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The distribution of the 1%6 subunit of the GABAA 

receptor has been established in rat cerebellum and 
compared to the distribution of the d (cat) and the 
P2/3 (rat, cat) subunits, using immunocytochemistry. 
The synapses established by Golgi cell terminals on the 
dendrites of granule cells were immunoreactive for the 
1%6, d and p 2/3 subunits in virtually all glomeruli, 
indicating that two variants (d and 1%6) of the same 
subunit are co-localized at the same synapses. The 
somatic membranes of the granule cells, which receive 
no synapses, were immunopositive for the 1% 1 and p 2/3 
subunits, but not for the oc6 sub unit. Thus, the oc 1 and 
the p 2/3 subunits are located at both synaptic and 
extrasynaptic sites, but the 1% 6 subunit is detectable 
only at synaptic sites. 

The fast synaptic action of GABA is mediated by 
the GABAA/benzodiazepinc receptor complcx, a 
multi-sub unit ligand-gated chloride channel which 
also constitutes a site of action for neuroactive drugs 
such as benzodiazepines and barbiturates. Several 
lines of evidence suggest that the GABAA receptor 
has a pentameric structure consisting of different 
subunits (for review see Refs 3, 20, 22). Molecular 
cloning has revealed the existence of at lcast five 
groups of subunits in the central nervous system, Cl, 

{3, y, band p, each group including several variants, 
giving more than sixteen different subunits. 5,J6,30 As is 
evident from in vitro co-expression studies, the vari
ous subunits confer different, and often highly 
specific pharmacological properties to the GABAA 
rcceptor (e.g. see Refs 12, IS, 25, 26). This prcdicts 
that the action of GABA and the effect of drugs on 
GABAergic transmission in the brain will vary de-

Abbreviations: ABC, avidin biotinylated horseradish peroxi
dase complex; SSC, standard saline citrate; SDS PAGE, 
sodium dodecyl sulphate/polyacrylamide gel electro
phoresis. 

pending on the subunit composition of the receptor 
complex at specific sites. 

Very little is known about the composition of the 
GABA A rcceptor at particular sites in situ in the 
brain, although the pharmacological heterogeneity of 
the reccptors has been known (for review, see Refs 22, 
35). There is evidence that receptor complexes with 
different subunit composition probably exist in 
ViVO,I,6,J4,19 but whether they are expressed on the 
surface of the cell and at which sites remains open to 
question. The distribution of some subunits of the 
receptor complex in the plasma membrane has been 
studied at a few sites for a limited number of SUbUllits 
using immunocytochemistry?,4,28,36,38,47 Tt is now clear 
from in situ hybridization studies that the same cell 
can express more than the five subunits necessary for 
a channel, implying that more than one channel type 
might be expressed on the surface of cells. Because 
multiple copies of the same subunit variant may occur 
in a single receptor complex, a large number of channel 
types may exist. 14 It remains to be established how the 
different subunits are distributed on the cell's surface, 
particularly in relation to specific synaptic input. 

The present study addresses this question in the 
cerebellum, which is a favoured area for studying the 
expression of the GABAA receptor, due to the easy 
recognition of different cell types.7,27 In situ hybridiz
ation showed that different neuronal and glial cells 
express various subunits to a different degree or not 
at all (e.g. see Refs 13,43). Here we focus on granule 
cells which express Cll, 1X6, {3l, /32, /33, y2, band 
possibly also 1X4 and y3 subunits. 13 ,15,17,26,31-33,42,43,46 

Immunohistochemical localization also suggested the 
presence of 1X3 subunit,47 but this has not been 
confirmed by in situ hybridization.43 The granule cell 
of the cerebellum provides an excellent opportunity 
to study the organization of the different subunits, 
and their possible physiological role because this cell 
receives GABAcrgic input almost exclusively from 
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only one source, the Golgi cells. A minor GABAergic 
projection from the deep cerebellar nuclei might 
influence some granule celJs.lO Previous immunohisto
chemical studies using monoclonal antibodies29,41 

showed that immunoreactivity for the GABAA recep
tor is highly concentrated in the granule cell layer of 
the cerebellar cortex.4,28,38 Subsequent testing of anti
bodies on cell lines expressing individual subunits 
showed that antibody bd-24 selectively reacts with the 
a I subunit and bd-I7 reacts with both the fJ2 and fJ 3 
subunits which show strong homology,8 High-resol
ution electron microscopy showed that both the al 
and the /32/3 subunits were detected in the synapses 
established by Golgi cell terminals with granule cell 
dendrites, but immunoreactivity was also present at 
non-synaptic sites throughout the surface of the cell 
including the somatic membrane which does not 
receive synapses.38 Granule cells also express the a6 
subunit15,43 which, when co-expressed with fJ2 and y2 
subunits in vitro, forms a receptor complex which is 
insensitive to benzodiazepinc agonists, but binds with 
high affinity the partial inverse agonist Ro15-4513Y 
In the present study we investigated the subcellular 

distribution of the a6 subunit using an antiserum 
raised against a polypeptide constituting the pre
dicted second intracellular loop of the transmem
brane protein, 15 

In situ hybridization 

The distribution of mRNA coding for the cx6 
subunit of the GABAA receptor in the rat brain was 
mapped first using a radioactively labelled anti sense 
oligonucleotide and in situ hybridization. A very 
intense hybridization signal was restricted to the 
granular layer of the cerebellar cortex (Fig. lA), and 
confined to the cell bodies of the granule cells. The 
transcript was not detected in other structures of the 
rat brain (Fig. lA), confirming the study of Luddens 
et alY who used a probe to a different part of the 
mRNA. When a sense probe was used, no hybridiz
ation signal was detected. 

Comparison of' immunoreactivity for the a6, al and 
f3 2/3 subunits 

The intensity of immunoreactivity for the Cl.6 
subunit was strongly dependent on the fixation 

---------

Fig. L Distribution of the a6 subunit of the GABAA receptor in the rat brain. (A) The a6 mRNA is 
restricted to the granule cell layer of the cerebellar cortex, as demonstrated by a film autoradiogram using 
in situ hybridization. Scale bar = 2 mm. A 51-mer oligonucleotide was used, containing a 42-mer portion 
complementary to the rat cDNA sequence (nuclcotides 1020-1062 according to Luddens et al.,ls and 
having at its 3' end a 9-mer sequence complementary to the 3' end of an oligo-dT primer. After annealing, 
the probe was labelled with [35S)a-dATP, using Klenow polymerase and purified on a Sephadex G50 
column. Fresh, frozen sections of rat brain were fixed in 4% paraformaldehyde dissolved in 0.01 M 
phosphate-butTered saline for 40 min, rinsed in the same buffer and dehydrated in ethanol. Sections were 
then hybridized overnight at 42°C in 50 pI hybridization solution {50% formamide, 4 x SSC (standard 
saline citrate) [1 x SSC is 0.15 M NaCI, 0.015 M Na-citrate), 2 mgJml bovine serum albumin, 10% dextran 
sulphate, I mg/ml tRNA, I mg/ml polyA and 10 mM dithiothreitolj containing radioactive probe (around 
107 c.p.m./ml). A similarly labelled sense probe was also prepared and applied. Sections were washed first 
for IS min at room temperature in a solution containing 50% formamide and 1 x SSC, then 40 min at 
40°C in 1 x SSC and 1 h in I x SSC at room temperature. After dehydration, the sections were exposed 
for onc week to Hyperfilm fi -max (Amersham) and then dipped in K5 emulsion (Ilford), diluted I: I with 
water, and exposed for several weeks. The sections were counterstained with Methylene Blue after 
developing. (B) Immunoreactivity for the a6 subunit demonstrated with a polyclonal antiserum. The 
granule cell layer (gl) shows strong immunoreactivity. The molecular layer (ml) and the white matter (wm) 
are immunonegative. Silver-intensified immunoperoxidase reaction. Scale bar = 100 pm. Antisera were 
raised in rabbits to polypeptide produced by bacteria. Expression of the a6 subunit putative cytoplasmic 
loop protein was performed essentially as described earlier. 19 The region encoding Ser313-Thr395 was 
produced by E. coli (BL21 DE3 strain) after transformation with an expression vector (pRSET) containing 
a PCR product obtained from a rat whole brain cDNA using oligonucleotide primers designed to 
encompass this portion of the putative cytoplasmic loop. The expressed polypeptide was recovered from 
the insoluble fraction after homogenization and purified by preparative sodium dodecyl sulphate/ 
polyacrylamide gel electrophoresis (SDS- PAGE). The purified polypeptide (I mg/ml) was emulsified with 
Freunds complete adjuvant (I: I) and rabbits were immunized with lOO-pg aliquots subcutaneously, and 
boosted at monthly intervals with 50lig of polypeptide emulsified with Freunds incomplete adjuvant. 
Rabbits were bled seven days after each boost and the serum was tested for its ability to immunoprecipitate 
[3H)muscimol binding (Quirk et al., unpublished observations). Antibodies were then purified using the 
bacterially expressed protein immobilized on nitrocellulose. Bacterial lysates were separated by 15% 
SDS-PAGE and lightly stained with Coomassie Blue in water (without methanol). The band correspond
ing to the expressed cx 6 polypeptide was excised and blotted onto nitrocellulose, blocked with 5% milk 
powder in Tris-buffered saline [10 mM Tris-HC! (PH 7.4), 150mM NaCI] overnight, and cut into small 
strips. Antiserum was diluted with the same buffer (1: 1) and incubated with the nitrocellulose strips for 
3 h at room temperature and washed extensively. Antibodies were eluted with 2 x I ml of 10 mM citrate 
buffer, pH 2.5 and immediately neutralized with I M Tris base. The protein concentration was measured 
by absorbance at 280 nm and the antibodies concentrated by ultrafiltration to I mgjml. Antibodies to the 
a6 subunit were able to immunoprecipitate around 60% of cerebellar [3H)muscimol binding and 50% of 
[3H)RoI5-4513 binding (Quirk et al., unpublished observations), A Western blot analysis revealed one 
band at 58,000 mol. wt in cerebellum only (Quirk et aI., unpublished observations). Immunocytochemical 

procedure is described further in Fig. 2. 
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Fig. 1 

procedure, and was more sensitive to particular con
ditions than immunoreactivity for the other subunits. 
Increasing concentration of glutaraldehyde (over 
0.05%), longer duration of fixation (over 10 min) or 
higher temperature (best results were obtained with 
ice-cold fixative) reduced the immunoreactivity prob
ably by altering the epitope(s). The antiserum specific 
for the a6 subunit was applied to sections of rat 
and cat brain, but immunoreactivity could only be 
observed in rat tissue. The lack of immunoreactivity 
in the cat may indicate that the antiserum does 
not cross-react with cat protein, although the serum 
was raised to a large polypeptide containing several 
possible epitopes. However, there is no evidence yet 
that the a6 subunit is expressed in cat cerebellum. 

Antibody bd-17 specific for the f32/3 subunits gave 
similar results in both species; antibody bd-24 specific 
for the a I subunit reacted only with cat tissue. It 
has been shown that both antibodies bd-17 and 
bd-24 react with human, monkey, bovine and cat 
protein, but only antibody bd-17 recognizes the rat 
protein. ll •28,38 Antibody bd-24 lacks reactivity with 
the rat polypeptide due to the absence of a leucine 
at position 4 as compared to the bovine poly
peptide.8 

Immunoreactivity for the a6 subunit was restricted 
to the granule cell layer of the cerebellar cortex 
(Fig. IB) in the rat brain, in agreement with the in situ 
hybridization results. No systematic differences were 
seen between the different folia in the intensity of the 
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reaction. Reactivity for the ()(6 subunit was exclu
sively localized to the glomeruli (Fig. 2B, E), which 
were also strongly labelled with monoclonal anti
bodies to the fJ2/3 (Fig. 2A, D) and ()( I (Fig. 2e, F) 
subunits. A pale centre, representing the unstained 
mossy fibrc terminal, was often surrounded by a 
heavily labelled ring corresponding to the granule cell 
dendrites. The somata of granule cells were also 
immunopositive for subunits fJ 2/3 and ()( I, but im
munonegative for the ()(6 subunit. Granule cell so
mata are often in direct membrane contact with each 
other, and the boundaries could be seen delineated by 
the immunoperoxidase end-product for the fJ2/3 and 
()( 1 subunits (Fig. 2D, F). 

Subcellular distribution of receptor immunoreactivity 

Immunoreactivity for the a6 subunit was present 
in virtually all glomeruli, as revealed by electron 
microscopy (Fig. 3A). The strongest reaction end
product was located at the intracellular face of the 
postsynaptic plasma membrane of granule cell den
drites, at the synaptic junctions established by presyn
aptic terminals of Golgi cells (Fig. 3B). The 
end-product diffused from the synaptie membrane 
into the cytoplasm of the dendrite secondarily cover
ing all intracellular organelles. Some dendrites were 
so heavily filled that the reaction end-product also 
covered the puncta adherentia, established between 
granule cell dendrites, and the postsynaptic density of 
the mossy terminals. However, in less densely react
ing dendrites from the gradual decrease of reaction 
end-product density it was clear that the immunore
activity originated at or near the Golgi cell synapses 
and not the mossy fibre synapses (Fig. 3B). 

Immunoreactivity could not be seen in Golgi cell 
bodies for any of the antibodies. No immunoreactiv
ity could be observed in the molecular layer, in the 
white matler (Figs IB,2B), or in the deep cerebellar 
nuclei for the ()(6 sub unit. Immunoreactivity for both 
()( 1 and fJ2/3 subunits was present in the molecular 
layer; the somata of Purkinje, stellate and basket cells 
were labelled more strongly for the a I than for the 
fJ2/3 subunit (Fig. 2A, C). 

Immunolabelling obtained with monoclonal anti
bodies to the a I and fJ 2/3 sub units was similar to that 
described previously.38 Virtually all glomeruli were 

---- -- -----------------

Fig. 2. Distribution of the f3 2/3 (A, D), et 6 (B, E) and et I (C, F) subunits of the GABAA receptor revealed 
by immunocytochemistry in the cerebellar cortex fixed under identical conditions. For all antibodies in 
both species the granule cell layer (gl) shows the strongest immunoreactivity. Immunoreactivity can be 
observed in the molecular layer (ml) for the et 1 subunit in the cat cerebellum where Purkinje cells (thick 
arrow) and basket cells (thin arrows) are also labelled. Higher magnification of the granule cell layer shows 
that the glomeruli (e.g. thick arrows, D -F) arc strongly immunoreactive for all subunits. The glomeruli 
appear as a "rosette" with a pale core corresponding to mossy fibre terminals surrounded by the labelled 
dendrites of granule cells. Granule cell somata (asterisks) are immunopositive for the f32/3 and et 1 subunits 
along the plasma membrane of the cell bodies, including regions where two granule cells are directly 
apposed (opposing thin arrows). No immunoreactivity can be observed for the et6 subunit in the granule 
cell somata. Scale bars = 50 J1m A-C; 10 J1M (D-F). For immunocytochemical experiments, Wistar/ 
Charles River, U .K., female rats (/1 = 11, 150-200 g) and one male cat were used. Animals were deeply 
anaesthetized with Pentobarbitone sodium (150 mg/kg, i.p.) for rats and with a mixture of ketamine and 
xylazine (5: 1, 0.6 ml/kg, i.m., supplemented to abolish all reflexes) for the cat. Animals were perfused 
transcardially with saline for I min, followed by fixatives (ice-cold or at room temperature) containing 
paraformaldchyde (2 or 4%), glutaraldehyde (0.025-0.1%), and picric acid (~0.2%) made up in 0.1 M 
phosphate buffer (PH 7.2-7.4). for 10-30 min. After perfusion, the cerebellum was removed, cut in 3-mm 
blocks which were extensively washed in phosphate buffer and put in 20% sucrose in phosphate buffer 
until the blocks sank. The blocks were frozen in liquid nitrogen. Sagittal and frontal sections were obtained 
either with a Vibratome (70-100 J1m thick) or with a cryostat (20--40 J1 m thick). Immunocytochemistry 
was performed using the avidin biotinylated horseradish peroxidase complex (ABC) method. After 
blocking with normal serum (l h at room temperature), sections were incubated for one to two days at 
4'C in the primary antibodies. Antiserum against the ,:x6 sub unit was diluted at 1: 100 to 1: 200 final 
dilution. For the detection of et 1 and f32/3 subunits, we used undiluted or l: 2 diluted hybridoma 
supematants, containing monoclonal antibodies bd-24 or bd-17. The antibody bd-17 recognizes epitopes 
on both f32 and f33 subunits, and antibody bd-24 recognizes the xl subuniI. 8,11,29 Biotinylated anti-rabbit 
or anti-mouse IgG (1: 50, Vector) and finally ABC (l: 100, Vector) were applied on sections. All washes 
were done in Tris-buffered saline (50 mM, pH 7.4) and all immunoreagents, except the ABC, were diluted 
in the same buffer containing 1 % of normal serum. Triton X-lOO (0.3%) was used in all the antibody 
solutions and washing solutions. 3-3'-Diaminobenzidine 4 HCI (0.05%) was used as chromogen. Some 
sections were treated for silver intensification of the peroxidase reaction.~.4O Sections were mounted on 
gelatine coated slides, dehydrated and embedded in DePeX. Control experiments for et6 immunocyto
chemistry were performed as follows: replacement of the et6 antiserum by preimmune serum (diluted 
1: 100) resulted in a homogeneous and non-selective peroxidase labelling; incubation of sections with the 
et6 antiserum (l0 J1g protein/ml) preabsorbed for 12 h with the polypeptide used as antigen (25 J1g 
polypeptide/ml) resulted in the disappearance of labelling confirming method specificity. For the 
monoc!onal antibodies, replacement of the hybridoma supematant containing monoclonal antibodies, 
with one that was not used to grow cells resulted in the absence of peroxidase reaction, showing method 

specificity. 
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also immunoreactive and immunoreactivity was pre
sent at the extracellular face of the granule cell 
plasma membrane, demonstrating extracellular epi
topes. The reaction was present all around the gran
ule cell dendrites including the synaptic cleft of the 
Golgi cell terminals. The granule cell somatic mem
brane was also immunopositive for both the rx 1 and 
f32/3 subunits. As previously described, peroxidase 
end-product was present between the membranes 
of neighbouring granule cell bodies, although they 
received no synapses. J8 This was in contrast to peroxi
dase reaction end-product observed after using anti
serum to the rx6 subunit. In the latter case only rarely 
were small patches of peroxidase reaction product 
detected in the somata of granule cells. This labelling 
was present in all layers and in all cells and was a 

result of background staining in the avidin biotiny
lated horseradish peroxidase complex (ABC) pro
cedure. Immunoreactivity could not be observed in 
any axon terminal, Golgi or glial cells for any of the 
subunits studied here. 

Distribution of immunoreactivity for the rx 6 sub unit in 
comparison with in situ hybridization and receptor 
binding 

Using an antiserum specific for the rx6 subunit of 
the GABAA receptor, the subunit is found restricted 
to the dendrites of the granule cells. This correlates 
well with the expression of the mRNA coding for the 
rx6 subunit in the granule cellsY·15 The selective 
localization of immunoreactivity to granule cells of 
the cerebellum also confirms the specificity of the 
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antiserum suggested by immunochemical characteriz
ation. Furthermore, the localization of immuno
reaction end-product to the intracellular face of the 
plasma membrane confirms the topographical organ
ization of the subunit in the lipid bilayer as predicted 
from the amino acid sequence. 15.30 

The granule cell layer is labelled strongly with 
[3Hjmuscimol,24 showing high-affinity GABA binding 
sites, but few benzodiazepine agonist binding sites 
have been found (for review, see Ref. 21). However, 
the partial inverse agonist [3HjRo 15-4513. in the 
presence of diazepam, shows binding restricted to the 
granular layer of the cerebellar cortex. 34 This appar
ent paradox has been explained by results from the 
co-expression of the 1X6, f32 and y2 sub units in 
cultured cells. This subunit composition produced a 
GABAA receptor which binds with high affinity mus
cimol, as well as RoI5-4513 and the structurally 
related antagonist RoI5-l788, but not other benzo
diazepine agonists or f3-carbolinesY Taken together 
with the restricted localization of the 1X6 subunit, this 
suggests that the IX 6 subunit is part of the high-affinity 
GABA binding site on granule cells. 

Different subcellular distribution for the 1X6 versus IX I 
and f32/3 subunits of the GABA A receptor 

From the distribution of the peroxidase end
product it is concluded that the IX 6 subunit is mainly 
located at synapses, although the presence of lower 
amounts at non-synaptic receptor in the dendritic 
membrane cannot be excluded with the present tech
nique. In any case, the 1X6 subunit was not detected 
in the somatic membrane under our conditions, 
showing the first cvidence of a differential subcellular 
distribution of subunits of thc GABA A receptor. 
In contrast, the IXI and /32/3 subunits are present 
both at synaptic and extrasynaptic sites.38 The latter 
two subunits have been found at synaptic and non
synaptic sites in the thalamus and cortex as well,l6,37 
indicating that the granule cclls are not unique in this 
respect. The possibility that the apparent widespread 
localization of the IX I and /32/3 subunits is due to 
technical factors connected to the extracellular epi
topes, e.g, the spread of the peroxidase end-product 

in the extracellular space from synaptic to extrasy
naptic sites, has been discussed earlier, and is very 
unlikely.3H The granule cell was chosen for this study 
because it does not receive synapses on its somatic 
membrane which is in direct membrane apposition 
either to astrocytes or to other granule cells. Since all 
the synapses are concentrated in the glomeruli well 
separated from the somata it is not easy to envisage 
diffusion of reaction product to the somatic mem
brane to sites where granule cell bodies are contacting 
each other over tens of square micrometres. The 
presence of extrasynaptic receptor/channcl complexes 
which are able to bind GABA and pass chloride ions, 
is also confirmed by whole-cell patch-clamp record
ings from cerebellar slices, which show chloride cur
rents with fast rise-time in response to brief (5-10 ms) 
ionophoretic pulses of GABA applied to the soma 
(Farrant M. and Cull-Cundy S. G., personal com
munication). It remains to be seen whether the chan
nel behaviour is in line with the predicted subunit 
composition. 

Composition of GABAA receptor complex in granule 
cells 

Ligand binding studies in the cerebellum showed 
high-affinity GABA receptors in the granule cell 
layer, but few benzodiazepine agonist binding 
sites. 21 ,24,44 However, the expression of the IX I sub
unitI7,31,33 (which is thought to be responsible for type 
I benzodiazepine receptor pharmacology25) and its 
localization in the granule cell plasma membrane,38 
suggest the presence of at least some sites for benzo
diazepines. Immunoprecipitation experiments indi
cate that a native receptor in the cerebellum includes 
the 1X6 subunit,15 but the {;(6 subunit probably occurs 
in a separate channel complex from the one contain
ing the IX 1 subunit (Quirk K., Gillard N., Ragan C. I., 
Whiting P., McKernan R. M., unpublished obser
vations). Granule cells also abundantly express the 
band y2 subunits. Immunoreactivity for the (j sub
unit seems to be concentrated in the glomerulj,2 
suggesting colocalization with the 1X6 sub unit. Im
munoprecipitation results indeed revcal that both :'(6 
and b subunits exist in a receptor complex which 

---- - --- ----

Fig. 3. Electron micrographs showing immunoreactivity for the 0(6 subunit in granule cells of the cerebellar 
cortex in rat. Immunoreactivity is only present in the dendrites (asterisks in A) of the granule cells (gc). 
The immunoperoxidase end-product is most dense at the synaptic junctions (thin arrows in B) formed 
with Golgi cell terminals (Gt). The weaker diffuse reaction end-product in the dendrites is interpreted as 
originating mainly from synaptic plasma membranes. One of the dendrites (asterisk in B) receives an 
immunoposilive synapse from a Golgi terminal (thin arrow) and an immunonegative synapsc from a 
mossy fibre terminal (m!). Immunoreactivity for the rx6 subunit is absent from a granule cell soma (gc) 
and a glial cell (Gl). Scale bars = 0.5 I,m (A); O.21'm (B). Immunocytochemistry was performed as 
described in Fig. 2 with the difference that no Triton X-lOO was used. After 3,3'-diaminobenzidinc 
reaction, the sections were treated with 1 % OS04 in 0.1 M phosphate buffer for 1 h, washed in distilled 
water and placed for 1 h in uranyl acetate (1 % in distilled water). After dehydration in graded ethanol 
and propylene oxide, the sections were infiltrated with epoxy resin (DURCUPAN ACM, Fluka) overnight 
and flat-embedded on glass slides for light microscopic assessment. Areas of interest were re-embedded 
for electron microscopic sectioning. A total of 13 blocks, including all layers of the cerebellar cortex were 
studied for the rx 6 subunit. The ultrathin sections were not stained. Three blocks for the f32/3 subunit and 

two blocks for the rx I subunit were also studied according to the same procedure. 
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binds eH]muscimol, but not benzodiazepines (Quirk 
et al., unpublished observations). Immunoprecipita
tion data for othcr a subunits also suggest that 
they participate in different receptor/channel com
plexes, !,6,!9 but the presence of several different vari
ants in a single receptor complex has also been 
reportcd.!4 Thcre is no reason why these two possibil
ities should be mutually exclusive for all areas of the 
brain. Whatever the case, our results in the cerebel
lum suggest that, at least in the somatic membranc, 
receptors exist without the 0:6 subunit. 

Thc immunolabelling of virtually all glomeruli for 
all three subunits shows that granule cells are a 
homogeneous population of neurons with respect to 
their GABAA receptor composition, although clearly 
further studies are needed on the other subunits that 
they are known to express (see Introduction for Refs). 
We show here that the 0:6 subunit is part of the 
synaptic receptor complex in the granule cell mem
brane. The same site, i.e. the synapse with thc Golgi 
cell, also includes the fJ2/3 subunits in the rat. 
Unfortunately, since the antibody to the a 1 subunit 
does not cross react with the rat receptor, we could 
not test its presence at the synapses of the rat. 
Nevertheless, granule cells in thc rat exprcss the a 1 
subunit abundantly)! and in homology with the cat, 
it is very likcly to be present at the Golgi cell synapses 
of the rat as well. Consequently, GABA released at 
the same synapse probably activates different recep
tors that include either the a 1 or the a6 subunits, the 
lattcr unique to this synapse. 

Another special feature of this synapse is that the 
Golgi cell terminals also contain high concentration 
of not only GABA, but another inhibitory amino 
acid, glycineY Glycine is released in a Ca21 -depen-

dent manner from cerebellar slices,J9 but no strych
nine binding sites have been found in the granule cell 
layer,45 demonstrating that the glycinc released form 
Golgi cells does not act on strychnine-sensitive gly
cine receptors coupled to chloride channels. How
ever, mRNAs coding for the ex 3 and fJ subunits of the 
glycine receptor complex are abundant in granule 
cells.!S It would be interesting to test the effect of 
glycine on various combinations of GABAA receptor 
subunits known to be present in granule cells, and 
also under conditions expressed together with the 
glycine receptor a3 and fJ subunits. 

Most cells in the CNS receive GABA from more 
than one source and the surface of neurons is 
spatially subdivided amongst the different inputs (e.g. 
see Ref. 37). The multiplicity of the GABAA receptor 
may reflect, at the molecular level, this structural 
design and may support distinct pharmacological 
actions of GABA at separate inputs. However, most 
of the gran ule cells of the ccrebellar cortex receive 
GABAergic input only from the Golgi cells, and still 
they express more than one type of receptor complex, 
with differential distribution on the surface of the cell. 
Consequently, the response of the cell to drugs and 
endogenous agonists may change according to the 
dynamic distribution of the different channel types of 
the GABAA receptor. 
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