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Ion channels gated by the inhibitory neurotransmitter 
'Y-aminobutyric acid (GABA) are thought to be located in 
synaptic junctions, but they have also been found through
out the somatodendritic membrane of neurons indepen
dent of synapses. To test whether synaptic junctions are 
enriched in GABA. receptors, and to determine the relative 
densities of synaptic and extrasynaptic receptors, the ",1 
and (3213 subunits of the GABA. receptor were localized on 
cerebellar granule cells using a postembedding immuno
gold method in cats. Immunoparticle density for the ",1 and 
(3213 subunits was approximately 230 and 180 times more 
concentrated, respectively, in the synaptic junction made 
by GABAergic Golgi cell terminals with granule cell den
drltes than on the extrasynaptic somatic membrane. Quan
tification of immunoreactivity revealed one synapse popu
lation for the (3213, but appeared to show two populations 
for the ",1subunit immunoreactivity. The concentration of 
these subunits on somatic membrane was significantly 
lower than on the extrasynaptic dendritic membrane. Syn
aptic junctions with glutamatergic mossy fiber terminals 
were immunonegative. The results demonstrate that gran
ule cells receiving GABAergic synapses at a restricted lo
cation on their distal dendrites exhibit a highly compart
mentalized distribution of GABA. receptor in their plasma 
membrane. 

[Key words: ion channels, GABA. receptor, synapse, cer
ebellum, immunocytochemistry, inhibition] 

The fas t onset and rise time of GABAA receptor-mediated in
hibitory postsynaptic currents indicate that synapticall y acti vated 
GABA-gated chloride channels are close to the GABA release 
site (Edwards et al. , 1990; Konnerth et al. , 1990 ; Oti s and Mody, 
1992; Llano and Gerschenfeld, 1993 ; De Koninck and Mody, 
1994; Puia et al. , 1994; Soltesz and Mody, 1994). A quantum 
of GABA molecules has been calcul ated to acti vate approxi
mately 10-60 channels du ring synaptic transmission (Edwards 
et al. , 1990; De Koninck and Mody, 1994; Soltesz and Mody, 
1994). Neurotransmitter receptors are thought to be located In 
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the anatomica lly defined synaptic juncti on. However, when 
GABAA receptors were locali zed at the electron microscopic lev
el they were found throughout the neuronal surface, independent 
of synaptic contacts (Richards et al. , 1987; De Bias et al. , 1988; 
Me inecke et al. , 19R9; Somogyi, 1989; Somogyi et al. , 1989; 
Yazu ll a et al. , 19!-\9; So ltesz et al. , 1990; Waldvogel et al. , 1990; 
Hansen et al. , 199 1; Greferath et al. , 1993; Spreafi co et al. , 
1993a). The ex trasynaptic location of receptors has been COn
firmed by outside-out patch-clamp recordings of single GAB A
gated chloride channels isolated fro m the soma and dendrites of 
a variety of neurons (Cull -Candy and Ogden, 1985 ; Edwards et 
al. , 1990 ; Sakmann , 1992; Llano and Gerschenfeld, 1993; Ka-

. neda et al. , 1994; Macdonald and Olsen, 1994; Puia et al. , 1994). 
In theory, electron microscopic immunocytochemistry 

should prov ide the reso lution for the prec ise locali zati on of 
neurotransmiller receptors , and GABAA receptors have been 
locali zed in the CNS. Although in addi tion to ex trasy naptic 
sites, synaptic receptor loca li zation has also been reported 
(Richards et al. , 1987; De Bias ct al. , 1988; Meinecke et al. , 
1989; Somogyi, 1989; Somogyi et al. , 1989; Yazu ll a et al. , 
1989; Soltesz et al. , 1990, Waldvoge l et al. , 1990; Greferath et 
al. , 1993; Spreafico et al. , 1993a), all studies in the brain used 
immunoperox idase methods employ ing a diffusible marker 
which provides poor reso lution and cannot be eas il y quanti fied. 
The results reponed with the immunoperoxidase method did 
not indicate an enri chment of GAB AA receptor immunoreac
ti vity in synaptic junctions. Furthermore, the diffusion of im
munoperox idase end-product may result in a secondary depo
sition of label, that was originally produced at ex trasynaptic 
sites, in synaptic location. For example, the metabotropic glu
tamate receptor was found to be preferenti all y located at per
isynaptic plasma membrane using a parli cul ate immunogold 
marker (Baude et al. , 1993; Nusser et al. , 1994) , but when it 
was locali zed using the diffusible perox idase product the whole 
synaptic spec iali zati on appeared labeled (Martin et al. , 1992; 
Gores et al. , 1993). This example also shows that different 
neurotransmitter receptors, apparentl y acti vated by transmiller 
from the same nerve terminal, may be locali zed in a restricted 
area of the postsy naptic membrane. Thus, due to the above 
mentioned technical limitati ons, the prec ise distribution of 
GABAA receptors has remained uncert ain . 

The postembedding immunogold method offers several ad
va ntages for the ' loca li zation of transmitter receptors. First, it 
provides a nondiffusible label with a resolution of about 20 nm 
which is suitable to defi ne receptors in the synaptic juncti on ' 



(Trille r e t a I. , 1985 , 19S6; Hansen e t a I. , 199 1; Baude e t aI. , 
1993; Nusser e t a I. , 1994, 1995). Second, the particula te mark
er can be qu antifi ed (Fuj imo to , 1993; N usser e t a I. , 1994). 
T hird , s ince the surface of the e lectro n mi croscopic secti ons 
are directl y in contact w ith the antibodies, there is no di ffere nce 
between diffe re nt ti ss ue e le ments in the ir access to antibodies, 
making qu antita ti ve comparisons possibl e. Therefore , we ap
pli ed the poste mbedding method to study how GA B A A recep
tors were di stributed on the neurona l surface and to w hat de
g ree receptors were ex pressed a t diffe re nt de nsities in re la tion 
to sy naptic junc tions. The cerebe llar cortex was c hosen fo r thi s 
study because the o ri g in and the positi on of GAB Aergic syn
apses are we ll known and both the pre- a nd postsyna pti c e le 
me nts ca n be easil y ide ntifi ed . Cerebe lla r g ranul e cells, the 
main foc us o f this study, fo rm a rela ti vely homogeneous neu
rona l popula tion w ith a simple sy napti c o rganizati on. T hey are 
acti vated by g luta materg ic mossy fi bers and rece ive GAB A 
fro m local Golg i cells onl y on their di sta l de ndrites (Ottersen 
and Sto rm-M athisen, 1984; Mugnaini and Oerte l, 1985; Otter
sen e t a I. , 1988). However, they ex press GABAA recepto r pro
te in on the ir ex trasy napti c somatic , de ndriti c , a nd sy naptic 
me mbra nes (So mogy i e t a I. , 1989) , making qu a ntitat ive com
parisons o f differe nt compartme nts poss ibl e. 

Materials and Methods 
Preparation of tissue. Two adult femet le caLs (2 kg body weight) were 
anes thetized intramuscul arl y wi th 0.6 ml of a mixture contai ning one 
part Rompun (20 mglml xylasin) and two parts Vetalar ( 100 mglml 
ketamine). The cats were perfused through the heart, fi rst with cold 
art ificial cerebrospinal flu id for I min , then with ice-cold fixati ve con
taining 4% para formaldehyde, 0.05% glutaraldehyde, and ~0.2% picri c 
acid dissolved in 0. 1 M phosphate buffer (PB, pH = 7.4) for 7 min 
(Somogyi et aI. , 1989). The brain was removed, and small bl ocks from 
the cerebellum were cut out and washed wel l. Then the blocks for pre
embedding immunocytochemical experiments were immersed in 10% 
sucrose solution in 0. 1 M PB for I hr, fo llowed by 20% sucrose until 
they sank. To facilitate the penetration of reagents, the blocks were 
frozen in liquid N, then thawed in 0. 1 M PB, and ?O I-'m thick sections 
were cut on a Vibratome. 

Antibudies and controls. Antibody specific ity has already been de
scribed for monoclonal antibodies bd-24 and bd- 17 (Hari ng et aI. , 1985; 
Schoch et aI. , 1985), for the polyclonal antibody to GABA, No. 9 
(Hodgson et aI. , 1985), and fo r the polyclonal antibody against synapsin 
I (Naito and Ueda, 198 1). 

Method specifici ty was tested as fo llows. Immunoreactivity could not 
be detected when the antibod ies (bd-24 and bd- 17 affinity-purified 
monoclonal antibodies, GA BA No. 9 and synapsin polyclonal antibod
ies) were ei ther omitted or replaced by 5% normal mouse or rabbi t 
serum. Using another monoclonal antibody. raised to somatostatin (V in
cent et aI. , 1985), no plasma membrane labeling was observed with our 
methods, demonstrating that the labeling observed at the plasma mem
brane is due to the anti-receptor antibodies (bd-24 and bd- I?). 

Pre-embedding immu11.ocy tochemisny. Normal rabbit serum was used 
in Tris-buffered saline (pH = 7.4) as blocking solution for I hr, then 
the purified primary antibod ies were used at a protein concentration of 
0.04 l-'g1ml and 6.6 l-'g1ml for bd-24 and bd- I?, respectively. After 
waShing, the sections were incubated for 90 min in goat anti-mouse IgG 
coupled to 1.4 nm gold (Nanogold, Nanoprobes Inc. , Stony Brook, NY). 
Gold particles were sil ver enhanced for 16 min with HQ Silver kit as 
described by the manufacturer (Nanoprobes Inc.). Sections were then 
roUlinely processed for electron microscopic examination (Somogy i et 
aI. , 1989; Baude et ai. , 1993). 

Freeze substitution. and Lowicry/ embedding. A similar method was 
used as reported earlier (Baude et aI. , 1993). Briefl y, after perfusion the 
blocks were washed in 0.1 M PB followed by Vibratome sectioning 
(500 I-'m) and washing with 0 .1 M PB overnight. The sections were 
placed into I M sucrose solution in 0. 1 M PB for 2 hr for cryoprOlection 
before they were slammed to a poli shed copper block cooled with liquid 
N, (Reichert MM80 E). Small blocks were trimmed from the cryofixed 
tissue and transferred to a Leica CS Auto at - 80°C where freeze-sub-
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stitUl ion proceeded as follows: methanol at - 80°C for 36 hr; the tem
perature was increased by 10°C/hr to - 50°C and all the fo llowing steps 
were conducted at thi s temperature; rnethanollLowicryl HM20 (Chem
ische Werke Lowi GMBH and Co.) I: I 90 min, 1:290 min ; neat Low
icryl 90 min; fresh Lowicry l overnight; after embedding, polymeri z .... -
tion in fresh Lowicryl under UY light for 48 hr. 

Poslembeddin.g immunohistochemisllY. U ltrathin sections (90 nm) 
from Lowicryl-embedded blocks were incubated on drops of blocking 
solution for 30 min . The blocking solution consisted of 0. 1 M phos
phate-buffered saline containing 0.8% ovalbumin , 0. 1 % cold-water fi sh 
skin gelatin (Sigma, Pool, UK), and 5% fetal calf serum. The primary 
and secondary antibodies were also made up in this solution. Two meth
ods were used: ( I ) double immunostain ing for receptors (antibodies 
di luted 0.26- 0.52 and 10-20 I-'g proteinlml for the monoclonal anti
bodies bd-24 and bd-1 7, respectively) and for GABA (ant iseru m diluted 
1:3000-1 :4000) on the same ultrathin section; and (2) alternating serial 
sections incubated either for receptor or GABA or for receptor or syn
apsin on separate gri ds. 

Sections were incubated in primary antibodies overnight at room tem
perature. After washing, the sections were incubated for 90 min with a 
mixture of goat anti -mouse IgG coupled to 1.4 nm gold (Nanogold, 
Nanoprobes Inc.) for receptoTS and goat ant i-rabbit IgG coupl ed to t5 
nm gold (BioClinical Services Ltd. , Cardi ff, UK) for GABA or syn
apsin . Sections were washed in 0 .1 M PB then transferred to 2% glu 
taraldehyde in PB for 2 mi n. After washing with ultmpure water, the 
1.4 nm gold- contai ning sections were silver enhanced wi th HQ silver 
kit (Nanoprobes) for 4 min . Standard uranyl acetate and lead staining 
were used. 

Measu rements of GA BAA receptor immunoreactivity following post
embedding immunogo/.d loca liza tion. M easurements were taken ei ther 
fro m sections double immunostai ned fo r GABA, receptor and GABA, 
or rrom seri al immunosulined secti ons for GABAA receptor or either 
GABA or synapsin on different grids. The preservation of ti ss ue and 
immunoreactivity was uneven within the slam-frozen blocks of tissue; 
therefore, we defin ed a reprod ucible method of sampling. We scanned 
systematicall y the well preserved strip until the first GABAergic Golgi 
cell terminal was observed in a glomerulus, and determined whether 
there was a synaptic j unction between thi s Golgi cell terminal amI a 
granule cell dendrite. Next we determi ned whether the glomerulus was 
in an area immunoreactive for receptor. An arbitrary cri teri on at least 
two gold particles in a synaptic j unction was used as the lower cuL or 
value for accepting the area as immunoreacti ve. This synapse was 
placed in the middle of the photograph and a 4 X 3 I-'m area was 
analyzed at a fin al magnifi cati on of 46,600x. If there was no granul e 
cell somatic membrane present in the field of view, the somati c mem
brane of the nearest granule cell to our synapse was photographed. 
The profil es wi thin thi s rec tangle were analyzed. Four diffe rent pro
fil es were distinguished on the basis of their morphology, locali zation, 
size, and GABA and synapsin reacti vity. The appearance of the slam
frozen, freeze- substituted, Lowicryl-embedded tissue is d ifferent from 
osmium -treated, epoxy resin- embedded tissue. The criteria used to 
differenti ate the cellular profil es was as follows. ( I) Golgi terminals: 
immu noreactive for GABA and synapsi n; mainl y located at the pe
riphery of the glomerul i; small er size compared to mossy terminals; 
ves icles are generall y visible. (2) Mossy terminals: immunonegative 
for GA BA but immunopositi ve fo r synapsin ; large number of mito
chondri a; vesic les are genera lly visi ble; large size; mai nl y located in 
the mi ddle of the glomeruli . (3) Granul e cell dendri tes: GA BA and 
synapsin immunonegati ve; no synaptic vesicles; may have puncta ad
herent ia between them. (4) Granule cell body: GA BA immunonega
tive; oval or round soma of 5- 8 I-'m diameter;.linle cytoplasm; densely 
packed. 

The length of the sectioned pl asma membrane of granule cells was 
measured using a digitizing tablet and the MACSTEREOLOGY computer 
program (Ranfarly MicroSystems, UK). 

The small immunometal particles were grouped in three categories 
and counted. If a gold particle was not further than 10 nm (approx i
mately 0.5 mm on the micrographs; the "effecti ve plasma membrane 
width") fro m the membrane we considered it to be associated with the 
plasma membrane. I f it was further away we considered it to represent 
background, nonspecific distri bution of immunometal particles. All of 
these nonspecific particles were counted and the density per nm2 was 
determined. The area of section ava il able for immunoreaclion and oc
cupied by the " effecti ve width of granule cell plasma membrane" was 
calculated by multipl ying the total measured length by 10 nm. To obtain 
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Figure I. Electron micrographs showing immunoreacti vit y for the et I (A, 8 ) and J3 2/3 (c. D) subunits of the GABA. receptor as demonstrated 
with a pre-embedding silver-intensified immunogold technique in the cerebellar granule cell layer. Iml1lunoparticles are located at the external face 
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Figllre 2. Immunoreactivity for the ex I (A) and 132/3 (B) subunits in the molecu lar layer of Cal cerebellum as demonstrated by either pre-embeddillg 
(A. epoxy resin) or poslnl/heddillg lechniques (B. freeze-substituted Lowicryl-embedded material). A, Particles are nol prcsenl in synapses (dollble 
Iriallliles). including Ihe Iype 2 synapse (e.g., open "rmw) belween a presumed slell ale cell lerminal (b) and an interneuron dendrile (d). Immu
noparticles are oflen localed at Ihe edge of Iype 2 synapses (doLlble arrowheads) as well as al Ihe e. trasynaplic membrane (arrowheads). 8 . The 
poslembeddi ng reaclion produces a row of silver-inlensified gold particles (a'TOll's) on Ihe poslsynaplic plasma membrane al a synaptic junction 
cswblished by a boulon (b) with a Purki nje cell dendrite (d). Some immunoparticles lire also presenl al Ihe extrasynaptic plasma membrane 
(a rro ll'head). Scale bars, 0.2 (.Ull. 

gold densily correcled for "background reaclion." Ihe above densilY 
was reduced by the densily of the nonspecifically disl ribuled gold. AI 
each GABAergic synapse we measured Ihe lenglh of synaptic junction 
and counled Ihe number of gold particles to calculate the synaplic im
munopal1icle densilY. We defined Ihe widlh of Ihe "effeclive synaptic 
plasma membrane" as 10 nm. 

<-

Results 

AllIibodie.l 

Monoclonal antibody bd-24 was shown to react o nl y wilh the 
ex 1 subunil (Ewer! e l a I. , 1990) w hi ch is abu ndanlly expressed 

of Ihe extrasynaplic dend ril ic membrane of granule cell s (e.g., "rmwheads in A. C. D) corresponding 10 Ihe location of epilopes recogni zed by 
monoclonal anlibodies bd-24 and bd-17 . Synapses between presumed Golgi terminals (Cl) and gmnule cell dendriles (d) are always immunonegmive 
wilh thi s melhod for bOlh subunils (opel/ "rmlV.I· in A. C. D). as are synapses between mossy terminals (lil t) and granule cell dendriles (dollble 
Trial/gips in A. C). Immunoparticles are also present along Ihe somal ic plasma membrane of granule cell s (gc). including areas where twO cell s are 
directly apposed (arrowheads in B). Scale bars: A-C. 0.5 f.Lm : D. 0.2 f.Lm . 
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Figure 3. Electron micrographs of freeze-substituted, Lmvicryl-elllbedded ultrathin sections demonstrating immunoreactivity for the u I (A , Ai) or 
132/3 (B, Bi) subunit. of GABA. receptor (small panicles, silver-intensified I nm gold) and for GABA (large panicles, silver-intensified 15 nm 
gold). The enrichment of large panicles shows GABA immunoreacti vity of Golgi cell terminals (Gt). The synaptic junctions (arrow) are covered 
by small panicles demonstrating enrichment of receptor immunoreactivity. NOIe the presence of receptor immunoparticles on the somatic (B. double 
arrowheads) and extrasynaptic dendritic membrane (a rrowheads) of granule cells (ge ) and the immunonegative synapse (double triallgles) estab-



by granule cells. Antibody bd- 17 reacts with both the ~2 and 
~3 subun its. Since granule ce lls express mR NA for both sub
units (Laurie et aI. , 1992; Persohn et aI. , 1992), immunoreactiv
ity is referred to as representing ~2/3 subunits. These subunits 
are highly homologous and it has not been possible t.o deve lop 
immunohistochemically usable antibodies that would diffe ren
tiate between them. 

Pre-embedding illll1lunogold localization of GABA. receprors 

The use of the immunogold method confirmed some of t.he re
sults obtained ea rlier with an immunoperoxidase method (De 
Bias et aI. , 1988; Meinecke et a I. , 1989; Somogyi et aI. , 1989). 
However, the absence of signal diffusion in the immunogold 
method makes the loca li zation more acc urate. Immunop3l1 icles 
were restricted to the extrace llular face of the somatic and den
dritic membranes (Figs. IA-C, 2A) for both antibodies. The size 
of the particles is about the same as the width of the extrace llular 
space, thus a panicle touches both apposed plasma membranes. 
Therefore, the location of the epitope can be allocated to the 
process of a particu lar cell type when both apposed membranes 
belong to the same population, for example, granule ce ll den
drites. The putative epitope recogni zed by anti body bd-24 was 
predicted to be in the N-termina l part of the polypeptide (Ewert 
et. a I. , 1990), which is at the ex tracellular face of the plasma 
membrane. Thus the immunogold locali zation of the epitope is 
in agreement wi th the predicted transmembrane conformation of 
the po lypeptide and also demonstrates that antibody bd-17, for 
which the epitope is unknown, also recognizes an ex tracellular 
epitope. 

Granule cells showed the strongest immunoreacti vi ty for the 
studied subunits of GABAA receptor in the cerebe llum with im
munoparticles located along the extrasy naptic dendri tic mem
brane (Fig. IA,C). Immunoreacti vity was also present at the so
matic membrane including areas where two somata were directly 
apposed (Fig. 18), providing evidence that the receptor is in the 
granule ce ll membrane. Immunoreacti vity was never observed 
in the asymmetrical synaptic junctions between the glutamaterg
ic mossy fiber terminals and granule ce ll dendrites (Fig. IA,C). 
Surprisingly, using the pre-embedding immunogold method, im
munoparticles were also absent from the synaptic junctions es
tablished by Golgi cell terminals with granule cell dendrites (Fig. 
IA,C). An absence of immunoparticles was also observed in the 
symmetrica l synapses between stellate or basket cell terminals 
and dendri tes in the molecular layer (e.g. , Fig. 2A). The lack of 
immunoreacti vity for the GABAA receptor in the anatomically 
defined GABAergic synaptic junctions could be genuine or due 
to technical limitati ons, such as the inabi lity of the immunore
agents to penetrate into the synaptic cleft , or the cleft material 
masking the epitopes . To decide between these possibilities, pos
tembedding reactions were carri ed out on Lowicryl-embedded 
ti ssue. 

Poslernbeddin.g immunogold localization of GA8AA receptors 

Using the postembedd ing method, electron microscopic ultrathin 
sections are fl oated onto antibody so lutions, exposing directly 
the entire cut length of the membrane to the antibody, including 
the synaptic junctional membranes. No immunocytochemica l la-
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beling could be obtai ned in epoxy resin-embedded ti ssue. 
Therefore, slam-frozen, freeze-substituted, Lowicryl-embedded 
material was used that has been useful for the high-resolution 
locali zation of glutamate receptors (Baude et aI. , 1993 ; Nusser 
et aI. , 1994). However, tine structu ral details in thi s material are 
less well defined than in osmium-treated, epoxy resin-embedded 
tissue. Thus, in order to identify cellular profi les, and in partic
ular Golgi cell terminals, GABA or synapsin immunolabeling 
were carried out on either the same (Figs. 3A,B; 4A,8) or serial 
(Fig. 4C) sections to those whi ch were reacted for the GABAA 

receptor. Using double immunostaining experiments on the same 
ultrathin sections, large particles (si lver-intensified 15 nm gold) 
indicate the immunoreactivity for GABA, whereas small parti
cles (s il ver-intensified I nm go ld) represent the immunoreacti v
ity for the GA BAA receptor subunits (Figs. 3A,8; 4A,B). Syn
apti c junctions were identifi ed on the basis of the rigid 
apposi tion of the membranes of Golgi terminals and granule ce ll 
dendrites (Figs. 3, 4), the usually narrow but distinct postsyn
aptic membrane specialization (Figs . 3, 4), and, when present, 
the presynaptic dense materi al (Figs. 38, 4A,C). 

In contrast to the result of the "re-embeddin.g reactions, an 
enrichment of immunopartic les was detected for both the a I and 
~2/3 subunits in the synaptic junctions established by the GA
BAergic Golgi cell terminals and granule cell dendrites in Low
iCly l-embedded tissue (Figs . 3, 4). The overwhelming majority 
of Golgi synapses were strongly immunopositi ve for the ~2/3 
subunits (Figs. 38, 5). Most of these synapses were also labeled 
with immunoparticles for the Cl I subunit (Figs . 3A, 4A- C, 5), 
but sometimes an absence of the Cl I subunit immunoreacti vity 
was also observed (Figs. 48, 5). Immunoparticles for the GA
BAA receptor were located along the postsynaptic specialization 
in the main body of Golgi synapses (Figs. 3, 4), frequentl y in 
one or more clusters (Fig. 4B). 

A similar result was obtained in the molecular layer. Synapses 
between terminals and Purkinje cell or interneuron dendrites 
showed strong immunoreacti vi ty for the GABAA receptor using 
the postembedding method (Fig. 28 ). 

Postembeddi ng immunogold reactions have also confirmed 
the extrasynaptic locati on of the immunoreacti vity for the Cl I 
and ~2/3 subunits on the somatic and dendritic membrane of 
granule cells (Figs . 3,4). Immunoparticles for the ~2/3 subunits 
(Fig. 38 ) were more frequent at the extrasynaptic dendritic 
membrane than for the Cl I subunit (Figs. 3A, 4A-C). The syn
apses between mossy fiber terminals and granule cell dendrites 
were always immunonegative for these GABAA receptor sub
units. 

Relative immunoparticle densities on different compartments of 
the swface of granule cells 

The immunogold reaction under posternbedding conditions pro
vided an opportunity to carry out a quantitati ve evaluation of 
immunoreactivity. Immunoparticle densities were calculated on 
di fferent parts of the surface of cerebellar granule cells. Data 
were obtained from four different blocks (4/8, 3/8, Ia/ IO, Ib/ 
10) of two animals (cats 2 1/4 and 1/6). Immunoreactions on 
different speci mens and on separate occasions resulted in some
what different overall density of panicles. Therefore, relative 

lished by a mossy terminal (mt).The illSels (Ai, Ri) show the demarcation of the edge of synaptic junctions (dollb le arrolVs) based on the electron
dense postsynaptic membrane specialization. Scale bars: A and H. 0.2 J.'m; Ai and Hi, 0.1 J.'m. 





illll1lunoparticle densities on somatic, ex trasy naptic dendritic, 
and synaptic membranes were calculated by comparing densities 
obtained .li"Ol11. the same ultrathin sec/ions. The relati ve immu
noparticie density for the 132/3 subunits in the synapses estab
li shed by Golgi cell terminals was 54.68 ( 10.38) [mean (SD)l 
times hi gher than in the extrasynaptic dendritic membrane (Table 
I). For the 0'. 1 subunit, synaptic immunoparticle density was 
127.24 (39.59) times hi gher than in the ex trasynaptic dendritic 
membrane. The above result indicates a relati ve density approx
imately twice as high for the cd subunit in the Golgi synapses 
as for the 132/3 subunits (Table I). The length of the measured 
extrasynaptic dendriti c me mbranes was 155.25 (52. 18) times 
longer than the length of Go lgi synaptic membranes in the pic
tures, but dendrites were measured onl y in the g lomeruli . Im
mun opmticle densities on the ex trasynaptic dendriti c membrane 
were 1.80 (0.1 I) and 3.28 (1.02) times hi gher fo r the 0'. 1 and 
132/3 subunits, respecti vely, than on the somatic membrane (Ta
ble I). The ratios of immunoparticle density on the four sepa
rately examined compartments of the surface of granule ce ll s, 
namely, the membrane postsynaptic to the mossy fiber terminals 
(MS), membrane of granule cell body (BG), extrasynaptic den
dritic membrane of granule ce ll (DG), and postsynaptic mem
brane to the Golgi cell terminals (GS), were approx imately MS: 
BG:DG:GS = 0: 1 :2:230 and MS :BG: DG :GS = 0: I :3.3: 180 for 
the a I and 132/3 subun its, respecti vely. 

Are Golgi cell synapses homogeneous according 10 their oil 
and {32/3 subunils ' immunoreactivity: 

Measuring every Golgi cell synapse on our micrographs, syn
apti c immunoparticl e density for the 132/3 subunits was ca lcu
lated as being 18.37 (9 .1 2) and 19.55 (9.50) particle/fLm mem
brane in cats 12/4 and 1/6, respecti vely. This corresponds to 3.2 
immunoparticles per Golgi cell synapse [average length , 0. 17 
(0.02) fLm] . T he frequency di stribution of synapses immuno
reactive fo r the 132/3 subunits was normal in both animals (Fig. 
58). indicating the ex istence of one populati on of Golgi syn
apses (Fig. 58 ). 

Immunoparticle density for the 0'. 1 subunit was 16.8 1 ( 10.85) 
and 18.28 (9.47) parti c le/fLm membrane in cats 12/4 and 1/6 , 
respecti vel y, when every Golgi cell synapse was included (Fig. 
SA). However, the frequency di stributions of the a I subunit im
mu noreacti ve synapses, provided by GAB A-positi ve terminals, 
signi fica ntly diffe red from normal (Fig. SA), and a hi gh propor
tion of immunonegati ve synapses was observed. This suggests 
the possibility of two populations of GABAergic synapses in 
cerebe ll ar glomeruli with regard to 0'. 1 subunit concentrati on. 
O ne of the two populati ons may have a lower density or no a I 
subunit (see Fig. 4 for immunonegati ve synapses). When syn
apses having more than one immunoparticie fo r the 0'. 1 subunit 
were tested fo r heterogeneity the population was not signifi 
cantl y different from normal (Table I), indicating that they 
formed one populati on. Therefore, in the calculations of relati ve 
immunoreacti vity signals between synaptic versus nonsynaptic 

<-
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plas ma membranes, we used for compari son the synapse popu
lati on showing a hi gher density of immunopartic les [Table I, 
mean 22.26 (6. 11 ) and 2 1.92 (6.49) particle/fLm membra ne in 
cats 12/4 and 1/6, respecti vely]. 

Discussion 
Synaplic enrichment of GA8AA recep/ors 
Postsynaptic neurotransmitter receptors in the bra in are thought 
to be located at high concentration in the juncti onal plasma 
membrane opposite to the transmitter release site. The results of 
thi s study demonstrate that immunoreacti vity for the ionotropic 
GABAA receptor is highl y concentrated in the main body of the 
GA BAergic synaptic junction and there is a sharp decrease in 
labeling density at the edge of the synaptic specia li zati on. As
suming that the antibodies used in this study recogni ze receptors 
at different locations in the membrane with equal probability, 
the differences in labeling density probably re fl ect differences 
in receptor/channe l densiti es . 

Prior to the present high-resolution localizati on of receptors, 
the best ev idence for the close association of transmitter release 
and receptor locati on has been provided by the fast onset and 
ri se time of [PSCs evoked by spontaneously released transmi tter 
in preparati ons that mai ntain the organi zation of brain ti ssue 
(Edwards et a I. , 1990; Konnert h et a I. , 1990; Otis and Mody, 
1992; L1ano and Gerschenfe ld, 1993; De Koninck and Mody, 
1994 ; Puia et aI. , 1994; Soltesz and Mody, 1994) . At synaptic 
sites, 10-60 GAB AA receptor channe ls have been suggested to 
be acti vated by a single packet of transmitter (Edwards et aI. , 
1990; De Koninck and Mody, 1994; Soltesz and Mody, 1994), 
suggesting a synaptic enrichment of the receptors. However, out
side-out patch-c lamp recording of single receptor channe ls ob
tained from somatic and dendriti c membrane of d ifferent neu
rons demonstrated GABAA receptors at extrasy naptic sites 
having pharmaco logical and kinetic parameters similar to those 
pred icted for synaptic receptors (Cull -Candy and Ogden, 1985; 
Edwards et a I. , 1990; Sakmann, 1992; L1ano and Gerschenfeld, 
1993; Kaneda et a I. , 1994; Macdonald and Olsen, 1994; Puia et 
aI. , 1994). The extrasy naptic presence of receptors has been con
firmed by immunocy tochemica l locali zati on of GA BAA receptor 
protein at extrasy naptic membranes using immunoperox idase 
methods (Richards et aI. , 1987; De Bias et a I. , 1988; Meinecke 
et a I. , 19R9; Somogyi, 1989; Somogyi et a I. , 1989; Yazu lla et 
aI. , 1989; Soltesz et a I. , 1990; Waldvogel et aI. , 1990; Greferath 
et a I. , 1993 ; Spreafi co et aI. , 1993a). The latter studies could not 
show an enrichment of receptor in the synaptic junction due to 
the limitati ons of the technique. 

Furt her uncertaint y into the prec ise locati on of receptors was 
introduced by the unex pected exclusion of the metabotropic glu
tamate receptor from the main body of the synaptic junction. 
Using a hi gh-resolution particulate immunomarker it was found 
that the metabotropic receptor was concentrated at the edge of 
the synaptic specia li zati on, still within easy reach of transmitter, 
bu t nevertheless large ly outside the anatomica lly defined syn-

Figl.lrp 4. Immulloreactivity for the 0: I ~ubunil of lhe GABAA receptor (small particles, sil ver enhanced 1 nm gold) and for GABA (large particles, 
silver enhanced 15 nm gold) in Golgi cell terminals. Postembedding reactions. Granule cell dendrites (d) and mossy fi ber terminals (mt) are 
illl lllullonegative for GABA. A high density of a 1 subunit immunoreacti vity is obser ved in the maj oriLy of GABAergic synapses (arrows) but not 
in the synapses between a mossy terminal and granule cell dendrites (double triangles). Small gold particles are also present at the extrasynaptic 
dendriti c membrane (a rrowheads) , and some background particles (e.g., crossed arrow) are also detected. Some Golgi synapses are immunonegati ve 
(open arrows). Sometimes immunoparticles are observed in clusters in the synaptic junction (e.g., arrows in B). The demarcation of the edge of 
synaptic j unctions (e.g., tlouble arrows in C) is based on the electron-dense membrane speciali zations: the identificati on of Golgi terminals (Gr) is 
based on the presence of synaptic ves icles (e.g., double arrowhead in C) and GABA imll1unoreacti vi ty. Scale bars, 0.2 fL ll1 . 
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Figure 5. Quantitative distribution of synapses established by Golgi 
cell terminals and granule cell dendrites according to their lX I (A) and 
132/3 (B) subunits' immunoreacti vit.y. A, The distribution of Golgi syn
apses with regard {O 0: I subunit immunoreactivity is different from nor
mal distribution (X' test, X' = 17.46, P < 0.002), indicating two pop
ulations of synapses. The distribution in the two animals is not differe nt 
(Mann- Whitney test, Z = - 0.11 , P = 0.9 1). B, The frequency di stri 
bution of the 132/3 subunits immunoreactive Golgi synapses is normal 
in both animals (X' lest: cat 2114, X' = 0.1 15, P = 0.862; cat 116, X' 
= 0.096, p = 0.997), indicating one population of Golgi synapses for 
132/3 subunits immunoreacti vity. 

aptic junction (Baude et aI. , 1993; Nusser et aI. , 1994). The 
present finding of the ionotropic GABAA receptor concentrated 
in the main body of the GABAergic synapses demonstrates that 
the perisynaptic location may be peculiar for the G-protein-cou
pled receptors. Indeed another fast, ionotropic amino acid re
ceptor, the a-amino-3-hydroxy-5-methy I isoxazole-4-propionate
type glutamate receptor, is also hi ghl y concentrated in the 
postsynaptic membrane speciali zation, as revea led by the post
embedding immunogold method (Nusser et aI. , 1994). 

lmmunoparticles for the GABAA receptor were often distrib
uted in one or more groups along the main body of the post
synapti c membrane, indicating a possible clustering of receptors. 
There is a sharp decrease in immunoparticle density at the edge 
of the synaptic speciali zation for both the cv. and the 13 subunits 
of the GABAA receptor. Us ing confoca l immunofluorescent 
mapping, both GABAA and glycine receptors have been found 
to be concentrated in patches having sharp borders on the sur
face of central neurons (Becker et aI. , 199 1; Triller et aI. , 1991 ; 
Nicola et aI. , 1992; Bohlhalter et aI. , 1994). The concentrated 
placement of receptors with a sharp decrease in channel density 
at the edge of the synaptic speciali zation ensures that di ffusion 
of transmitter from the rel ease site to the synapti call y acti vated 
receptor channels does not prolong the fast activation of post
synaptic response. Another factor that may contribute to the 
abrupt decrease of receptor protein at the edge of the anatomi 
cally defined synaptic junction is that the edge of the synapse 
may be occupied preferentially by other membrane proteins such 
as G-protein-coupled receptors and the voltage-gated ion chan
nels that they modulate (Baude et aI. , 1993; Nusser et aI. , 1994) . 

Compartmen.talized distribution of the cv. I and (32/3 subunits 
0 11 the s"'face of cerebellar granule cells 

In addition to the high concentration of the a l and 132/3 subunits 
of the GABAA receptor in the GABAergic synaptic juncti on, 
consistent levels of nonsynaptic labeling on the same cell s have 
also been found . In contrast, no GABAA receptors could be de
tected, wi th our antibodies and at the sensitivity level of our 
method, in mossy fiber synapses, demonstrating the abi Iity of 
the cell to exclude thi s protein from glutamatergic synapses. The 
density of receptors also seems to decrease in the nonsynaptic 
plasma membrane the further the membrane is from the GAB A 
release site. Thus, the membrane of the granule cell body, which 
does not receive any synaptic contact, showed significantly low
er immunolabeling than the nonsynaptic dendritic membrane in 
the glomeru li . We did not try to measure separately proxi mal 
versus distal dendriti c membrane due to the convoluted course 
of granu le cell dendrites, which in any case are very Sh0l1 com
pared to the dendrites of other central neurons. In the absence 
of GABAergic innervation , cultured granule cell s show a rela
tively even di stribution of GABAA receptors on their dendritic 
and somati c plas ma membranes, although a high concentration 
of labeling has been reported in spots CHansen et aI., 1991). 
Furthermore, it has been shown that GABA and the GABAA 

receptor agoni st 4,5,6,7-tetrahydroi soxazolo L5 ,4-c]pyridin-3-01 
enhance the mnrphological deve lopment of the cells (Hansen et 
aI. , 1984). They also promote expression of low-affi nity GABAA 
recepto!'s (Meier et aI. , 1984; Belhage et aI. , 1986; Kim et aI. , 
1993) and the density of immunocytochemically detected GA
BAA receptors (Hansen et aI., 1991 ) in cultured cerebe ll ar gran
ule cell s. It is possi ble that in situ in the brain , the GABAergic 
nerve terminal, similar to the cholinergic endplate in the neu
romuscular juncti on (Fambrough, 1979; Laufer and Changeux, 
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Table I. Absolute and relative immunoparticle densities for the otl and 132/3 subu ni ts of the GA BA. receptor on the somatic, 
extrasynaptic dendritic, and GABAergic synaplic membranes of granule cells 

Immllnoparticle density (particle/",m membrane) 

Dendriti c mean Synaptic mean Syn./dend . Syn./som. Oend./som. 
SlIbunit Animals Blocks Somatic (S O) [1/+) (SO) [1/) ratio rat io rat io 

", I 2114 4/8 0.108 0.209 (0.071 ) (11 ) 23.59 (6. 17) (1 3) 11 4.59 218.43 1.93 
3/8 0.103 O. 190 (0.080) [10] 2 1.35 (5.89) [1 5J 11 2.36 207.28 1.84 

116 lal lO 0.055 0.096 (0.034) [51 17.80 (2.59) (6) 185.4 1 323.64 1.74 
I bllO 0.144 0.24 1 (0.128) [10] 23.29 (7. 10) (1 3) 96.63 161.74 1.67 

Mean (SO) 0. / 03 (0.036) ' 0./84 (0.062)' 2/.5 / (2.66) 127.24 (39.59) 227.77 (68.45) 1.80 (0.11 ) 

132/3 2114 4/8 0.108 0.368 (0.065) (5) 20.75 (9.56) (10) 56.38 192. 12 3.40 
3/8 0. 181 0.327 (0.208) llOJ 17.04 (8.86) ll 8J 52.11 94.14 1.80 

116 lal lO 0.086 0.356 0.053 [51 24.08 (3 56) (7) 67.64 280 4.12 
I bllO 0.103 0.391 0.175 [5) 16.66 (11.06) [ IIJ 42 .60 161.74 3.79 

Mean (SO) 0. / 20 (0.042 )** 0.36 / (0.026)** /9.63 (3.49) 54.68 ( 10.38) 182 (77. 1) 3.28 (1.02) 

Immunoparticlc density in the synaplic junction (11 , number of synapses) was significan tl y higher (SlUdenl r test, p <t 0 .00 1) than on the extrasynaptic dend ritic 
membrane. Synapses appeared heterogeneous for u1 subunit irnm uJl urcac..:tiv ity (Fig . 5 , all synapsc s): therefore , o nly synapscs with more than o ne pan icle are 
included in the table for calculating the synaptic density of Cl I immulloparticies. These synapses formed n homogeneous popul ation (distribu tion not different from 
normal, Xl = 2.06, I' = n.30 ). Immunoparticle density for both the 0 I (*. P < 0 .0 1, Student t test) and the ~2/3 (**, p < 0.005. Student t test) subunits was 
signitil;:antly lower on somatic membrane than on the extrasynaptic dendritic membrane, paired compari sons giving ralios of 1.80 (0. 11 ) and 3.28 ( 1.02) for the 
0 1 and the 132/3 subunits, respecti vely. Each dendri tic measurement was obtained from the total glomerular dcndriti l: mcmbrune length in an electron micrograph 
( 11 ' . number of micrographs). Immunoparticle densi ty on the sommic membrane was calculated by dividing the total number of particles by the sum of the measured 
somatic membrane length 169 (34) j..Llll/b lock] from several lIlil:rogntphs obtuined from each block . 

1989), is responsible for increasing and maintaining a high re
ceplOr concentration close to the release site in the GABAergic 
synaptic j uncti on. 

It i not yet known how the measured immunoparticle densit y 
is related to receptor channel density. If a saturati on of immu
nocytochemical signal occurs at high channel density, for ex
ample in the synaptic membrane, then the approximately 125 
(a I su bunit, higher density synapse population) and 55 (132/3 
ubu nits, a ll synapses) times enri chment of signal in the synaptic 

j unction relative to nonsynaptic dendritic membrane wou ld be 
an underestimate of real channel density differences. The rela
tive particle densities at sites labeled at low leve l are probably 
more representati ve of channel density differences. In any case, 
the absolute number of extrasynaptic receptors could be hi gher 
than all the receptors in synaptic junctions. Only a small fraction 
of the granule cell membrane is covered by GABAergic syn
ap es. Taking into account the measured synaptic and nonsy
naptic dendritic plasma membrane ratio in the glomeruli (al
though not all extrasynaptic reacti vity could be measured and 
the value is an underestimate), it can be calculated that at least 
three and 1.25 times more 132/3 and a l subunits ex ist, respec
tively, at ex trasynaptic g lomerular sites than at synaptic sites. 
These values are further increased by adding the nonglomerular 
dendritic and somatic extrasynaptic receptors. 

The possible functiona l role of extrasynaptic receptors at sites 
remote from GABAergic synapses has been discussed earlier 
(Somogy i et a I. , 1989). A recent electrophysiologica l study on 
cerebe ll ar granule ce ll s demonstrated that GABA-evoked cur
ren ts in outside-out nucleated patches, presumably correspond
ing to the somatic membrane and therefore containing only ex
trasy naptic receplOrs, and spontaneous IPSCs, evoked 
ynaptically, had similar kinetic and pharmaco logica l properties 

(Puia et aI. , 1994). On the other hand, GABA exogenously ap
plied to granu le cell s in the dentate gyrus activates GABAA re
ceptor channels with kinetics dissimilar to those at the synapse 
(De Koninck and Mody, 1994). Thus, it is still uncertain whether 

extrasynaptic receptors are functiona lly similar to synaptic re
ceptors. 

Two populaTions of Golgi synapses for a / subunil 
illll1lUnOreaclivi1)1 

Cerebellar granule cells express mRNA for the ai , a4, as , a6, 
131 , 132, 133, '12, and 1i subunits of the GABAA receptor, as de
tected by in siT" hybridization (Laurie et aI. , 1992; Persohn et 
al. . 1992). Immunocytochemical studies have demonstrated the 
a i , a3, a6, 132/3, '12, and 1) subunits in the granule cell layer 
and the enrichment of immunoreactivity in the glomeruli indi
cates that the receptor may be located in the dendritic membrane 
(Richards et aI. , 1987; De Bias et ai , 1988; Meinecke et aI., 
1989; Somogyi et aI., 1989; Benke et aI., 1991 b,c; Zimprich et 
aI. , 1991 ; Baude et aI. , 1992; Thompson et aI. , 1992; Turner et 
a I. , 1994). Immunoprec ipitation studies show that not all the 
subunits are combined into the same channel assembly (Duggan 
and Stephenson, 1990; Benke et aI., 1991 a; Duggan et aI., 1991; 
Luddens et aI., 1991; Mc Kern an et a I. , 1991 ; Zezula et aI. , 199 1; 
Endo and Olsen, 1993; Mertens et aI. , 1993; Poll ard et a I. , 1993; 
Khan et aI. , 1994; Quirk e t aI. , 1994; Togel et a I. , 1994). 
Furthermore, the kinetic properties of channels vary according 
to subunit composition (Pritchett et aI. , 1989; Sigel et aI. , 1990; 
Verdoorn et aI. , 1990; Angelotti and Macdonald, 1993; Mathews 
et aI. , 1994). Since individual granu le ce ll s receive GABA in a 
largely homogeneous popu lation of synapses on their di sta l den
drites main ly from Golgi cell s, the multiple channel types could 
a ll be located in the same synapses. This is supported by recent 
results showing that granule cell s respond to synapticall y re
leased GABA with at least two different current components 
which are differentia ll y modulated by diazepam, indicating the 
ex istence of different receptor channels (Puia et aI. , 1994). 

Quantifi cati on of Golgi cell synapses for a l subunit immu
noreactivity indicates the possible presence of two populations 
of synapses with different leve ls of thi s subunit, but one popu
lation for the 13 subunits. All GABA. receptor channels in vivo 
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are thou ght to contain [3 subunits (Schofie ld et a I. , 1987; Sigel 
et aI. , 1990; Verdoorn et aI. , 1990; Amin and Wei ss, 1993; An
gelotti and Macdonald, 1993). Granule cells express mRNA for 
the [32 and [33 subunits at high levels, ' but on ly moderate ex
pression for the [31 subunit has been detected using ill situ hy
bridization (Laurie et aI. , 1992; Persohn et aI., 1992). Indeed, 
the granule ccll layer appears to be immunonegative for the [31 
subunit, demonstrating that either cerebellar granule cells do not 
express [31 subunit prntein or express it at a very low level (Z. 
Nusser, W. Sieghart, and P. Somogyi , unpubli shed observations) . 
Monoclo nal antibody bd-17 used in our study recogni zes epi
topes on both [32 and [33 sllbunits (Ewert e t aI. , 1990). The refore, 
it is assumed that the overwhelming majority of GAB AA recep
tor c hannels are recognized by antibody bd- 17 on granule cells. 
Because only one population of Golgi synapse was found ac
cording to [32/3 subunit immunoreactivity, it is unlikel y that the 
existence of two populations for the <>.1 subunit is a result of the 
presence o f synapses with different numbers of GABA recepto r 
channels. A more likely explanation is that those Golgi synapses 
hav ing lower <>.1 subunit immunoreactivity may contain higher 
concentrations of receptor channels in which the u I subunit is 
replaced by another u subunit, probably the u6 subunit, known 
to be present in granule cells at high level s (Baude et aI. , 1992; 
Laurie et aI., 1992; Persohn et aI. , 1992; Thompson et aI. , 1992). 
Immunoreactivity for the u6 subunit has been shown in sy napses 
between Golgi cell terminals and granule cell dendrites of rat 
(Ballde et aI. , 1992). Unfortunately, our antibody recognizes ep
itopes on the u6 subunit of the rat but not on that 01' the cat 
(Baude et aI., 1992) and, conversely, the antibody to the u I 
subllnit does not recogni ze this subunit in rat (Ewert et aI., 
1990). Therefore, we were unable to coloca li ze these two !l sllb
units or to calculate relative densities on different compartments 
of the surface of granule cells in the same species. 

In conclusion, it has been demonstrated that the postembed
ding immunogold method is suitable for the measurement of 
relative neurotransmitte r receptor densities in different parts of 
the same cell and it should also be possible to compare different 
cell types. The ex press ion of GABAA receptor and its availabi l
ity to ligands on the cell surface changes rapidly in the brain 
upon the influence of sensory stimuli , environmental factors, 
neurodegenerative disorders, and exposure of the animal to 
drugs (Hendry et aI. , 1990; Morrow et aI., 1992; Li et aI. , 1993; 
Mhatre et aI. , 1993 ; Mody, 1993; Montpied e t aI. , 1993; Spreaf
ico et aI. , 1993b). The present approach offers a sensitive and 
hi gh-reSOlution method to define the cellular and su bcellular 
sites for these changes with a resolution of ahout 20 nm. 

Note added to the proof: After the acceptance of thi s article it 
came to our attention that Caruncho and hi s colleagues (Carun
cho et a I. , 1993; Caruncho and Costa, 1994) reported concen
tration of the u I, u6, [32/3, '12 and 1\ subunits of the GABAA 
recept.or in patches on the somata of cultured cerebellar granule 
cells. The existence of synapses or the relationship of the recep
tor clusters to synapses on c ultured granule cells in unknown . 
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