as suggested by others (Araki et al., 
1993; Lomeli et al., 1993). 
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