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Summary- The y2 subunit is necessary for the expression of the full benzodiazepine pharmacology of 
GABAA receptors and is one of the major subunits in the brain. In order to determine the location of channels 
containing the y2 subunit in relation to GABA.releasing terminals on the surface of neurons, a new polyclonal 
anti peptide antiserum was developed to the y2 subunit and used in high resolution, postembedding, 
immunoelectron·microscopic procedures. Dual immunogold labelling of the same section for two subunits, and 
up to three sections of the same synapse reacted for different subunits, were used to characterize the subunit 
composition of synaptic receptors. The y2 suhunit was present in type 2, "symmetrical " synapses in each of the 
brain areas studied, with the exception of the granule cell layer of the cerebellum. The y2 subunit was 
frequently co· localized in the same synaptic junction with the (Xl and {32/3 subunits. The immunolabelling of 
synapses was coincident with the junctional membrane specialization of the active zone. Immunolabelling for 
the receptor often occurred in multiple clusters in the synapses. In the hippocampus, the y2 subunit was present 
in basket cell synapses on the somata and proximal dendrites and in axo-axonic cell synapses on the axon initial 
segment of pyramidal and granule cells. Some synapses on the dendrites of GABAergic interneurones were 
densely labelled for the y2, (Xl and {32/3 subunits. In the cerebellum, the y2 subunit was present in both distal and 
proximal Purkinje cell dendritic synapses established by ste ll ate and basket cells, respectively. On the soma of 
Purkinje cells, basket cell synapses were only weakly labelled. Synapses on interneuron dendrites were more 
densely labelled for the y2, (Xl and {32/3 subunits than synapses on Purkinje or granule cells. Although 
immunoperoxidase and immunofluorescence methods show an abundance of the y2 subunit in granule cells, the 
labelling of Golgi synapses was much weaker with the immunogold method than that of the other cell types. In 
the globus paJlidus, many type 2 synapses were labelled for the y2 subunit together with (Xl and {32/3 subunits. 
The results show that y2 subunit-containing receptor channels are highly concentrated in GABAergic synapses 
that also contain the (Xl and {32/3 subunits. Channels containing the y2 subunit are expressed in synapses on 
functionally distinct domains of the same neuron receiving GABA from different presynaptic sources. There 
are quantitative differences in the density of GABAA receptors at synapses on different cell types in the same 
brain area. Copyright © 1996 EIsevier Science Ltd 

Keywords-GABAA receptor, subunit composition, benzodiazepine receptor, electron microscopy, 
immunocytochemistry, hippocampus, pyramidal cell, cerebellum, globus pallidus, inhibition. 

The y2 subunit of the GABAA receptor is required for 
normal cbannel conductance and tbe formation of 
benzodiazepine sites in vitro and ill vivo (Pritchett et 
aI., 1989; Sigel et aI., 1990; Moss et al., 1991; Wafford et 

'To whom correspondence should be addressed. Tel: +44 
(0)1865 271898; Fax: +44 (0)1865 271648. 

aI. , 1991; Gunther et al. , 1995). This subunit has been 

estimated to contribute to at least 84% of receptors 

(Duggan et al., 1992; Benke et al., 1996; McKernan and 

Whiting, 1996), making it one of the most abundant 

subunits . Immunoprecipitation studies suggest that the y2 
subunit can be co-assembled witb the a1, (X2, a3, a5, (X6, 

{12, {13, y3 and i5 subunits (Duggan and Stephenson, 1990; 

Benke et aI., 1991a, 1991c, 1991d, 1996; Duggan et aI., 
1425 
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1991; McKernan et al. , 1991; Mertens et al., 1993; 
Pollard et al., 1993; Khan et al., 1994a, 1994b; Quirk et 
al., 1994a, 1994b; for reviews, see Mohler et aI. , 1995; 
Sieghart, 1995; Stephenson, 1995), but the receptor 
stoichiometry in the brain has not been established. The 
solubilized receptors studied in immunopurification 
experiments may be derived from receptors extracted 
from the synaptic junctions, the extrasynaptic plasma 
membrane or from the intracellular pool. The extra­
synaptic pool is significant and in most areas of the 
central nervous system, light microscopic immunocyto­
chemistry has revealed a continuous diffuse immuno­
labelling of cell bodies and processes for GABAA 

receptors (Richards et aI. , 1987; de BIas et aI., 1988; 
Houser et al., 1988; Somogyi et aI. , 1989; Soltesz et aI., 
1990; Waldvogel et aI. , 1990; Fritschy et al., 1992, 1994; 
Gao et aI. , 1993; Greferath et aI., 1993; Spreafico et al., 
1993; Fritschy and Mohler, 1995). Indeed, it has been 
calculated that, on cerebellar granule cells, the extra­
synaptic plasma membrane receptor pool may exceed the 
synaptic pool several-fold (Nusser et aI. , 1995b). 
Furthermore, different cell types in the same brain area 
may contain distinct complements of subunits (Laurie et 
aI. , 1992; Persohn et aI. , 1992; Wisden et al. , 1992; Gao 
et al., 1993, 1995; Fritschy and Mohler, 1995). Recent 
reports also suggest that, even within the same cell, some 
channels, containing different subunits, may be targeted 
selectively to distinct sites in the plasma membrane 
(Koulen et al., 1996; Nusser et aI. , 1996a, 1996b), and 
receptors can be clustered on the cell surface, even in the 
absence of GABAergic innervation (Caruncho et aI. , 
1993). Accordingly, establishing whether channels in­
corporating particular subunits participate in synaptic 
transmission on defined domains of neurons requires the 
visualization of synaptic junctions and the localization of 
receptors with high resolution. One of the most direct 
methods satisfying these requirements is the application 
of subunit-specific antibodies and postembedding im­
munocytochemistry using particulate immunomarkers, 
such as gold particles (Baude et aI. , 1993). 

The present study was undertaken in order to 
determine the location of the y2 subunit in relation to 
other abundant subunits on the surface of neurons in the 
central nervous system. We were particularly interested 
as to whether there was any selectivity in the targeting of 
the y2 subunit to synapses on particular domains of the 
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Fig. 1. Immunochemical characterization of antibodies to the 
y2 subunit. Crude membrane fractions isolated from adu lt rat 
brain (whole brain), hippocampus or cerebellum were subjected 
to Western blotting with affinity purified ant ibodies to the y2-
subunit (3 pg/mI). In each sample, a broad band centred around 
43 kDa, that corresponds to the y2 subunit, was detected. The 
specificity of the immunoreaction was assessed by pre­
incubation with 10 pg/ml of peptide antigen (y2+P). The 
position of molecular weight markers is indicated on the left. 

plasma membrane of cell types that are known to receive 
GABA from several distinct inputs. In addition, the use of 
particulate immunomarkers and the postembedding 
method, that exposes the sections uniformly to the 
antibody, provided an opportunity to compare different 
types of cells and synapses in the same area of the brain. 

Fig. 2. Photomicrographs of sections processed for immunoperoxidase staining depicting the distribution of immunoreact ivity for 
the y2 subunit in three brain regions where it is abundantly expressed (see Fig. 3 for a comparison with images from confocal 
microscopy). (A) In the dentate gyrus and the 0\3 region of the hippocampus, immunoreactivity is predominantly in the dendritic 
layers, whereas the cell body layers contain less staining; a few interneurons appear more strongly labelled (arrowheads). (8) In the 
cerebellum, immunoreactivity appears most intense in the glomeruli of the granule cell layer (bottom) and is moderate in the 
molecular layer, where most of the staining is apparent on the soma and dendrites of interneurons (triangles). There is a light 
labelling around the cell body and on the initial part of the dendrites of Purkinje cells (arrowheads). (C) In the globus pallidus, the 
immunoreactivity decorates individual neurons and their dendrites, which appear like a dense network of intensely stained 

processes; the boundary with the much less labelled neostriatum is visible on the left side of the panel. Scale bars: 100 j.tm. 
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METHODS 

Light microscopy 

Immunohistochemistry was performed as described in 
Bohlhalter et al. (1996). Four rats were deeply anaes­
thetized with pentobarbital (50 mglkg, i.p.) and perfused 
with 4% paraformaldehyde and ~0.2% picric acid in 
phosphate buffer. The brain was removed immediately 
after the perfusion and postfixed for 4 hr in the same 
fixative at 4°C. Thereafter, the tissue was processed with 
a modified antigen-retrieval protocol aimed at optimizing 
the signal-to-noise ratio in the subsequent immunohisto­
chem ical staining. Blocks of tissue were preincubated 
overnight at room temperature in 0.1 M sodium citrate 
buffer, pH 4.5, and irradiated with microwaves (95°C, 
120 sec) at full power (650 W) in the same buffer. The 
tissue was then stored for 3 hr in phosphate-buffered 
sal ine (PBS) containing 10% dimethyl sulfoxide for 
cryoprotection. Free-floating sections cut from frozen 
blocks with a sliding microtome were incubated over­
night with affinity-purified subunit-specific antibodies 
recognizing the ),2-subunit (l.25-2.5,ug/ml, in Tris­
saline containing 0.2% triton X-lOO and 2% normal 
serum). 

One series of sections was processed for avidin-biotin 
immunoperoxidase staining (Vectastain Elite kits) , as 
described in the manufacturer 's instructions, using 
diaminobenzidine hydrochloride as chromogen. Addi­
tional sections were processed for single and double 
immunofluorescence labelling using the antibodies to the 
)'2 subunit and a rabbit anti-IX 1 subunit antiserum in 
combination with secondary antibodies coupled to DTAF 
and Cy3 (Fritschy and Mohler, 1995). 

Antibodies 

The antiserum to the )'2 subunit was raised in guinea­
pigs and affinity-purified as described in Benke et al. 
(1991c, 1996). Briefly, a synthetic peptide corresponding 
to the N-terminal 1-29 amino acids of the rat )'2 subunit 
was synthesized, purified and coupled through an 
additional C-terminal cysteine to keyhole limpet hemo­
cyanin using n-succinimidyl 3-maleimidoproprionate as 
a cross-linker. Guinea-pigs were injected intradermally 
with the antigen emulsified 1:1 in Freund 's complete 
adjuvant. Due to the shared N-terminal domain, the 

antibody is expected to recognize both the short and the 
long splice variants of the )'2 subunit (Kofuji et al. , 1991). 
Postembedding immunoreactions with affinity-purified 
antibodies were carried out at a final protein concen­
tration of 10-25 ,ug/ml. 

A rabbit antiserum to the IXI subunit was prepared and 
characterized as described earlier (Benke et al. , 1991b, 
1991c), and it was used in the light microscopic studies. 
A rabbit polyclonal antiserum (code No. P16) was raised 
to a synthetic peptide corresponding to residues ]-9 of 
the rat IX] subuni!. Antibody specificity has been 
described earlier (Zezula et aI., 1991). Postembedding 
immunoreactions with affinity-purified P16 antibody 
were carried out at a final protein concentration of 
1.4-7 ,uglm!. 

Antibody specificity has been described for mono­
clonal antibody bd-17 (Haring et al., 1985; Schoch el al., 
1985) that has been shown to react with both the {32 and 
{33 sub units (Ewert et aI., 1990). Therefore, the 
immunoreactivity detected by this antibody is referred 
to as {32/3. Antibodies were diluted to 10-20 ,ug protein/ 
m!. 

A commercial monoclonal antibody (diluted 1:10, 
Novocastra Lab., Newcastle upon Tyne, U.K.) to gli al 
fibrillary acidic protein (GF AP) was used in control 
experiments (data not shown). A polyclonal antibody 
(kindly donated by Drs H. Ohishi and R. Shigemoto, 
Kyoto University), raised in guinea-pig and recognizing 
the metabotropic glutamate receptors type 2 and 3, was 
used in control experiments (data not shown). 

An affinity-purified poly clonal antibody, raised in 
rabbit to a peptide sequence corresponding to residues 
1117- 1130 and recognizing the metabotropic glutamate 
receptor type l lX (Baude et aI. , 1993), was used in control 
experiments (see Fig. 4). 

Western blotting 

Membranes from adult rat brain were prepared as 
described by Mertens et al. (1993) and stored at - 30°C 
until use. A1iquots of the washed membranes ( ~ 20 ,ug 
protein/lane) were subjected to SDS-polyacrylamide gel 
electrophoresis (PAGE) and Western blotting, as de­
scribed previously (Benke et al., 1991a, 1991c; Mertens 
et aI. , 1993), using the antibodies to the ),2-subunit. 
Immunoreactivity was detected by the luminescence 

Fig. 3. Digital video images from confocal scanning laser microscopy illustrating the cellular distribution of immunoreactiv ity for 
the 1'2 subunit in the dentate gyrus (A), cerebellum (B) and globus pallidus [(C) and (D)]. In these images, signals from 
immunofluorescence appear white. (A) Imrnunolabelling is apparent around the cell body of granule cells (e.g. arrowheads) and is 
intense in the molecular layer; labelled neurons and processes are also evident in the hilus (lower right corner). (B) In the cerebellar 
cortex, the strongest immunolabelling is around interneurons in the molecular layer (triangles) and around some granule cells 
(arrowheads) as well as in the glomeruli, but it is relatively weak around Purkinje cell somata (arrows). (C)-(D) Double­
immunofluorescence labelling for the 1'2 subunit (C) and 1X1-subunit (D), illustrating the nearly identical distribution of the two 
subunits on the soma and dendrites of a large neuron in the globus pallidus. Notice the presence of strongly labelled spots 
irregularly distributed along the cell surface (arrowheads). These images were obtained by superimposition of eight confocal 
images spaced by 0.5 Ilm. The top and the bottom of the soma of the large neuron are not entirely included in the series and hence 

appear partially unlabelled. Scale bars: 25 Ilm. 
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around 43 kDa and corresponding to the y2 subunit, in 
blots of crude membrane fractions isolated from e ither 
adult rat brain (whole brain), or hippocampus, or 
cerebellum (Fig. 1). The immunoreaction was e liminated 
by preincubation with the peptide antigen (Fig. I). 

Preparation of animals and tissues for methacrylate 
embedding 

Four adult Wistar rats were anaesthetized w ith Sagatal 
(pentobarbitone sodium, 220 mglkg i.p.) and perfused 
through the heart with saline followed by fixative 
containing 4% paraformaldehyde, 0 .05--0.1% glutara lde­
hyde and -0.2% picric acid for 13-25 min . After 
perfusion, the brains were removed, and blocks from 
the dorsal hippocampus, cerebellum and globus pallidus! 
neostriatum were cut out and washed in severa l changes 
of 0.1 M phosphate buffer (PB). 

Freeze substitution and low-temperatllre embedding in 
Lowicryl resin 

The same procedure was used as described ea rlier 
(Baude et al. , 1993; Nusser et al. , 1995a). Briefly, after 
perfusion, blocks of tissue were washed in O. I M PB 
followed by vibratome sectioning (500 pm thickness) 
and washing in 0.1 M PB overnight. The sect ions 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 (Chemische Werke Lowi 
GmbH, Germany). 

Y2 • Postembedding immunocytochemistry on ultrathin sec-
mGluR1 ex. tions 

Fig. 4. Double immunogold labelling control experiment. 
Electron micrograph of the molecular layer in the cerebellar 
cortex fo llowing double immunolabelling for the metabotropic 
glutamate receptor type l ex (rabbit ant ibody, 10 nm gold label) 
and the y2 subunit of the GABAA receptor (guinea-pig 
antibody, 1.4 nm gold label). Silver-intensified postembedding 
reaction, as in all subsequent figures. Immunoreactivity for the 
)'2 subunit is in a type 2 synaptic junction (arrow) made by a 
bouton (b) with an interneuron dendrite (Id). In con trast, 
labelling for mGluRl ex is in a perisynaptic position at type I 
synapses (double arrows) both on the dendrite and on a Purkinje 
ce ll spine (Ps). The lack of co-loca li zation of the two different 
size immunolabels for receptors that are in distinct domains of 
the plasma membrane demonstrates the reliabi lit y of the 
method for double labelling of GABAergic synapses. Scale 

bar: 0.2/1m. 

method (ECL, Amersham, Bucks, U.K.) according to the 
instructions of the manufacturer. The specificity of the 
y2-subun it antiserum was estab lished by competition 
with the peptide used for immunization (10 pg/m!) . The 
antiserum displays no cross-reactivity with either the )' 1 
or y3 subunits, and it recognizes recombinant receptors 
containing the y2-subunit (Benke et al. , 1996). The 
affinity-purified antibodies labelled a broad band, centred 

Postembedding immunocytochemistry was carried ou t 
on 70- to 80-nm-thick sections of slam-frozen, freeze­
substituted, Lowicryl-embedded material from four rats. 
The sections were picked up on pioloform-coated nicke l 
grids. They were then incubated on drops of blocking 
solution for 30 min , followed by incubation on drops of 
primary antibodies overnight or for 2 days. When two 
subunits were localized on the same section, the primary 
antibodies from different species were mixed. The 
blocking solu tion, which was also used for diluting the 
primary and secondary antibodies, consisted of 0.1 M 
phosphate-buffered sa line (pH 7.4) containing 0.8% 
ovalbumin (Sigma, St Louis, MO), 0.1 % cold water fish 
skin gelatine (Sigma), and 5% foetal calf serum. After 
incubation in primary antibody, sections were washed 
and incubated on drops of goat anti-rabbit-, goat anti­
mouse- or goat anti-guinea-pig IgG coupled to 1.4 nm 
gold (diluted 1:100, Nanoprobes Inc. Stony Brook, NY) 
or in goat anti-rabbit IgG adsorbed to 5 or 10 nm colloidal 
gold (di luted 1:30 or 1:60, Nanoprobes Inc.) for 2 hr at 
room temperature . When two sub units were localized on 
the same section, the two appropriate secondary anti­
bodies were mixed. Following several washes, sections 
were fixed in a 2% glutaraldehyde solution [or 2 min and 
then transferred to drops of ultrapure water prior to s ilver 
enhancement in the dark w ith an HQ S ilver kit for 4-



Synaptic co-localization of the "(2, 0' 1 and (J2/3 GABAA receptor subunits 

Fig. 5. Synaptic co-localization of the y2, II I and P2/3 subunits on hippocampal pyramidal cells [(A)-{C)] and a 
dentate granule cell dendrite [(D) and (E)] . Electron micrographs of serial sections [(A) and (B); (D) and (E)] 
reacted for a single subunit or for two subunits (E) as indicated . (A) and (B) A basket cell terminal (bt) makes an 
immunopositive synapse (arrow) on a pyramidal cell body (Pe). (C) An apical dendrite (ad) labelled for the y2 
subunit alone is the postsynaptic target of a bouton Cb). CD) and (E) All three subunits are hig hl y enriched in a 
synaptic junction (arrow) on a dendrite that has the characteristics of granule cells. Silver-intensified 
postembedding immunoreaction using 1.4-nm gold label, except for the II I subunit in (E) (5-nm gold label). 

Note the clustered distribution of labelling. Serial sect ions: same magnification. Scale bars: 0.2 jjm. 

1431 
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Fig. 6. Enrichment of GABAA receptor subunits in type 2 synaptic junctions (arrows) on interneuron dendrites (d) 
in the CAI area of the hippocampus. Electron micrographs of serial [(A) and (B)] or individual [(C) and (D)] 
sections reacted for a single subunit or for two subunits (D) as indicated. The a I subunit is shown here in the same 
synaptic specialization as either the y2 subunit (A) or the (32/3 subunits [bars in (D)]. Interneuron dendrites are 
identified from the frequently occurring type I synapses (double arrows) on the dendritic shafts. Note the 
additional extrasynaptic location of the immunolabelling for the al subunit (e.g. triangles) which can occur around 
type I synapses (double arrow) that here are unlikely to receive GABA from the terminal giving ri e to the 
junction. Silver-intensified postembedding immunoreaction using 1.4-nm gold label except for the a l subunit in 

(D) (10-nm gold label). Scale bars: 0.21Im. 

5 min . After further washing in ultra pure water, the 
section were contrasted with saturated aqueous uranyl 
acetate and then with lead citrate. 

Controls 

Controls for specificity in the light microscopic 
material included the omission of the affinity-purified 
antibodies, their replacement by non-immune guinea-pig 
or rabbit IgG of approximately the same concentration, 
and pre-absorption of the anlibody with the antigen (5 lig! 
ml). 

In the incubations for electron microscopy, selective 
labelling, re embling that obtained with the specific 

antibodies, could not be detected when the primary 
antibodies were either omitted or replaced by normal 
serum. Using polyclonal antibodies to synaps in (Naito 
and Ueda, 1981), no plasma membrane labelling was 
observed with our methods, demonslrating that the 
labelling observed on the plasma membrane is due to 
the anti-receptor antibodies. 

For the double labelling experiments, a set of different 
antibodies raised in the same species as the three primary 
antibodies to GABAA receptor subunits was used as 
controls. The monoclonal antibody to the fJ2/3 subunits 
was replaced with a commercial anti-GFAP antibody. 
The rabbit antibody to the Cl1 subunit was replaced with 



Synaptic co-locali zation of the -y2, a l and {32/3 GABAA receptor subunits 

Fig. 7. Subunit composition of GABAA receptors in axo-axonic synapses on the axon initial segments (ais) of a 
CA] pyramidal cell [(A)-(D)] and dentate granule cell s [(E) and (F)] . Initial segments are identified by the electron 
dense membrane undercoating (double arrows) and/or the cisternal organell e (co). (A)-(D) All synaptic junctions 
(arrows) made by presynaptic boutons (1-4) are immunolabelled for the y2 subunit. In serial sections, three of the 
synapses are shown to be labelled for the cd subunit and two for the {J2/3 subunits. The synapses are cut 
tangentia lly, which increases the probability of labelling, and can be tilted in the electron microscope to show the 
location of the immunoparticles in the synaptic cleft [e.g. bouton 3, arrow in (D)]. (E) The cd subunit (bar) is 
hown in the same synaptic spec ialization as the {J2/3 sllbulIits. (F) A synaptic junction on a granul e cell axon 

initial segment is labelled only over the synapt ic cleft. Silver-intensified postembedding immunoreactions using 
l.4-nm gold label , except for the a I subunit in (E) (S-nm gold labe l). (A) and (B): same magni fi cation . Scale bars: 

(A)-(C), (E), (F): 0.2 ~m; (D): O. I ~m . 

1433 
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an antibody to mGluRl ex. The guinea-pig antibody to the 
y2 subunit was replaced with a guinea-pig polyclonal 
antibody recognizing metabotropic glutamate receptors 
types 2 and 3. 

Identification of synaptic junctions 

Synaptic junctions are ident ified on the basis of the 
synaptic vesicle accumulation, rigid membrane apposi­
tions and/or post-synaptic membrane specializations. 
Synaptic junctions have been class ifi ed on the basis of 
the extent of the post-synapti c density (Gray, 1959; 
Peters et al., 1991) as type 1 (also called "asymmetrical", 
meaning extensive postsynaptic specia lization) or type 2 
(a lso called "symmetrica l", meaning small postsynaptic 
specialization) . Although some transitional forms have 
also been described, most synapses clearly fall into one of 
the two categories in the three areas investigated in the 
present stud y. In the methacrylate-embedded material , 
the two types of synapse can be recognized because the 
postsynaptic membrane speciali zations of type 1 sy­
napses become very conspicuous. 

RESULTS 

Control experiments 

No immunolabelling was observed in the light 
microscopic material when the affi nity-purified anti­
bodies were omitted or replaced by non-immune rabb it 
IgG of approximately the same concentrat ion, or by 
antibody that was preincubated with the antigen. 

In the electron microscopic control incubation for 
double labelling of the same sections, replacement of the 
monoclonal antibody to the {32/3 subunits w ith an an ti­
GFAP antibody resulted in selecti ve labelling of glial 
fibri ll ary bundles, but never the plasma membrane, when 
used alone or in combination w ith the rabbit antibody to 
the ex ·l subuni t. Replacing the rabbit antibody to the ex l 
subunit w ith an antibody to mGluR I ex resulted in 
se lective perisynaptic labe lling of type I synapses both 
on Purkinje ce ll spines and on cerebellar interneuron 
dendrites (Fig. 4) as reported earlier (Baude el al. , 1993), 
but never of the type 2 synaptic junctions, when used 
alone or in combi nation with the antibodies to the 1'2 or 
{32/3 subu nit s. A control incubation performed by 
replacing the guinea-pig antibody to the y2 subunit with 
a gui nea-pig polyclonal antibody recognizing metabo-

tropic glutamate receptors types 2 and 3 did not result in 
labelling of type 2 synaptic junctions w hen used alone or 
in combination with the rabbit antibody to the ex l subunit. 
Therefore, we conclude that labelling of type 2 synapt ic 
junctions is due to the specific primary antibodies raised 
to GABA}\ receptor ({32/3) or to the peptides (ex1, y2). The 
dual labelling of the same synaptic j unctions with twu 
sets of antibod ies, recognizing two different subunits of 
the GABAA receptor and visualized by two sets of 
immunoparticles hav ing different sizes, demonstrates the 
presence of immunoreactivity for two different subunits 
in the same synaptic junction and is not due to a cross­
labelling artefact of the method. In most cases, when dua l 
immunolabelling of single sections was used the resu lts 
were also corroborated by incubating seri al sections, each 
wi th one an tibody only. The two experimental strategies 
gave similar results. 

Technical aspects of postembedding immunogold label­
ling 

When electron microscopic sections are incubated on 
antibody solution, the whole cut surface of the plasma 
membrane is uniform ly exposed to the reagents, which 
means that comparisons can be made between different 
parts of the membrane of the same cell and different cell s. 
However, the antibodies probably onl y reach the epitopes 
exposed on the surface of the section, whereas the image 
of the synapse is formed from the whole thickness of the 
section, which is about 60-80 nm . Therefore, some parts 
of the synaptic junctional membrane that appear in the 
image may not be exposed on the incubated side of the 
section surface. Furthermore, tangentially cut membranes 
result in more exposed epitopes than membranes cut at a 
ri ght angle. It was apparent that the most heavy labelling 
could be observed on tangentiall y cut synapses. These 
factors, contributing to variat ions in labelling, were taken 
into account when drawi ng conclusions in the present 
study, and although observat ions were made over large 
populations of synapses, only a few cases can be 
illustrated for limitations on space. 

Two sets of two different secondary antibodies labe lled 
ei ther w ith 1.4- or 5-nm, or 1.4- or lO-nm gold part icles 
were used on single sections, as described earlier (Nusser 
el al., 1994, 1995b). The I .4-nm particles are not 
detectab le with conventional transm iss ion electron 
microscopy ; therefore, s il ver in tensifi cation was used to 

Fig. X. Subunit composition of GABAA receptors in synapses (arrows) on cerebe ll ar Purkinje ce ll s. Purkinje ce ll dendrites (Pd) are 
ide ntified by their cmergencc from the ce ll body, and/or size and the presence of cisternal stacks [e.g. in (A)-(C)J. (A)-{C) Serial 
sect ions. Two synaptic junctiuns (a rruws) made by stellate cell terminals in the outer molecular layer arc immunolabcl lcd for the 
;'2 and cd subu ni ts; the one to the left is also labelled for the /J2/3 subunits. (D) A presumed basket ce ll terminal in the lower 
molecular layer bridges two Purkinje dendrites. The immunolabelled synapse is clearly seen at the lower dendrite, and the upper 
one is just heginni ng to appear. (E) A rare labe lled synaptic junction formed by a basket terminal on the ce ll body (Pc). (F) and (G) 
The Cl I subuni t is shown in the same basket (F) and ste llate (G) ce ll synaptic specializat ion as the )'2 and (12/3 subunits (hars). 
Si lver- intensified postembedd ing immunoreaction using 1.4-nm gold label, except for the ,d SUbUll it in (B) and (C) (10-11111 gold 

label), (G) and (F) (S-nm go ld label). (A)-(C): same magnifica tion. Scale ba rs: 0.2 I'm. 
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Fig. 9. Subunit composition of GABAA receptors in sy napses (a rrows) on cerebell ar internellrons in the molecular 
layer. Dendrites (d) of interneurons are identified hy the presence of type I synaptic junctions on the dendritic shaft 
(e.g. doub le arrows). (AHc) In serial secti ons, a synaptic junction (arrows) made by a presumed stell ate cell 
terminal (b) in the outer molecu lar layer is immunolabelled for three subunits forming two clusters consistently 
through the series. Only one particle is visible for the #2/3 subunits (bar). In (A), two extrasynaptic 
immunoparticles appear on the dendritic membrane, one of them next to the type I synapt ic junction. (D) A large 
radially oriented dendrite, probably from a Golgi cell , receives a type 2 synapse labe ll ed for the }'2 subun it. (E) 
Two boutons (b) form heavi ly labelled sy napses. One of the boutons has three junct ional specializations, two of 
them with the same dendrite. Only some of the particles labe lling the #2/3 subullits (bars) arc indicated for clarity . 
Silver-intensified postembedding immun oreaction using 1.4-nm gold label, except for the et I subunit in (A) and 

(C) (ID-n m gold label), and in (E) (5-nm gold label). (AHc): same magnificat ion. Scale bars: 0.2 pm. 
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increase particle sizes. Because final particle size is 
variable and critically depends on the silver intensifica­
tion conditions, particle sizes can only be compared on 
sections placed on the same electron microscopic grid. 
There was never any overlap between the particle sizes 
resulting from the use of 1.4- and lO-nm particles, but 
because of their large size, the latter may mask the 
presence of the smaller particles. Therefore, the 5-nm 
particles were also used in combination with the 1.4-nm 
particles, but in this case, in some incubations which were 
not included in the present study, there was an overlap 
between the particle sizes resulting from the two 
populations. 

Regional distribution of immunoreactivity for the y2 
subunit 

The new antibodies to the y2 sub unit resulted in a very 
similar areal distribution of labelling in the rodent brain 
to that reported earlier (Gutierrez et al. , 1994; Fritschy 
and Mohler, 1995). A moderate to intense y2 subunit 
immunoreactivity was detected throughout the brain. The 
globus pallidus, hippocampal formation and cerebellum 
were among the most intensely stained areas. The cellular 
distribution of the reaction product was markedly 
different in these three regions, as seen in both light 
and confocal laser scanning microscopy (Figs 2 and 3); 
therefore they were further analysed on the cellular and 
subcellular levels. 

Hippocampus 

In the hippocampus and dentate gyrus [Figs 2(A) and 
3(A)] the staining was very light in the cell body layers, 
but intense and diffuse in dendritic layers. The immuno­
labelling was more intense in the innermost region of the 
dentate molecular layer, and this was particularly evident 
in the confocal images. In addition, isolated cells with a 
morphology of interneurons were distinctly and strongly 
labelled throughout the hippocampal formation [Fig. 
2(A)] as described earlier for other subunits (Gao and 
Fritscby, 1994; Fritscby and Mobler, 1995; Nusser et al., 
1995a). However, in contrast to interneurons, in tbe cell 
body layers, tbe labelling could not be unequivocally 
allocated to individual principal cells in tbe ligbt 
microscopic material since dendrites and axon initial 
segments, innervated by GABAergic terminals, are 
known to pass among tbe somata. Therefore, electron 
microscopy was used to test the presence of the y2 
subunit in synaptic junctions on tbe somata and otber 
parts of the cells in the CAl area and the dentate gyrus. 

The application of the new affinity-purified antibody in 
the postembedding protocol resulted in a clear signal in 
ynaptic junctions with very little, if any, background 

labelling. Only type 2 (symmetrical) synaptic junctions 
were labelled (Figs 5, 6 and 7). The postsynaptic targets 
of y2 subunit positive synapses were somata [Fig. 
5(A, B)], apical and basal dendrites of pyramidal ceUs 
[Fig. 5(C)], the dendrites of granule ceUs [Fig. 5(D, E)] , 
the dendrites of interneurons (Fig. 6) and axon initial 

segments (Fig. 7) of both pyramidal and granule cells. In 
the CAl area, the dendrites of pyramidal cells and 
interneurons are easily differentiated because the latter 
receive numerous type 1 synapses (Fig. 6) which are 
absent from the former. In the dentate gyrus, granule cell 
dendritic shafts may receive occasional type 1 synapses, 
but these are more numerous on interneuron dendrites. 
Axon initial segments are recognized on the basis of the 
electron-dense membrane undercoating and the presence 
of cisterna I organeIles (Fig. 7). Synapses immunolabelled 
for the y2 subunit were found to contain the Del [Figs 5(A, 
B; D, E), 6(A, B) and 7(A-D)] and /32/3 subunits [Figs 
5(D, E) and 7(C)]. There were no obvious regions on the 
surface of postsynaptic cells lacking the y2 sub unit in 
synapses, although immunopositive synapses in stratum 
radiatum and lacunosum moleculare on pyramidal 
dendrites were very rare. The most heavily labelled 
synapses were found on interneuron dendrites for all 
three subunits. There were many synapses which were 
only labelled for one of the subunits, but negative results 
cannot be taken as evidence for the absence of the subunit 
as the different antibodies have a different affinity. 
Therefore, different labelling intensity between anti­
bodies is not necessarily related to the relative abundance 
of the respective subunits. 

Cerebellar cortex 

In the cerebellum, the different cell types could be 
recognized on the basis of their immunoreactivity for the 
y2 subunit. In the molecular layer, interneurons were 
distinctly labelled on their somata and dendritic arbors, 
whereas the labelling of Purkinje cells was difficult to 
ascertain among the prominent interneurons [Figs 2(B) 
and 3(B)]. The somata of Purkinje neurons were lightly 
surrounded by varicose labelling, but the possibility that 
this was partly due to the presence of interneuron 
dendrites near the cell bodies cannot be excluded. In 
the granule cell layer, intense staining was observed 
around some granule cell somata [Figs 2(B) and 3(B)], as 
well as in glomeruli, which appeared uniformly and 
densely labelled [Fig. 2(B)]. 

The immunolabelling of synaptic junctions could be 
established through the application of the postern bedding 
imrnunogold method. Only type 2 synapses were labelled 
in the molecular layer on Purkinje cell dendritic shafts 
(Fig. 8) and interneuron dendrites (Fig. 9). The former 
were identified usually from the presence of character­
istic cisternal stacks [Fig. 8(A-D») , their large size or on 
the basis of their origin from the cell body. Synapses on 
Purkinje cell dendrites were labelled close to the cell 
body as well as near the pial surface, indicating that both 
basket and stellate cell synapses contain the y2 subunit. 
The synapses on the cell body provided by basket cell 
axons were only rarely and lightly labelled [Fig. 8(E)]. 
The y2 subunit was frequently co-localized with the od 
subunit and the /32/3 subunits [Fig. 8(A- C, G)]. 

Interneuron dendritic synapses were usually much 
more heavily labelled for all subunits than synapses on 
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Purkinje cells. Because of the heavy labelling, the 
clustered distribution of the labelling was very apparent 
in single synaptic specializations [Fig. 9(A-C)], and the 
same presynaptic terminals could also provide more than 
one synaptic junction to the same postsynaptic dendrite 
[Fig. 9(E)]. 

In the granule cell layer, synaptic labelling for the 1'2 
subunit was much more difficult to find than in the 
molecular layer. It is likely that the strong immuno­
reactivity detected at the light microscopic level results 
from the high volume density of dendritic membranes 
abundant in extrasynaptic receptors (Nusser et al., 
1995b), which were rarely detected with the postembed­
ding method that is less sensitive than the preembedding 
methods. The occasional synapses that were immuno­
positive for the )'2 subunit were also immunopositive for 
the 0: 1 and/or the {32/3 subunits (Fig. 10). The antibody to 
the 0: 1 subunit labelled many Golgi cell to granule cell 
synapses, having either thin (type 2) or thick (type "I) 
postsynaptic membrane specialization (Fig. 10 ) consis­
tently from section to section, and it also revealed the 
abundant extrasynaptic receptors both on the dendritic 
and on the somatic membranes, as reported earlier 
(Nusser et al., 1995b). The mossy terminal synapses, 
some of which are labelled for the 0:6 subunit (Nusser et 
al., 1996b), were not labelled for any of the subunits 
studied in the present report. 

Globus pallidus 

A network of very intensely stained dendrites and 
somata was observed [Fig. 2(C)], and the morphology of 
individual neurons could be analysed in great detail by 
confocal scanning laser microscopy [Fig. 3(C)]. The 
soma and dendrites were distinctly outlined by immuno­
labelling for the )'2 subunit, with local variations in 
intensity suggesting receptor aggregates. Double-label­
ling with the o: l-subunit antiserum revealed a nearly 
identical distribution of the 0: ] - and 1'2-subunits [Fig. 
3(C-D)], suggesting their co-localization in similar ratio 
throughout the neuronal surface. 

The synaptic enrichment and co-localization of both 0:1 
and )'2 subunits with the {32/3 subunits were revealed by 
postern bedding immunogold labelling (Fig. 11). Sy­
napses on both small and large diameter dendrites were 
immunopositive, and extrasynaptic receptor labelling 
was evident, particularly for the 0:1 subunit [Fig. 11 

(A, F)]. The clustered distribution of immunoreactivity in 
the active zone was best seen in tangentially cut synapses 
[Fig. 11 (C)]. As in the other areas, often only the edges 
of the synaptic active zones were labelled [Fig. 11 (H)]. 

DISCUSSION 

lmmunolabelling in relation to the synaptic active zone 

The synaptic active zone, wbicb is tbougbt to be the 
site of vesicular transmitter release and action, is 
recognized in electron microscopic specimens on the 
basis of the rigid pre- and postsynaptic membrane 
apposition, the cleft material, the postsynaptic membrane 
specialization and the presynaptic grid consisting of 
dense projections (see, for example, Fig. 4). The present 
study confirms previous reports for other subunits of the 
GABAA receptor (Nusser et al., 1995a, 1995b, ] 996b; 
Nusser and Somogyi, 1996; Todd et al., 1996), 
demonstrating that the 1'2 subunit is also highly enriched 
in the active zone, with a sharp fall in the density of 
immunolabelling at the edge of the membrane special­
ization. The presence of a defined area of high receptor 
density at the transmitter release site underlies the 
reproducibility of synaptic current evoked in the post­
synaptic cell from release event to release event. It was 
also noted that, in all three areas of the brain studied here, 
the receptor labelling of the active zone appeared 
clustered in some synapses. This does not appear to be 
a technical artefact since it was observed with three 
different primary and three different secondary anti­
bodies. The significance of this structured distribution of 
receptors is unknown and remains to be analysed 
quantitatively. 

In some immunopositive synapses, the labelling was 
present only at the edge of the membrane specialization; 
a similar distribution is apparent in previously published 
illustrations (Nusser et al. , 1995a, 1995b, 1996b) for 
other subunits. Since the postembedding method has a 
limited sensitivity due to the restriction of the antibodies 
to the section surface, it is likely that such a labelling 
represents a visualization of only the highest density of 
receptors rather than the absence of receptor from the 
middle of the active zone. Since desensitization may play 
a role in GABAergic synaptic transmission (Jones and 
Westbrook, 1996), the possible increase of receptor 
density towards the edge of the synapse in some synaptic 

Fig. 10. Synaptic concentration and co-localization of the 1'2 and cd subunits in synapses (arrows) on dendrites (d) of cerebellar 
granule cells in the glomeruli. (A) and (B) and (C)-{E) are serial sections of the same synaptic junctions, respectively. (A) and (B) 
Two sy napses made by Golgi terminals (GIl , Gt2) are immunolabelled for the )'2 subunit. The synapse made by GIl is labelled 
strongly also for the al subunit. The synapse made by Gt2 is not labelled for the al subunit, probably because it did not reach the 
incubated surface of the section. Two additional labelled synapses (open triangles) appear in the section shown in (B), which also 
shows extensive extrasynaptic labe lling on dendrites [see also (E)] and a nearby granule cell soma (ge). (C)-(E) Serial sections of a 
synaptic junction labelled for three subunits. Note consistent labe lling for the al subunit and the labelling of the edge of the 
synaptie junction for the y2 subunit. Silver-intensified postembedding immunoreaction using l.4-nm gold label for the y2 and {32/3 
[bar in (E)] subunits and lO-nm gold label for the at subunit. (A) and (B), and (C) and (D): same magnification , respectively. Scale 

bars: 0.2 Ilm. 
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junctions may provide a mechanism fo r the fine tuning of 
postsynaptic responses. 

Co-localization of the )'2 subunit with other subllllits 

The regional co-localization of the )'2 subunit with the 
a1 and /32/3 subunits has been revealed earlier (Fritschy 
and Mohler, 1995). lmmunoprecipitation studies suggest 
that the )'2 subunit is frequently co-assembled with the a1 
and the /32 subunits, and this triplet represents the most 
abundant GABAA-receptor subtype in the adu lt CNS 
(Benke et ai. , 1994, 1996). The presence of the )'2-
subunit has also been reported in channels containing the 
a2, a3, a5, a6, /33, )'3, i5 subunits (see Introduction for 
references) . The high proportion of receptors containing 
the )'2 subunit suggests that at least ome of them could 
be derived from the synaptic pool. The most direct 
evidence for the synaptic occurrence of )'2 subunit 
containing channels was provided so far by the potentia­
tion of synaptic responses by benzodiazepine receptor 
agonists (De Koninck and Mody, 1994), which probably 
can exert their full agonist effect only on channels 
containing the )'2 subunit (Pritchett et ai., 1989; Sigel et 
al. , 1990; Moss et ai. , 1991 ; Wafford et al. , 1991; 
Gunther et ai. , 1995). Since the same individual synapses 
could be labelled for at least three of the most abundant 
subunits in the hippocampus, cerebellar cortex and 
globus pallidus, it is evident that they all participate in 
synaptic events. Furthermore, most synaptic junctions on 
the axon initial segment of hippocampal pyramidal cells 
have been shown to contain both the a1 and a2 subunits 
(Nusser et ai. , 1996a). The present study shows that many 
synapses on the axon initial segments labelled for the al 
subunit also contain the )'2 and /32/3 subunits. Thus, the 
synapses established by axo-axonic cells appear to be the 
first which contain at least four different GABAA 
receptor subunits. 

The resolution of the immunogold labelling ( ~ 20 nm) 
does not allow any conclusion to be drawn about the 
subunit composition of single channels; instead, it is a 
very direct method to determine which subunits are 
allocated by the cell to particular synaptic inputs. 

Subullit composition of distinct sets of synapses all the 
same ceLL type 

Hippocampal pyramidal and granule cells express 
mRNA for at least 10-11 subunits of the GABAA 
receptor, but only three diffe rent subunits are necessary 

to form a fully functional pentameric (Nayeem et al., 
1994) channel. Even if more than three different subunits 
were co-assembled, it would be very likely that the same 
cell would be able to produce receptor channels with 
distinct subunit composition. Are these distinct receptors 
targeted to all GABAergic synaptic sites on a single cell ? 
Hippocampal principal cells rece ive GABAergic input 
from over five distinct types of interneurons, which 
subdivide the surface of the post ynaptic cell. The most 
obvious division is between the axo-axonic and basket 
cells innervating, respectively, the axon init ial segment 
and the soma/proximal dendrites (Somogyi et al., 1983) 
and acting through GABAA receptors (Buhl et al., 1994). 
The )'2 subunit is present in both the axo-axonic and 
basket cell synapses, supporting the previous conclusion 
based on the distribution of the a l and /32/3 subunits in 
the dentate gyrus, that channels containing the same 
subunits can be targeted to functionally distinct synaptic 
sites receiving GABA from different sets of presynaptic 
cells (Nusser et ai. , 1995a). In contrast, a recent 
quantitative study of the distribution of the a2 subunit 
demonstrated that some channels are preferentially 
targeted to a particular synaptic input. It has been found 
that the axo-axonic synapses were much more frequently 
labelled for the a2 subunit than the synapses on the 
somata/proximal dendrites of CA1 pyramidal cells 
(Nusser et al. , 1996a). A segregated distribution of the 
aI , a2 and a3 subunits has also been demonstrated in the 
retina on single neurons (Koulen et ai. , 1996). Although 
the )'2 subunit does not follow the diffe rential distribution 
of the a2 subunit on the proximal synaptic sites of 
pyramidal cells, the distal dendritic domain, that receives 
GABAergic input from several interneurons, such as the 
bistratified cell (Buhl et al. , 1994), the somatostatin/ 
GABA-containing alvear cells (G ul yas et ai. , 1993) and 
other as yet poorly defined cell types, remains to be 
analysed in a manner that allows the precise identification 
of the presynaptic terminal in )'2 immunopositive 
synapses. 

Purkinje cells also receive GABAergic input from at 
least two major sources: the basket and stellate cells, the 
latter innervating the more distal dendritic domain. Some 
basket cell terminals can be recognized on the basis of the 
characteristic neurofilament content, which appears to be 
absent from stellate cell terminals (Peters et ai., 1991). 
All three subunits studied here are present in synapses on 
both proximal and distal dendrites on Purkinje cells, 

Fig. 11. Synaptic concentration and co- localization of the y2, <x l and {J2/3 subunits in synapses (arrows) on dendrites (d) in the 
g lobus pallidus. (A) and (8), (C) and (D), and (E}-(G) are serial sections of the same synaptic junctions, respectively. (A) and (8 ) 
Of the two immunolabelled synapses, the one to the right is almost out of the plane of the sect ion and is labelled by onl y one 
particle in (8) . Some extrasynaptic labelling is apparent for both subunits (e.g. triangle). (C) and (D) Clustered distribution of the 
immunoparticles in the postsynaptic membrane of a tangentially cut small dendrite. (E}-(G) Serial sect ions of a synaptic junction 
are labelled for the y2, {J2/3 and <x l subunits, the latter 31 0 appearing along the ext rasynaptic membrane (triangles). (H) Only the 
edges of a synaptic junction are immunolabelled for the y2 subunit. Si lver-intensified posternbedding immunoreaction using 1.4-
nm gold label, except for the <x l subunit in (A) and (G) (5-nm gold label). (A) and (8), (C) and (D), and (E}-(G): same 

magni fication , respectively. Sca le bars: 0.2/Im . 
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providing a further example of a cell that targets 
receptors with the same subunit composition to synapses 
innervated by different presynaptic cell types. Since 
Purkinje cells appear to express mRNA only for the ex 1, 
{32 and )12 subunits (Persohn et al. , 1992), and all three 
subunits were found to be concentrated in synaptic 
junctions, the complete subunit composition of at least 
some Purkinje cell synapses has been estab lished. 

Differences in labelling intensity between synapse types 

The axons of cerebellar basket cell s innervate the 
proximal dendrites of Purkinje cells and also provide 
thick perisomatic axons forming occasional chemical 
synapses en route to the pinceau around the axon initial 
segment, where they very rarel y make any synapse 
(Somogyi and Hamori, 1976). The low level of 
immuoolabeUing of the somatic synapses for the )12 
subunit of the GABAA receptor, in material where 
dendritic synapses were well labelled , indicates that 
somatic synapses may contain a lower dens ity of 
channels. Differences in receptor density are also 
probably responsible for the much stronger labelling of 
synapses on interneurons in the molecular layer, as 
compared with the labelli ng of Purkinje cells or granule 
cells. The differential labelling of synaptic junctions of 
different celJ types in the cerebellum has also been noted 
for the ex1 subunit (Nusser and Somogyi, 1996). However, 
the intense continuous labelling for GABAA receptors of 
the plasma membrane of GABAergic interneurons 
apparent in lig ht mic roscopic materi al in botb the 
cerebellum and the hippocampus is not merely due to 
the hig her density of synaptic receptors detected in the 
cerebellum, because interneurons do not appear to be 
innervated by GABAerg ic terminals more densely than 
principal cell s in the hippocampus or Purkinje cells in the 
cerebellum. As sbown earlier in the hippocampus using 
immunogold labe lling (Nusser et al., 1995a), these 
interneurons have a much hig her dens ity o f extrasynaptic 
receptors than principal cells . In the cerebellum, the 
antibodies to the Gel subunit, which provide the strongest 
labelling of the three antibodies, a lso revealed frequent 
labelling of ex trasy naptic receptors on interneuro n 
dendrites. The higher density of both synaptic and 
extrasynaptic receptors on some types of GABAergic 
interneuro ns may render them more sensiti ve to GABA, 
as well as to drugs modulating GABAergic neurotrans­
mission. 
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