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Although three distinct subunits seem to be sufficient to form a
functional
pentameric
GABA,
receptor
channel,
cerebellar
granule cells express mRNA for nine subunits. They receive
GABAergic input from a relatively homogeneous
population
of
Golgi cells. It is not known whether all subunits are distributed
similarly on the surface of granule cells or whether some of
them have differential subcellular
distribution
resulting in distinct types of synaptic and/or extrasynaptic
channels. Antibodies to different parts of the cr6 and al subunits of the GABA,
receptor and electron microscopic
immunogold
localization
were used to determine the precise subcellular distribution
of
these subunits in relation to specific synaptic inputs. Both
subunits were present in the extrasynaptic
dendritic and so-

matic membranes at lower densities than in synaptic junctions.
The a6 and al subunits were colocalized
in many GABAergic
Golgi synapses, demonstrating
that both subunits are involved
in synaptic transmission
in the same synapse. Synapses immunopositive
for only one of the (Y subunits were also found.
The ~6, but not the al, subunit was also concentrated
in
glutamatergic
mossy fiber synapses,
indicating
that the (~6
subunit may have several roles depending
on its different locations. The results demonstrate
a partially differential synaptic
targeting of two distinct GABA, receptor subunits on the surface of the same type of neuron.

Cerebellargranule cells receive GABAergic input from a largely
homogeneouspopulation of Golgi cellsat a restricted location on
their distal dendrites. They expressmRNA for nine subunitsof
the GABA, receptor (Laurie et al., 1992;Persohnet al., 1992).
Immunoprecipitation and immunoaffinity purification of native
cerebellarGABA, receptorshave revealedseveralpossiblesubunit combinations(Duggan et al., 1991;McKernan et al., 1991;
Endo and Olsen, 1993;Mertens et al., 1993;Pollard et al., 1993;
Khan et al., 1994;Mathews et al., 1994;Quirk et al., 1994;Togel
et al., 1994). Becauseonly three different subunitsare required
to form a pentameric functional channel (Sigel et al., 1990;
Verdoorn et al., 1990;Angelotti andMacdonald, 1993;Nayeemet
al., 1994),the expressionof numerousGABA, receptor channels,
differing in their subunit composition,raisesat leasttwo possible
scenariosregardingtheir distribution. First, every subunit may be
distributed in a similar manner on the surface of granule cells,
resulting in identical types of GABA, receptor channelsat synaptic and extrasynapticsites.This hypothesisis supportedby the
finding that GABA pulsesto nucleated somatic patches,which
lack synapses,elicited GABA currents with similar kinetics to
spontaneousinhibitory postsynapticcurrents(sIPSCs)(Puia et al.,
1994).Second,different subunitsmay have dissimilarsubcellular
locations on the surface of granule cells, resulting in distinct

synapticand extrasynapticGABA, receptors.The latter idea has
already been suggestedfor the al versus a6 subunitsusing immunoperoxidaselocalization (Baude et al., 1992).However, the
immunoperoxidasetechnique hasseverallimitations: namely,the
peroxidase reaction end-product diffusesfrom the site of the
antibody and, asa result, the preciseorigin of the reaction cannot
be determined. Furthermore, quantitative differencescannot be
assessed
in the label intensity betweensynaptic and extrasynaptic
sites.Theseproblemsare overcomeby immunogoldlocalization,
which provides a quantifiable and nondiffusiblelabel with a resolution of -20 nm (Triller et al., 1985;Hansenet al., 1991;Baude
et al., 1993;Carunchoet al., 1993;Fujimoto, 1993;Nusseret al.,
1994,1995a,b).
We have reported the relative densitiesof immunoreactive(~1
and /32/3subunitsin synapsesbetween Golgi cell terminals and
granule cell dendrites using a quantitative immunogoldmethod
(Nusser et al., 1995b). Approximately 180- to 230-fold higher
density of immunolabelcould be found at synaptic sitesthan on
the somaticmembranefor the oil and p2/3 subunits.Furthermore,
the immunolabelingdensity for the al subunit suggestedtwo
populations of Golgi synapses,having either a high or a low
concentrationof al subunit.It is possiblethat synapses
having low
levels of the (~1subunit contain more a6 subunit, the other (Y
subunit abundantly expressedby granule cells. Cloned 016/3xy2
receptors, in contrast to cylflxy;! receptors, have low affinity for
benzodiazepinesbut bind the partial inverse agonistRo15-4513
with high affinity (Sieghartet al., 1987;Luddenset al., 1990;Quirk
et al., 1994). Thus, it was of particular interest to establishthe
distribution of the a6 subunit in relation to synapsesimmunoreactive for the oil subunit. We usedimmunogoldlocalization and
three subunit-specificantibodies,recognizingdistinct parts of the
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MATERIALS AND METHODS
Preparation of animals and tissue
Nine female Wistar rats (120-200 gm) were anesthetized with Sagatal
(pentobarbitone sodium, 220 mg/kg, i.p.) and perfused through the heart
with 0.9% saline followed by the fixative containing 4% p-formaldehyde,
0.05% glutaraldehyde, and -0.2% picric acid dissolved in 0.1 M phosphate buffer (PB), pH 7.4, for 7-15 min (Somogyi et al., 1989). After
perfusion, the brains were removed and blocks from the vermis of the
cerebellar cortex were cut out and washed in several changes of 0.1 M PB.

Antibodies
Three antibodies against different parts of the a6 subunit of the GABA,
receptor were used for immunocytochemistry.
(1) Affinity-purified polyclonal antibody (R54XV) was raised against
a synthetic peptide corresponding to residues l-15 of the amino acid
sequence of the bovine (~6 subunit with an additional C-terminal
cysteine (Thompson et al., 1992). Antibody R54XV was preadsorbed
to aldehyde-fixed forebrain sections before immunoblotting
and
immunocytochemistry.
Adsorption
of antibody R54XV to fued forebrain.
Three female Wistar
rats were perfused through the heart as described above; 70- to lOO+mthick forebrain sections were cut with a vibratome, and the sections were
incubated in blocking solution consisting of 20% normal goat serum
containing Tris-buffered saline (TBS), pH 7.4, for l-2 hr before incubation in primary antibody R54XV at a final concentration of 1.1-5.3 pg of
protein/ml. After adsorption for 2-3 hr, the antibody solution was directly
applied for pre- and postembedding immunohistochemistry and for
immunoblotting.
Bruin membrane
preparation
and immunoblotting.
Four brain regions,
the cerebral cortex, cerebellum, hippocampus, and brainstem, were dissected from adult rat brain, and membrane fractions were prepared
according to the method of Duggan et al. (1991). Protein concentrations
were determined by the Lowry method (Lowry et al., 1951). Immunoblotting was carried out as described by Pollard et al. (1993) using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in 10%
polyactylamide minislab gels under reducing conditions, with a final
antibody concentration of 2.5 &ml and the enhanced chemiluminescence (ECL) detection method. The ECL Western blotting svstem.
Hyperfilm-ECL, and horseradish peroxidase-linked secondary-antibody
were from Amersham (Bucks, UK). Anti-ru1(413-429) GABA, receptor
subunit antibody (Pollard et al., 1993) was used only for immunoblotting.
(2) Rabbit affinity-purified polyclonal antibody (P24) was raised against
a synthetic peptide corresponding to residues 429-434 of the amino acid
sequence of rat 016subunit.
Brain membrane
preparation
and immunoblotting.
Membranes from
adult rat cerebellum were subjected to SDS-PAGE (Sieghart et al., 1987).
Proteins were transferred to nitrocellulose and probed with 5 pg/ml
polyclonal antipeptide antibody P24 in the presence or absence of 50
p&ml corresponding peptide 016(429-434). Bound antibodies were detected with biotinylated goat anti-rabbit IgG (Gibco, Gaithersburg, MD),
streptavidin-alkaline phosphatase conjugate (Amersham), and an alkaline phosphatase conjugate substrate kit. The experiment was performed
three times with similar results.
(3) Rabbit affinity-purified polyclonal antibody a6(313-395) was raised
against the putative cvtoplasmic loop polvpeptide of the 016 subunit as
described previously (Baude et al., i992; Q&k et al., 1994). This antibodv was able to orecioitate -60% of cerebellar 13Hlmuscimol and 55%
of the [3H]Ro15-4513zbinding sites from detergent-solubilized extracts.
Western blot analysis revealed one band with M, 58 kDa in the cerebellum but not in cortex, hippocampus, or striatum (Quirk et al., 1994).
In addition, affinity-purified rabbit polyclonal antibodies to the cul subunit
were used (Zezula et al., 1991; Zimprich et al., 1991). The antiserum (P16)
was raised to a synthetic peptide corresponding to residues l-9 of the rat (~1
subunit. This antiserum recognizes a single protein with M, 51 kDa in
immunoblots of rat brain membranes or of affinity-purified GABA* receptors (Zezula et al., 1991). A band with identical mobility was photolabeled by
[“Hlflunitrazepam. The purified antibodies used in immunoaffinity purification retained between 25 and 40% of specific [3H]iIunitrazepam binding
from rat brain (Zezula
et al., 1991).
Antibody specificity for the polyclonal antibody to GABA (no. 9) has
been described previously (Hodgson et al., 1985).
,
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Selective labeling, resembling that obtained with the specific antibodies,
could not be detected when the primary antibodies either were omitted or
were replaced by 5% normal rabbit serum, or after antibodies R54XV
and P24 were preadsorbed with the corresponding peptides (50 pg of
peptide/ml). Using the rabbit polyclonal antibody to GABA (Hodgson et
al., 1985), no plasma membrane labeling was observed
with our method,
indicating that the labeling observed on the plasma membrane was
attributable to the anti-receptor antibodies P24, preadsorbed R54XV,
a6(313-395). and P16. Antibodies P24. 016(313-395). and oreadsorbed
antibody R54XV selectively stained the cerebellar granule cell layer,
demonstrating that the protein(s) recognized by these antibodies is expressed at high concentrations by cerebellar granule cells. Using antibodies P24 and preadsorbed R54XV under postembedding conditions, no
immunolabeling was observed at symmetrical or asymmetrical synapses in
the cerebellar molecular layer or in the hippocampal CA3 area. None of
our antibodies recognizes glutamate receptor (GluR) subunits, which are
known to be expressed by cerebellar granule cells when they are expressed in COS-7 cells. Although the GluRD subunit could not be tested
in transfected cells, this subunit is expressed strongly in the cerebellar
molecular layer (Sato et al., 1993), where none of our (~6 subunit antibodies labeled any structure at light or electron microscopic levels.
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Immunostainingof COS-7 cells transfectedwith GluR
COS-7 cells were grown in Dulbecco’s modified Eagle’s medium containing fetal calf serum supplemented with penicillin/streptomycin (100 mg/
ml) and sodium pyruvate (1 mM). Cells were transfected with DNA for
GluRB, NRlA, NR2A, NR2B, and NR2C subunits at 0.9-1.5 pg of
DNA/25 cm* flask using 0(diethylaminoethyl)-dextran
as described by
Seed and Aruffo (1987). Cells were cultured on glass coverslips, and all
subsequent procedures were performed on the coverslip-grown monolayer cells. The cells were washed twice in 0.1 M PB before fixation in 4%
p-formaldehyde for 10 min. After several washes, the cells were permeabilized in 0.3% Triton X-100 containing PB for 5 min. The coverslips
were then washed in TBS, pH 7.4, before blocking in 20% normal goat
serum containing TBS for 30 min. The coverslips were then transferred to
a moist chamber and overlaid with the primary antibody solution (l-5 pg
of protein/ml). The incubation was performed at room temperature for 2
hr followed by three washes in TBS. The sections were then incubated in
a solution of horseradish peroxidase-conjugated swine anti-rabbit IgG for
1 hr at room temperature. Peroxidase reaction was carried out as described below. The cells were then dehydrated and mounted in a synthetic
medium (XAM; BDH Chemicals, Poole, UK) for light microscopy. The
success of transfection was ascertained by immunostaining the COS-7
cells with specific antibodies to GluR subunits.

Pre-embeddingimmunohistochemistry
Normal goat serum was used in TBS as the blocking solution for 1 hr, and
then the purified primary antibodies were used at a final protein concentration of 1.1, 1.7, and 5 pg/rnl for preadsorbed R54XV, P24, and
a6(313-395), respectively. After washing, the sections were incubated for
90 min in either biotinylated (Vector, Peterborough, UK) or 1.4 nm
gold-coupled goat anti-rabbit IgG (Nanogold, Nanoprobes, Stony Brook,
NY). The sections for peroxidase reaction were incubated in avidinbiotinylated horseradish peroxidase complex (diluted 1:lOO in TBS) for 2
hr before peroxidase enzyme reaction was carried out with diaminobenzidine as chromogen and H,O, as oxidant. Gold particles (1.4 nm) were
silver-enhanced with an HQ Silver kit as described by the manufacturer
(Nanoprobes) for lo-15 min. Sections were then processed routinely for
electron microscopic examination (Somogyi et al., 1989).

.

Freeze substitution and Lowiclyl embedding
The same procedure was used as described previously (Baude et al., 1993;
Nusser et al., 1995a). Briefly, after perfusion blocks of tissue were washed
in 0.1 M PB followed by vibratome sectioning (500 pm thickness) and
washing in 0.1 M PB overnight. The sections were placed into 1 M sucrose
solution in 0.1 M PB for 2 hr for cryoprotection before slamming,
freeze-substitution, and embedding in Lowicryl HM 20 (Chemie GmbH,
Deisenhofen, Germany).

Postembeddingimmunocytochemistlyon electron
microscopicsections
Postembedding immunocytochemistry was carried out on 70-nm-thick
sections of slam-frozen, freeze-substituted, Lowicryl-embedded cerehel-
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lar cortex from four blocks of three animals. The sections were picked up
on pioloform-coated nickel grids (100 mesh). Next they were incubated
on drops of blocking solution for 30 min and then incubated on drops of
primary antibodies overnight at room temperature. The blocking solution, which also was used for diluting the primary and secondary antibodies, consisted of 0.1 M phosphate-buffered saline (PBS), pH 7.4,
containing 0.8% ovalbumin (Sigma, St. Louis, MO), 0.1% cold-water fish
skin gelatin (Sigma), and 5% fetal calf serum. Immunostaining was
carried out using affinity-purified polyclonal antibodies P24, P16, and
preadsorbed R54XV at final concentrations of 5.2, 7, and 5.3 pg of
protein/ml, respectively. Antiserum to GABA (no. 9) was used at a final
dilution of 1:2500. After incubation in primary antibody, sections were
washed and incubated on drops of goat anti-rabbit IgG coupled to 1.4 nm

gold (diluted l:lOO, Nanoprobes)
for 2 hr at roomtemperature.After
several washes, sections were tied in a 2% glutaraldehyde

solution,

dissolved
in 0.1M PBfor 2 min,andthentransferredto dropsof ultrapure
water before silver enhancement in the dark with an HQ Silver kit
(Nanoprobes) for 4-5.5 min. After further washing in ultrapure water,
the sections
werecontrastedwith saturatedaqueous
uranylacetateand
then lead citrate.

Identification of subcellularprofiles in the cerebellargranule
cell layer
The electron microscopic appearance of the slam-frozen, freeze-substituted, Lowicryl-embedded tissue is different from that of osmium-treated,
epoxy resin-embedded
material.Thecriteriausedto identifythe subcellular profiles were as follows.

(1) Golgicellterminals:immunopositive
for GABA; mainlylocatedat
the peripheryof the glomeruli;smallersizecompared
with mossyterminals;vesiclesaregenerallyvisible;makingsynapticcontactswith granule
cell dendrites.
(2) Mossy fiber terminals: immunonegative for GABA; large number of

mitochondriain the center;vesiclesare generallyvisible;large size;
mainly located in the middle of the glomeruli; establishing asymmetrical

(type I) synapses
with granulecell dendritesand, occasionally,
with
dendrites of other neurons.
(3) Granule cell dendrites: immunonegative for GABA, having ovoid
or spheroid
shapewith diameters
between0.5and1 pm on average;no
synaptic vesicles; may have pun&a adherentia between them.

(4) Granulecellbody:immunonegative
for GABA; ovalor roundsoma

5-8 pm in diameter; little cytoplasm.

RESULTS
Antibodies
The subcellular distribution of the a6 subunit of the GABA,
receptor on cerebellar granule cells has been revealed by preand postembeddingimmunogold methods using three affinitypurified polyclonal antibodies against distinct parts of the
subunit.
The experimentsdescribedbelowwere performedat the School
of Pharmacy, London. Antibody R54XV was raised against a
16-amino-acid-longpeptide (Thompsonet al., 1992)corresponding to the N-terminal end of the 016subunit and wasprepared in
an animal not reported previously. In agreementwith previous
observationsusingantiserumfrom a different animal,it wasfound
that antibody R54XV recognized an M, 58 kDa polypeptide in
cerebellarmembranes.A polypeptide in the sameposition could
be detected after immunoaffinity purification of the receptor and
alsocouldbe photolabeledby [3H]Ro15-4513(Pollard et al., 1993;
Thompsonand Stephenson,1994).Similar proteins were undetectable in either cerebral cortical or hippocampalmembranes
(Fig. L4). Weak immunoreactivity at the A4, 58 kDa positionwas
seenin membranespreparedfrom brainstemwith extended film
exposuretimes(data not shown).This bandprobably corresponds
to the GABA, receptor a6 subunit expressedby granule cellsin
the cochlear nuclei (Varecka et al., 1994).Additional bandsreactive with this antibody were found in all four brain regions
tested. After preadsorption of the antibody to aldehyde-tied
forebrain sections,the additional immunoreactivebands disap-
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peared (Fig. M). Some immunoreactivity was still detectable,
however, at the interface of the stackingand running gels(compare Fig. LA, lanes 7-IO), which may correspondto higher-n/l,
aggregatedproteins.Antibody R54XV wasusedfor both pre- and
postembeddingimmunocytochemistry.
The experiments described below were performed at the
Department of Biochemical Psychiatry, Vienna. Antibody P24
was raised against a synthetic peptide corresponding to residues 429-434 of the C-terminal end of the protein. Immunoblot analysiswith antibody P24 of cerebellar membranesrevealed a major immunoreactive band with M, 57 kDa (Fig. 1B).
The immunolabeling of the M, 57 kDa protein could be prevented by the preadsorption of the antibody with the corresponding peptide (Fig. 1B). The M, 57 kDa protein could be
photolabeled by [3H]Ro15-4513 (Togel et al., 1994). Antibody
P24 also was used for both pre- and postembedding
immunohistochemistry.
Antibody o16(313-395)
wasraisedagainstthe putative cytoplasmic sequencebetween the third and fourth transmembranedomains(Baude et al., 1992;Quirk et al., 1994)andwassuitableonly
for pre-embeddingimmunohistochemistry.
Distribution of immunoreactivity for the (~6 subunit of
the GABA, receptor as detected by light microscopy
Antibodies o16(313-395),P24, and purified R54XV selectively
stained the cerebellar granule cell layer (Fig. M-C), as reported previously using antibody a6(313-395) (Baude et al.,
1992) or an antibody similar to R54XV but originating from
another animal (Thompson et al., 1992; Turner et al., 1994).
The molecular layer and the white matter showedno immunoreactivity (Fig. M-C). No immunoreactivity could be observed
in the forebrain using any of our antibodies. However, immunoreactive cells were found in the cochlear nuclei (data not
shown), which is in line with the strong mRNA expressionin
cochlear granule cells (Varecka et al., 1994).
Pre-embedding immunogold localization of the a6
subunit of the GABA, receptor
Strong immunostainingof synapsesmade by Golgi cell terminals with granule cell dendrites has been reported using electron microscopicimmunoperoxidaselocalization with antibody
a6(313-395) (Baude et al., 1992). In this study, we applied
immunogold localization of the a6 subunit. The irregularly
shapedsilver particles produced by silver enhancementof the
1 nm gold particles coupled to secondaryantibody were always
associatedwith granule cell plasma membranes(Fig. 2&F).
The extrasynaptic dendritic and somatic membrane showed
strong immunoreactivity for the a6 subunit with all of our
antibodies (Fig. 2D-F). Using antibodies to the C- and Nterminal ends of the protein, immunoparticleswere located at
the external face of the plasma membrane (Fig. 2F), corresponding to the predicted extracellular positions of the
epitopes recognized by these antibodies. However, using antibody o16(313-395)against the putative cytoplasmic polypeptide, particles were always located at the internal face of the
somatic and dendritic membranes(Fig. 2D,E), corresponding
to the intracellular location of the epitope(s). Asymmetrical
synapsesbetween mossyfiber terminals and granule cell dendrites were always immunonegative with the pre-embedding
method (Fig. 2D-F). Synaptic junctions made by GABAergic
Golgi cell terminals with granule cell dendrites were also
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Figure 1. Demonstration of the specificity of antibody R54XV preadsorbed to fixed forebrain sections (A) and antibody P24 (B). The positions of
prestained protein standards (in kDa) are shown on the right. A, Membranes were prepared from four brain regions of adult rat and used as antigens (25
pg of protein/gel lane) in immunoblots using the ECL detection method. The antibodies used were affinity-purified R54XV before (lanes 2-6) or after
(lanes 7-10) adsorption to fixed forebrain sections and anti-o11(413-429) affinity-purified antibody at a final concentration of 2.5 pg of protein/ml. Gel
lanes are as follows: 1, 6, benzodiazepine affinity-purified GABA, receptor (10 ~1); 2, 10, cerebral cortical membranes; 3, 9, brainstem membranes; 4,
8, hippocampal membranes; 5, 7, cerebellar membranes. Antibody R54XV recognized an A4,58 kDa protein in cerebellar membranes only (lanes 5 and
7). Additional bands were also found. After adsorption of antibody R54XV to fixed forebrain sections, most of the additional immunoreactivity
disappeared. B, Immunoblots of proteins from rat cerebellar membranes, probed with 5 pg/ml polyclonal antibody P24, in the absence (lane I) or the
presence (lane 2) of 50 pg/ml corresponding peptide 016(429-434). Antibody P24 predominantly labeled an M, 57 kDa protein. Labeling of the M, 57 kDa
protein was prevented in the presence of the peptide cu6(429-434).
immunonegative
for the (~6 subunit (Fig. 2QF) as well as for
the (~1 and p2/3 subunits using pre-embedding
immunogold
localization
(Nusser et al., 1995b). However, when the otl and
/32/3 subunits were localized with the postembedding
method,
Golgi synapses were strongly and selectively immunopositive
for these subunits (Nusser et al., 1995b). Therefore,
postembedding immunogold
reactions were carried out on Lowicrylembedded cerebellum
for the 016 subunit.

Postembedding localization of the cu6subunit of the
GABA, receptor
Immunoreactions
were carried out on slam-frozen, freeze-substituted, and Lowicryl-embedded
cerebellum. The electron microscopic appearance of a Lowicryl-embedded
tissue differs from that
of osmium-treated,
epoxy resin-embedded
tissue, but cellular profiles such as granule cell soma, granule cell dendrites, mossy fiber,
and Golgi cell terminals can be identified by anatomical criteria

(see Materials and Methods). Immunoreactions
for GABA were
also carried out on sections serial to the receptor-reacted
sections
to identify GABAergic
terminals (Fig. 4B).
An enrichment
of immunoparticles
for the 016 subunit was
observed in synaptic junctions between Golgi cell terminals and
granule cell dendrites using antibodies
to both the C-terminal
(Figs. 3, 5) and the N-terminal
domains of the subunit (Figs. 3,
4). Particles could be present along the entire length of the
synaptic specialization
with an abrupt decrease in labeling
outside the synapses (Figs. 3-5). No specific immunosignal
could be obtained using antibody ot6(313-395)
under postembedding conditions
because of either the lower antibody sensitivity or the inaccessibility
of the epitope(s) recognized by this
antibody. The postembedding
method also confirmed the extrasynaptic location of the 016 subunit on dendritic and somatic
membranes, but the density of labeling was much lower than at
synapses (Figs. 3-5).
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2. Distribution of immunoreactivity for the 016 subunit of the GABA, receptor in the cerebellar cortex as revealed by either light microscopy
(A-C) or electron microscopy (D-F) using polyclonal antibody a6(313-395) (A, D, E); antibody P24 to the C-terminal end of the protein (B) and purified
antibody R54XV to the N-terminal end of the subunit (C, F). A-C, The granule cell layer (gl) shows similarly strong immunoreactivity, particularly
concentrated to the glomeruli, using any of our antibodies. The molecular layer (ml) and the white matter are immunonegative. D-F, Using the
pre-embedding immunogold method, immunoparticles were present along the extrasynaptic dendritic membrane (d) of granule cells. Synapses between
presumed Golgi cell terminals (Gt) and granule cell dendrites (d) are always immunonegative with this method (Open arrows in D and F), as are synapses
(open double triangZes in D-F) made by mossy fiber terminals (mt). Particles are located at the internal face (D, E) or at the external face (F) of the plasma
membrane corresponding to the intra- or extracellular location of epitopes recognized by antibodies a6(313-395) and R54XV, respectively. Scale bars:
A-C, 50 pm; D-F, 0.2 pm.
Figure

Comparison
of the pre- and postembedding
immunogold
localization
of receptors
When colloidal gold particles are used to visualize the immunosignal, particles >5 nm in diameter are easily detectable in
the electron microscope, but immunoglobulins
coupled to these
large particles do not penetrate easily into the tissue. Therefore, in the present study secondary antibodies coupled to 1.4
nm gold particles were used to facilitate
the penetration
of
immunoreagents
in the pre-embedding
method. Silver intensification of the gold particles was carried out to make the
particle size detectable
in the electron microscope.
In the
pre-embedding
methods (both peroxidase
and immunogold),
using antibodies recognizing
epitope(s) on either the intra- or
the extracellular
side of the membrane, the immunosignal
does
not penetrate through the lipid bilayer without detergent treat-

ment. Therefore,
the pre-embedding
methods are reliable to
determine the location of the epitope(s) in relation to the two
faces of the plasma membrane
(Baude et al., 1995; Nusser et
al., 1995a,b). However, in the postembedding
method the surface of the ultrathin section is reacted and the particles can be
displaced from the epitope(s) by -20 nm, which is greater than
the width of the membrane.
Therefore,
the postembedding
immunogold
method is not reliable to determine
the location
of the epitope(s)
in relation to the two faces of the plasma
membrane.
Synaptic receptors could not be detected using the pre-embedding immunogold
method with several antibodies against the oil,
(~6, and p2/3 subunits of the GABA,
receptor (Nusser et al.,
1995a,b) (this work) or against the GluRA and GluRB/C subunits of the glutamate receptor (Baude et al., 1995). However,
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when postembedding immunogold localization was applied on
Lowicryl-embedded materials for the same subunits with the same
antibodies, immunoparticles for ionotropic GABA* and glutamate receptors were found to be concentrated in the main body of
the synaptic junctions (Nusser et al., 1994, 1995a,b; Baude et al.,
1995) (this work). The false negative results on synaptic junctions,
obtained with the pre-embedding immunogold method, may be
explained by the inaccessibility of epitopes for antibodies in the
synaptic cleft and in the dense protein network of the postsynaptic
density using aldehyde-tied brain tissues without strong detergent treatment. In the postembedding method, the surface of the
electron microscopic section is in direct contact with the antibodies; therefore, there is no difference between the sectioned and
exposed synaptic or extrasynaptic membranes in their access to
antibodies, making the synaptic localization possible.
Colocalization
of the cul and a6 subunits in
Golgi synapses
To characterize further the a-subunit content of cwl-subunit-immunopositive Golgi synapses (Nusser et al., 1995b), we applied
immunogold labeling for the al and a6 subunits on consecutive
electron microscopic sections of rat cerebellum. Numerous Golgi
synapses were found to be immunopositive for both the crl and
the (~6 subunits using antibodies P16 and R54XV (Fig. 4C,D) or
antibodiesP16 and P24 (Fig. 5).
In addition to Golgi synapseshaving both oil and a6 subunits, synapseswere observedbeing immunopositive for the al
but immunonegative for the a6 subunit (Fig. 5) or vice versa
(data not shown). Immunonegativity of a certain synapsecan
be attributable either to a genuine absenceof receptors or to
technical limitations, such asthe lack of preservation of receptor antigenicity and/or the variation of immunoreactivity within
the embeddedblock of tissue, thus resulting in uneven signal
intensity within the section. Furthermore, the inaccessibilityof
receptors in tangentially cut synapsesthat do not reach the
surface of the sectionsmay also causefalse immunonegativity.
Nevertheless, immunonegative synapseswere present in well
immunoreacted areassurrounded by positive synapseswithin a
few micrometers (Fig. 5). The antigenicity of receptors generally was well preserved in the synapsesthat were immunonegative for one or the other subunit, becausein serial sectionsof
the samesynapseimmunoreactivity for another GABA, receptor subunit could be demonstrated under identical conditions
(Fig. 5).
Enrichment of immunoreactive & subunits in
mossy synapses
Surprisingly, immunoreactivity for the 016subunit was also
observed in asymmetrical synapsesbetween the glutamatergic
mossyfiber terminals and granule cell dendrites (Figs. 3-5).
Regardlessof whether antibodiesto the C-terminal (Figs. 3, 5)
or the N-terminal (Fig. 3) regions of the subunit were usedfor
postembeddinglocalization, an enrichment of immunoparticles
was detected in many mossysynapses.The labeling intensity of
immunopositive mossysynapses(3.21 2 1.34 particles/synapse;
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12= 62) was comparable with that of Golgi synapses(3.68 2
1.32 particles/synapse;n = 38). Interestingly, not every mossy
synapseshowed immunoreactivity within a well reacted area
(Fig. 3; seeabove for criterion). Identical resultswere obtained
in a total of four blocks from three 6- to 9-week-old rats.
Immunopositive mossysynapseswere found in lobuli IXb and
X in the sameblock and in three blocks from other parts of the
vermis of the cerebellar cortex.
DISCUSSION
The a6 subunit of the GABA, receptor is also present
at extrasynaptic sites
Usingelectron microscopicimmunoperoxidase
localization, it was
found that the (~6 subunit of the GABA, receptor is present
mainly, if not exclusively, in synapsesbetween cerebellar Golgi
cell terminals and granule cell dendrites (Baude et al., 1992).
Although immunoperoxidaselocalization of transmembraneproteins is a sensitive method, it has several disadvantages(see
introductory remarks) comparedwith the more recently introduced immunogoldtechnique. The present results,using immunogoldlocalization, confirm the concentrationof the a6 subunitin
Golgi synaptic junctions and, in addition, reveal its widespread
extrasynapticdistribution similar to that reported for the al and
p2/3 subunits(de Blaset al., 1988;Somogyiet al., 1989;Nusseret
al., 1995b).
Cloned GABA, receptors containing only the crl as LYsubunit have high affinity for benzodiazepines (Pritchett et al.,
1989), whereasreceptors with the (r6 subunit have low affinity
for benzodiazepines but high affinity for the partial inverse
agonist Ro15-4513 (Luddens et al., 1990). One report has
shown that 016subunit-containing receptors contain a single
type of a! subunit that has low affinity for benzodiazepines
(Quirk et al., 1994). However, other immunoprecipitation studiessuggestthat the al and a6 subunitssometimescoexist in the
samereceptor complex (Pollard et al., 1993;Khan et al., 1994).
These receptors have low affinity for benzodiazepines(Khan et
al., 1994). Thus, potentially several populations of pharmacologically distinct GABA, receptors may be present on the
extrasynaptic plasmamembraneof granule cells. Indeed, Puia
et al. (1994) reported the presenceof diazepam-sensitiveand
-insensitive GABA, receptors at both synaptic and extrasynaptic sites in 14- to 18-d-old rats. The presenceof more than
one type of GABA, receptor on the extrasynaptic somatic
membrane is supported further by outside-out patch-clamp
recordings revealing two or three different GABA, receptor
channels(Kaneda et al., 1994; Brickley et al., 1995b).
Colocalization of the al and (u6 subunits in GABAergic
Golgi synapses
The subunit composition of synaptic GABA, receptors is uncertain in cells that expressmore than three different subunits.
The use of subunit-specificantibodies has shown the presence
of two distinct LYsubunitsin native GABA, receptors (Duggan
et al., 1991;Endo and Olsen, 1993;Mertens et al., 1993;Pollard

c
Figure 3. Electronphototnicrographs
showing
imtnunoreactivity
for thea6subunit
in thecerebellar
glomeruli
asdemonstrated
bypostembedding
immunogold

localization
usingpolyclonalantibodies
to the N-terminal(A-C) or C-terminal
(D-G) endof the protein.An enrichment
of immunoparticles
isdetectedin
synapses
madebybothGolgicellterminals
(Gt;U~WW
inA, B,D, andE) andsomemossy
fiberterminals
(mt;doubleuwows
inA, C,D, F, andG)withgranule
celldendrites
(d).Golgiterminals
arealways
locatedat theperipheryof glomeruli
nearthesomata
of granulecells(gcinA). Immunonegative
mossy
synapses
arealsofoundin thesame
glomeruli
(double open hian& in D andF). Notethatimmunoparticles
canbepresentat anysitealongtheentirelength of synaptic
junctions. Particles are also present on the extrasynaptic somatic and dendritic membranes (a~owheuds in A and D). Scale bars, 0.2 pm.
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F&re 4. Electron micrographs showing immunoreactivity for the (~6 (A and C; N-terminal antibody) or oil subunits (D; antibody P16) of the GABA,
receptor and for GABA (B) on serial (A to B; C to D) ultrathin sections of rat cerebellum. Postembedding reactions. A, B, Immunoparticles for the
receptors are located in synaptic junctions (arrows in A) between GABA-immunoposilive
(note the enrichment of immunoparticles in B) Golgi cell
terminals (Gt) and granule cell dendrites (d). Three immunoparticles are located between a Golgi cell terminal and a granule cell dendrite (d,) at a site
where the synaptic junction is not evident. However, on the next serial section (B) the synaptic specialization is clearly visible. C, D, Electron microscopic
demonstration of the colocalization of the 016(C) and the al (0) subunits of the GABA, receptor in a synaptic junction (un~ws in C and D) made by
a Golgi cell terminal (Gt) with a granule cell dendrite (d). Scale bars, 0.2 pm.
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Figure 5. Serial ultrathin sections reacted for either the
cu6 (A; C-terminal antibody) or the oil (B; antibody P16)
subunit of the GABA, receptor. A synapse (arrow) made
by a Golgi cell terminal (Gt,) with a granule cell dendrite
(d) shows immunoreactivity for both the (~6 and the oil
subunits. Another synaptic junction between a Golgi cell
terminal (Gt,) and a granule cell dendrite is immunopositive for the cul (awow in B) but immunonegative for the 016
subunit (open arrow in A). Mossy synapses are immunonegative for the al subunit (mt; double open triungZes in B),
but one of them is immunopositive for the 016subunit (on
d,; double arrow in A). Immunoparticles are also present at
extrasynaptic sites (arrowheads).
Scale bars, 0.2 pm.
et al., 1993; Khan et al., 1994); however, the lack of coexistence
of different a! subunits has also been reported (McKernan
et al.,
1991; Quirk et al., 1994). In these studies, the receptors may
derive from synaptic and extrasynaptic
plasma membranes
as
well as from the intracellular
pools. The amount of extrasynaptic receptors is not negligible,
because we have estimated
previously that the total population
of extrasynaptic
receptors
on granule cells exceeds the synaptic population
severalfold
(Nusser et al., 1995b).

Two a! subunits that produce
pharmacologically
distinct
GABA,
receptors when expressed separately, otl and 012, have
been colocalized
in patches on the surface of neurons in the
globus pallidus
using immunofluorescence
double labeling
(Fritschy et al., 1994). The otl and (r6 subunits have been
colocalized
in patches on the surface of cultured cerebellar
granule cells, but the relationship
of the patches to synapses is
unknown
in such cultures (Caruncho
and Costa, 1994). The
present colocalization
of the al and cr6 subunits in the same
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Golgi cell synapse does not resolve if the two polypeptides are
coassembled to form one GABA, receptor--they
segregate to
separate channels, or both possibilities occur. However, our
results suggest that the two pharmacologically distinct synaptic
GABA, receptor channels (Puia et al., 1994) correspond to
GABA, receptors containing only al as LYsubunit and to (~6
subunit-containing receptors.
Heterogeneity
of Golgi synapses according to their (Y
subunit content
Quantitative measurements of GABA, receptor immunoreactivity in Golgi synapses revealed one synapse population for the p2/3
subunits and two populations for the (~1 subunit of the GABA,
receptor. A possible explanation for the existence of two Golgi
synapse populations with respect to their (~1 subunit content is
that synapses having lower cul subunit immunoreactivity contain
higher concentrations of the a6 subunit (Nusser et al., 1995b).
Although numerous Golgi synapses were immunopositive for
both the (~1 and (~6 subunits, many synapses were found to be
immunopositive for only one of these (Y subunits. This result
indicates a heterogeneity of Golgi cell to granule cell synapses
with a variable al to (~6 subunit ratio. Spontaneous IPSCs in
cerebellar granule cells decay with a fast and a slow component
(Brickley et al., 1995a). These components could be modified
differentially by diazepam, indicating that they may correspond to
the activation of two GABA, receptor populations (Puia et al.,
1994). The proportion of the fast versus slow decay components of
individual IPSCs varied within granule cells (Puia et al., 1994),
which is in agreement with our results predicting different ratios
of the oil to (~6 subunit in individual Golgi synapses. The ratio of
different GABA, receptor channels in GABAergic synapses may
be modified according to the activity of the pre- or postsynaptic
cells.
Enriched immunoreactivity
for the a6 subunit in
excitatory
mossy synapses
A vast majority of mossy fiber terminals use glutamate as a
transmitter (Somogyi et al., 1986); therefore, the presence of the
GABA, receptor a6 subunit in mossy synaptic junctions in addition to glutamate receptors (Silver et al., 1992; Nusser et al., 1994)
is unexpected. Cross-reactivity with an unknown glutamatergic
synapse-specific protein cannot be excluded using immunocytochemistry, but it is unlikely that both antibodies, each with a
different specificity, would cross-react with the same unrelated
protein(s) that is enriched exclusively in mossy fiber synapses. A
possible cross-reactivity with GluR subunits is unlikely, because
all of our antibodies selectively stained the cerebellar granule cell
layer; therefore, the cross-reacting GluR should be restricted to
the granule cell layer, and such receptors have not been described.
These antibodies did not label glutamatergic synapses in the
molecular layer of the cerebellum or in various layers of the
hippocampus using immunogold localization. Furthermore, the
possible cross-reactivity with GluR subunits, expressed by granule
cells (Sato et al., 1993; Akazawa et al., 1994), can be excluded by
the lack of immunoreactivity on GluR-expressing cells with our cu6
subunit antibodies. False positive labeling of mossy synapses from
the extrasynaptic plasma membrane can be excluded because the
labeling intensity of the mossy synapse is higher than that of the
nonsynaptic membrane. Furthermore, we used a nondiffusible
marker with a maximum of 20 nm displacement from the epitope,
a distance much smaller than the half-length of the synaptic
specialization. Identical results were obtained in four different
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areas of the cerebellar cortex, indicating that mossy fiber terminals establishing synapses immunopositive for the a6 subunit of
the GABA, receptor originate from diverse sources.
The functional significance of the presence of the GABA,
receptor a6 subunit in mossy fiber synapses is unknown, but
several possibilities can be envisaged.
(1) The (~6 subunit in mossy synapses may be in a different form
than that in the Golgi cell synapses. Short (~~6s) and long (a6L)
spliced variants of the (116subunit have been reported (Korpi et al.,
1994). Recombinant receptors, resulting from the coexpression of
a6S with p2 and y2 subunits, failed to bind [3H]muscimol or
[3H]Ro15-4513 and did not pass significant Cl- current (Korpi et
al., 1994). It is possible that the short version of the a6 subunit,
which should be recognized by both of our antibodies, is present
in mossy synapses, resulting in nonfunctional channels even in
combination with other subunits.
(2) The (~6 subunits may form functional channels in mossy
synapses, probably in combination with other subunits, but the
endogenous ligands of these receptors are not released from
mossy fiber terminals. Nevertheless, the receptors could be activated by GABA released from Golgi terminals and diffusing
subsequently into mossy synapses. Such a distant action of GABA
would be similar to that in the hippocampus, where GABA can act
on presynaptic GABA, receptors on excitatory terminals some
distance from its release site (Isaacson et al., 1993).
(3) The (~6 subunits in mossy synapses may form functional
chloride channels that are activated by the synaptic release of
endogenous ligands from mossy fiber terminals. Neurotransmitter
GABA is synthesized mainly by glutamic acid decarboxylase
(GAD) in nerve terminals. However, there is evidence of alternative pathways producing GABA from y-hydroxybutyrate (Baxter, 1976) or from L-ornithine (Yoneda et al., 1982). A vast
majority of mossy fiber terminals are immunonegative for both
GAD and GABA (Somogyi et al., 1985, 1986; Ottersen et al.,
1988). This does not exclude the possibility that GABA is present
in mossy fiber terminals at a concentration undetectable by immunocytochemistry. Furthermore, a few GABA-immunopositive
mossy fiber terminals have been reported to originate from the
deep cerebellar nuclei in cat (Hamori and Takacs, 1989) but, even
if they were present in rat, their paucity cannot explain the present
results. In addition to GABA, p-alanine, y-hydroxybutyrate, and
taurine have been suggested as endogenous ligands of Cl- channels (Snead and Nichols, 1987; Horikoshi et al., 1988). Although
their distribution in the cerebellar glomeruli is unknown, they are
potential candidates to act as ligands for the cu6subunit-containing GABA, receptors in mossy fiber synapses.
REFERENCES
Akazawa
C, Shigemoto R, Bessho Y, Nakanishi S, Mizuno N (1994)
Differential expression of five N-methyl-D-aspartate receptor subunit
mRNAs in the cerebellumof developingand adult rats. J Comp Neurol
347:150-160.
Angelotti TP, Macdonald RL (1993) Assembly of GABA,
receptor
subunits: ollpl and ollfll-y2s &bun& produce-unique ion-channels with
dissimilar single-channelproperties. J Neurosci 13:1429-1440.
Baude A, Nusser Z, Molnar’E, klhinney
RAJ, Somogyi P (1995) Highresolution immunogold localization of AMPA type glutamate receptor

subunitsat synapticandnon-synaptic
sitesin rat hippocampus.
Neuroscience69:1031-1055.
Baude A, Nusser Z, Roberts JDB, Mulvihill E, McIlhinney RAJ, Somogyi
P (1993) The metabotropic glutamate
receptor
(mGluRloc) is concentrated at perisynaptic membrane of neuronal subpopulations as detected by immkogold reaction. Neuron 11:771-787‘. _
Baude A, Sequier J-M, McKernan RM, Olivier KR, Somogyi P (1992)
Differential subcellular distribution of the (~6 subunit versus the al and

Nusser et al.

l

GAf3AA Receptors

in Inhibitory

and Excitatory

Synapses

/32/3 subunits of the GABA*fbenzodiazepine
receptor complex in granule cells of the cerebellar cortex. Neuroscience 51:739-748.
Baxter CF (1976) Some recent advances in studies of GABA metabolism
and compartmentation. In: GABA in nervous system function (Roberts
E, Chase TN, Tower DB, eds), pp 61-87. New York: Raven.
Brickley SG, Farrant M, Cull-Candy SG (1995a) Single-channel conductance of synaptically activated GABA, receptors in rat cerebellar granule cells. J Physiol Abstr (Lond) 483P:6OP.
Brickley SG, Farrant M, Cull-Candy SG (1995b) Apparent heterogeneity
of extrasynaptic GABA, receptors in granule cells of the rat cerebellum. J Physiol Abstr (Lond) 485P:76P.
Caruncho HJ, Costa E (1994) Double-immunolabelling
analysis of
GABA, receptor subunits in label-fracture replicas of cultured rat
cerebellar granule cells. Receptors Channels 2143-153.
Caruncho HJ, Puia G, Slobodyansky E, Pinto P, da Silva PP, Costa E
(1993) Freeze-fracture immunocytochemical study of the expression of
native and recombinant GABA, receptors. Brain Res 603:234-242.
de Blas AL, Vitorica J, Friedrich P (1988) Localization of the GABA,
receptor in the rat brain with a monoclonal antibody to the 57,000 M,
peptide of the GABA, receptor/benzodiazepine receptor/Cl- channel
complex. J Neurosci 8:602-614.
Duggan MJ, Pollard S, Stephenson FA (1991) Immunoathnity purification of GABA, receptor a-subunit iso-oligomers. J Biol Chem
266~24778-24784.
Endo S, Olsen RW (1993) Antibodies specific for o-subunit subtypes of
GABA, receptors reveal brain regional heterogeneity. J Neurochem
60:1388-1398.
Fritschy J-M, Paysan J, Enna A, Mohler H (1994) Switch in the expression of rat GABA,-receptor subtypes during postnatal development: an
immunohistochemical study. J Neurosci 14:5302-5324.
Fujimoto T (1993) Calcium pump of the plasma membrane is localized in
caveolae. J Cell Biol 120:1147-1157.
Hamori J, Takacs J (1989) Two types of GABA-containing axon terminals in cerebellar glomeruli of cat: an immunogold-EM study. Exp Brain
Res 74:471-479.
Hansen GH, Belhage B, Schousboe A (1991) Effect of a GABA agonist
on the expression and distribution of GABA, receptors in the plasma
membrane of cultured cerebellar granule cells: an immunocytochemical
study. Neurosci Lett 124:162-165.
Hodgson AJ, Penke B, Erdei A, Chubb IW, Somogyi P (1985) Antisera
to y-aminobutyric acid. I. Production and characterization using a new
model system. J Histochem Cytochem 33:229-239.
Horikoshi T, Asanuma A, Yanagisawa K, Anzai K, Goto S (1988) Taurine and fi-alanine act on both GABA and glycine receptors in Xenopus
oocytes injected with mouse brain messenger RNA. Mol Brain Res
4:97-105.
Isaacson JS, Solis JM, Nicoll RA (1993) Local and diffuse synaptic actions of GABA in the hippocampus. Neuron 10:165-175.
Kaneda M, Farrant M, Cull-Candy SG (1994) GABA- and glycineactivated currents in granule cells of the rat cerebellum. J Physiol Abstr
(Lond) 476P:68P.
Khan ZU, Gutierrez A, de Blas AL (1994) The subunit composition of a
GABA*/benzodiazepine
receptor from rat cerebellum. J Neurochem
63:371-374.
Korpi ER, Kuner T, Kristo P, Kohler M, Herb A, Luddens H, Seeburg PH
(1994) Small N-terminal deletion by splicing in cerebellar a6 subunit
abolishes GABA, receptor function. J Neurochem 63:1167-1170.
Laurie DJ, Seeburg PH, Wisden W (1992) The distribution of 13
GABA, receptor subunit mRNA in the rat brain. II. Olfactory bulb and
cerebellum. J Neurosci 12:1063-1076.
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurement by the Folin phenol reagent. J Biol Chem 262:10035-10038.
Luddens H, Pritchett DB, Kohler M, Killisch I, Keinanen K, Monyer H,
Sprengel R, Seeburg PH (1990) Cerebellar GABA, receptor selective
for a behavioural alcohol antagonist. Nature 346:648-651.
Mathews GC, Bolos-Sy AM, Holland KD, Isenberg KE, Covey DF,
Ferrendelli JA. Rothman SM (1994) Develonmental alteration in
GABA, receptor structure and ‘physiological ‘properties in cultured
cerebellar granule neurons. Neuron 13:149-158.
McKernan RM, Quirk K, Prince R, Cox PA, Gillard NP, Ragan CI,
Whiting P (1991) GABA, receptor subtypes immunopurified from rat
brain with a! subunit-suecific antibodies have uniaue oharmacological
properties. Neuron 7:867-676.
Mertens S, Benke D, Mohler H (1993) GABA, receptor populations
with novel subunit combinations and drug binding profiles identified in
_

I

J. Neurosci.,

January

1, 1996, 16(1):103-114

113

brain by (~5 and &subunit-specific immunopurification. J Biol Chem
2685965-5973.
Nayeem N, Green TP, Martin IL, Barnard EA (1994) Quaternary structure of the native GABA* receptor determined by electron microscopic
image analysis. J Neurochem 62:815-818.
Nusser Z, Mulvihill E, Streit P, Somogyi P (1994) Subsynaptic segregation of metabotropic and ionotropic glutamate receptors as revealed by
immunogold localization. Neuroscience 61:421-427.
Nusser Z, Roberts JDB, Baude A, Richards JG, Sieghart W, Somogyi P
(1995a) Immunocytochemical localization of the or1 and f32/3 subunits
of the GABA, receptor in relation to specific GABAergic synapses in
the dentate gyrus. Eur J Neurosci 7:630-646.
Nusser Z, Roberts JDB, Baude A, Richards JG, Somogyi P (1995b)
Relative densities of synaptic and extrasynaptic GABA, receptors on
cerebellar granule cells as determined by a quantitative immunogold
method. J Neurosci 15:2948-2960.
Ottersen OP, Storm-Mathisen J, Somogyi P (1988) Colocalization of
glycine-like and GABA-like immunoreactivities in Golgi cell terminals
in the rat cerebellum: a postembedding light and electron microscopic
study. Brain Res 450:342-353.
Persohn E, Malherbe P, Richards JG (1992) Comparative molecular
neuroanatomy of cloned GABA, receptor subunits in the rat CNS.
J Comp Neural 326:193-216.
-Pollard S. Duesan MJ. Steohenson FA (1993) Further evidence for the
existence of (Y subunit heterogeneity ‘within discrete y-aminobutyric
acid, receptor subpopulations. J Biol Chem 268:3753-3757.
Pritchett DB, Luddens H, Seeburg PH (1989) Type I and type II
GABA,-benzodiazepine
receptors produced in transfected cells. Science 245:1389-1392.
Puia G, Costa E, Vicini S (1994) Functional diversity of GABA-activated
Cl- currents in Purkinje versus granule neurons in rat cerebellar slices.
Neuron 12:117-126.
Quirk K, Gillard NP, Ragan CI, Whiting PJ, McKernan RM (1994)
Model of subunit composition of GABA, receptor subtypes expressed
in rat cerebellum with respect to their o( and y/S subunits. J Biol Chem
269:16020-16028.
Sato K, Kiyama H, Tohyama M (1993) The differential expression patterns of messenger RNAs encoding non-N-methyl-D-aspartate receptor
subunits (GluRi-4) in the rat brain. Neuroscience 52:515-539.
Seed B. Aruffo A (19871 Molecular clonine of the CD2 antigen. the
T-celi erythrocyte receptor, by a rapid i&munoselection p&e&ire.
Proc Nat1 Acad Sci USA 84:3365-3369.
Sieghart W, Eichinger A, Richards JG, Mohler H (1987) Photoaffinity
labeling of benzodiazepine receptor proteins with the partial inverse
agonist [3H]Ro15-4513: a biochemical and autoradiographic study.
J Neurochem 48:46-52.
Sigel E, Baur R, Trube G, Mohler H, Malherbe P (1990) The effect of
subunit composition of rat brain GABA* receptors on channel function. Neuron 5:703-711.
Silver RA, Traynelis SF, Cull-Candy SG (1992) Rapid-time-course miniature and evoked excitatory currents at cerebellar synapses in situ.
Nature 355:163-166.
Snead OC, Nichols AC (1987) y-Hydroxybutyric acid binding sites: evidence for coupling to a chloride anion channel. Neuropharmacology
26:1519-1523.
Somogyi P, Halasy K, Somogyi J, Storm-Mathisen J, Ottersen OP (1986)
Quantification of immunogold labeling reveals enrichment of glutamate
in mossy and parallel fibre terminals in cat cerebellum. Neuroscience
,

vu

1

I

19:1045-1050.

Somogyi P, Hodgson AJ, Chubb IW, Penke B, Erdei A (1985) Antisera
to y-aminobutyric acid. II. Immunocytochemical application to the
central nervous system. J Histochem Cytochem 33:240-248.
Somogyi P, Takagi H, Richards JG, Mohler H (1989) Subcellular localization of benzodiazepine/GABA,
receptors in the cerebellum of rat,
cat, and monkey using monoclonal antibodies. J Neurosci 9:2197-2209.
Thompson CL, Bodewitz G, Stephenson FA, Turner JD (1992) Mapping
of GABA, receptor or5 and (~6 subunit-like immunoreactivity in rat
brain. Neurosci Lett 144:53-56.
Thompson CL, Stephenson FA (1994) GABA, receptor subtypes expressed in cerebellar granule cells: a developmental study. J Neurochem
62:2037-2044.
Togel M, Mossier B, Fuchs K, Sieghart W (1994) GABA, receptors
displaying association of y3 &bun& with p2j3 and different’or subunits
exhibit unique pharmacological properties. J Biol Chem 269:
12993-12998.

114

J. Neurosci.,

January

1, 1996,

76(1):103-114

Triller A, Cluzeaud F, Pfeiffer F, Betz H, Korn H (1985) Distribution of
glycine receptors at central synapses: an immunoelectron microscopy
study. J Cell Biol 101:683-688.
Turner JD, Bodewitz G, Thompson CL, Stephenson FA (1994) Immunohistochemical mapping of y-aminobutyric acid type-A receptor (Y
subunits in rat central nervous system.In: Anxiolytic /3-carbolines: from
molecular biology to the clinic (Stephens DN, ed), pp 29-49. Berlin:
Springer.
Varecka L, Wu CH, Rotter A, Frostholm A (1994) GABA,/benzodiazepine receptor 016 subunit mRNA in granule cells of the cerebellar
cortex and cochlear nuclei: expression in developing and mutant mice.
J Comp Neurol 339:341-352.

Nusser

et al.

l

GABA,

Receptors

in Inhibitory

and

Excitatory

Synapses

Verdoorn TA, Draguhn A, Ymer S, Seeburg PH, Sakmann B (1990)
Functional properties of recombinant rat GABA, receptors depend
upon subunit composition. Neuron 4:919-928.
Yoneda Y, Roberts E, Dietz GW (1982) A new synaptosomal biosynthetic pathway of glutamate and GABA from ornithine and its negative
feedback inhibition by GABA. J Neurochem 38:1686-1694.
Zezula J, Fuchs K, Sieghart W (1991) Separation of (~1, 012 and 013
subunits of the GABA,-benzodiazepine
receptor complex by immunoaffinity chromatography. Brain Res 563:325-328.
Zimprich F, Zezula J, Sieghart W, Lassmann H (1991) Immunohistochemical localization of the al, (r2 and (~3 subunit of the GABA,
receptor in the rat brain. Neurosci Lett 127:125-128.

