
The Journal of Neuroscience, April 1990, fO(4): 1319-1330 

lmmunocytochemical Localization of the GABA Transporter in 
Rat Brain 

Rodica Radian,’ Ole Petter Ottersen, Jon Storm-Mathisen,3 Mona CasteI,* and Baruch I. Kannerl 

‘The Department of Biochemistry, Hebrew University, Hadassah Medical School, Jerusalem 91010, Israel, 2The 
Department of Zoology, Institute of Life Sciences, The Hebrew University, Jerusalem, Israel, and 3The Anatomical 
Institute, University of Oslo, N-0162 Oslo 1, Norway 

Polyclonal antibodies were raised against the GABA trans- 
porter (GABA-Tp) purified from rat brain tissue (Radian et 
al., 1988) and used for immunocytochemical localization of 
the antigen in several rat brain areas, including the cere- 
bellum, hippocampus, substantia nigra, and cerebral cortex. 
Light microscopic studies with the peroxidase-antiperoxi- 
dase and biotin-avidin-peroxidase techniques suggested 
that GABA-Tp is localized in the same types of axons and 
terminals that contain endogenous GABA, as judged by com- 
parison with parallel sections incubated with antibodies 
against glutaraldehyde-conjugated GABA. However, as ex- 
pected from biochemical results, different neurons differed 
in their relative contents of GABA-Tp and GABA; thus, GABA- 
Tp was relatively low in striatonigral and Purkinje axon ter- 
minals and relatively high in nerve plexus around the bases 
of cerebellar Purkinje cells and hippocampal pyramidal and 
granule cells. The GABA-Tp antiserum did not produce de- 
tectable labeling of nerve cell bodies. Electron microscopic 
studies supported the light microscopic obsenrations and 
provided direct evidence of cellular co-localization of GABA- 
Tp and GABA (as visualized by the peroxidase-antiperoxi- 
dase technique and postembedding immunogold labeling, 
respectively). The ultrastructural studies indicated the pres- 
ence of GABA-Tp also in glial processes but not in glial cell 
bodies. The relative intensity of the neuronal and glial stain- 
ing varied among regions: glial staining predominated over 
neuronal staining in the substantia nigra, whereas the con- 
verse was true in the cerebellum and hippocampus. The 
present immunocytochemical data demonstrate directly what 
has previously been inferred from biochemical and autora- 
diographic evidence: that the mechanisms for high-affinity 
GABA uptake is selectively and differentially localized in 
GABAergic neurons and in glial cells. 
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The GABA transporter (GABA-Tp) is a membrane protein that 
catalyzes co-transport of sodium, chloride, and GABA (Kanner, 
1978,1983; Radian and Kanner, 1983) and is thought, like other 
neurotransmitter transporters, to terminate the overall process 
of synaptic transmission (Iversen, 197 1, 1973; Kuhar, 1973; 
Bennett et al., 1974). Recently, GABA-Tp was purified to ap- 
parent homogeneity in functional form (Radian and Kanner, 
1985; Radian et al., 1986). It was found to be a glycoprotein 
with apparent molecular weight of 80 kDa. Polyclonal antibod- 
ies against GABA-Tp were raised in rabbits, reacting specifically 
with the 80 kDa band and able to immunoprecipitate GABA 
transport activity (Radian et al., 1986). The aim of the present 
investigation was to use these antibodies for the immunocyto- 
chemical localization of GABA-Tp in brain sections in order to 
determine (1) whether GABA-Tp is indeed localized to pre- 
sumed GABAergic neurons, as identified by GABA immuno- 
cytochemistry (Storm-Mathisen et al., 1983) applied to the same 
or adjacent sections, (2) whether, in addition, other structures 
contain the transporter, and (3) if possible, how the molecule is 
distributed within the cells that contain it. 

Materials and Methods 
Antisera The GABA-Tp antibody was prepared by immunizing rabbits 
with pure transporter as described previously (Radian et al., 1986). Since 
the crude antiserum gave high background, it was affinity-purified by 
binding to an Affi-gel 15 column (Bio-Rad) carrying the transporter, 
partially purified by ammonium sulfate fractionation, and DEAE chro- 
matography (Radian and Kanner, 1985). The partially purified trans- 
porter, 1 mg (about 5-6 ml), was mixed with 1 ml Affi-gel in the presence 
of 1.5 ml 0.4 M Na-Hepes, pH 7.4, for 4 hr at 0°C. Coupling was 
terminated by adding 0.3 ml 1 M ethanolamine, pH 8, and mixing for 
1 hr at 0°C. The coupled material was washed with 3 column volumes 
of PBS (140 mM NaCl, 5 mM KCl, 5 mM Na-phosphate buffer, pH 7.4). 
The crude serum containing anti-GABA-Tp antibodies was passed 
through the column (4 ml serum/l ml At&gel), which was then rinsed 
with 20 column volumes of PBS, pH 7.4, followed by 3 volumes of 1 
M NaCl. The purified antibody was eluted with 0.2 MHCl-glycine, pH 
2.7, and neutralized with 0.3 volumes of 0.4 M Na,HPO, ner volume 
of eluate. This eluate was used at a dilution of l:lb. The &ti-GABA 
serum no. 26 was purified as described (Storm-Mathisen et al., 1983; 
Ottersen and Storm-Mathisen, 1984a) and diluted 1:300 when used 
with the peroxidase-antiperoxidase (PAP) method (reagents from Da- 
kopatts) or 1:3000 when used with the avidin-biotin complex (ABC) 
kit (Vector). 

Fixation. Adult Wistar rats (150-250 gm) were perfused through the 
ascending aorta at room temperature as described previously (Ottersen 
and Storm-Mathisen, 1984a, c) with one of the following fixatives in 
0.1 M Na-phosphate buffer, pH 7.4 (light microscopy), or 0.1 M Na- 
cacodylate, pH 7.4 (electron microscopy): (1) 5OYa glutaraldehyde; (2) 4% 
formaldehyde (freshly depolymerized from paraformaldehyde) + 0.2% 
glutaraldehyde; (3) 3% glutaraldehyde + 2 or 3% formaldehyde. All 
fixatives mentioned (plus a number of others, with different aldehyde 
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Figure 1. Characteristics of antisera raised against purified GABA-Tp 
(A, B) and against glutaraldehyde-conjugated GABA (C, D). GABA-Tp 
at different degrees of purification, and GABA fixed to rat brain mac- 
romolecules, were spotted on quadrants of 13 mm Millipore filters. The 
filters were processed either with purified GABA-Tp antiserum at a 1: 
10 dilution (A, B) or with GABA antiserum at a 1:300 dilution (C, D), 
and developed by the PAP method as described by Ottersen and Storm- 
Mathisen (1984a). The protein and amino acids spots were as follows: 
I and 2, flowthrough of the DEAE column (Radian and Kanner, 1985) 
containing 0.2 and 0.45 pg protein per spot, respectively, but no GABA 
transport activity; 3, GABA-Tp activity peak fraction of the DEAE 
column, containing 0.25 fig protein; 4, a fraction from the DEAE column 
containing 0.15 pg protem and very little GABA-Tp activity; 5, the 
elution buffer of the DEAE column (10 mM KPi. DH 6.8. 0.21 Triton 
X- 100,50 mM fl-octylglucoside); 6 and 7, GABALTp activity peak frac- 
tions after wheat germ-agglutinin Sepharose 4B chromatography, con- 
taining 0.1 and 0.06 pg protein, respectively; 8, GABA conjugated to 
brain macromolecules (0.8 fig protein; starting concentration of GABA 
2.5 gmol/mg protein, i.e., 100 times the average GABA level in brain) 
by glutaraldehyde; 9, null, i.e., glutaraldehyde-treated brain macro- 
molecules (0.8 pg protein). Arrow, orientation mark. Spots represent 0.1 
~1 of solutions (applied repetitively for spots 3-7). The solutions l-7 
were dialyzed against 2 mM KPi, pH 6.8, and concentrated 10 times, 
but since they still contained traces of detergents, huge spots were formed. 
Before incubation with the antisera, the spotted filters were reacted with 
fixatives used in the preparation of tissue specimens: (1) 5% glutaral- 
dehvde (A. Cl or (3) 2% formaldehvde + 3% alutaraldehvde (B. Dl 
Note that staining by the GABA-Tp antiserum is-selective for the tmns- 
porter and depends on the GABA-Tp concentration but not on the 
fixative. 

ratios) gave similar light microscopic distributions of immunoreactiv- 
ities, although fixative 2 gave somewhat stronger staining for the GABA- 
Tp, than 1 and 3. Fixatives 1 and 3 were preferred for the ultrastructural 
studies since they provided the best tissue preservation. After perfusion, 
brains were removed and, for light microscopy, kept in the same fixative 
overnight at 4°C. Vibratome sections (25 pm) were collected in 0.1 M 
Na-phosphate buffer, pH 7.4. For electron microscopy the brains were 
kept in the fixative for l-2 hr, and then 50- to 60-pm-thick Vibratome 
sections were cut and processed as described below. 

Light microscopy. Free-floating Vibratome sections and cellulose ester 
test filters were processed by the PAP method (Stemberger, 1979) as 
described by Ottersen and Storm-Mathisen (1984a) or by the ABC 
method (Hsu et al., 198 1) using biotinylated secondary antibody and 
peroxidase conjugated to avidin. For some experiments with the PAP 
method the incubation with secondary antibody followed by PAP com- 
plex and diaminobenzidine/H,O, were repeated (“double PAP”). These 
different procedures gave qualitatively the same results. All buffers (0.1 

M Na-phosphate, pH 7.4) contained 1% normal sheep serum (3% in the 
preincubation buffer). Incubation with the primary antibody was carried 
out overnight at room temperature, and antibody penetration was aug- 
mented by including 0.5% Triton X-100 with the sera (0.1% Triton 
X-100 was used in all other steps). The sections were viewed and pho- 
tographed in bright-field in a Nikon Optiphot microscope; low-mag- 
nification pictures (Figs. l-3) were taken with a Nikon Multiphot. 

Electron microscopy. Pre-embedding immunoperoxidase labeling was 
carried out essentially as for light microscopy, using the ABC kit, but 
Triton X- 100 was omitted at all steps. In some experiments, 0.1 M Na- 
cacodylate, pH 7.4, was used instead of the Na-phosphate buffer. The 
peroxidase reaction with diaminobenzidine and H,O, was allowed to 
develop for a relatively short time (l-2 min), so that only faint staining 
was observed at the light microscopic level. Only the outer l-2 pm of 
the embedded sections was examined, due to the limited penetration 
ofthe immunoreagents. Immunolabeled sections were postfixed in 0~0, 
(1% in Na-cacodylate buffer) for 1 hr, dehydrated with ascending con- 
centrations of ethanol and flat-embedded in Spurr’s resin (EMS) orEpon 
8 12 (Agarscientific), there being no obvious difference between resins. 
Thin sections were observed and photographed using a Philips 300 or 
a Philips CM 10 electron microscope at 60 or 80 kV, respectively. 

Postembedding immunogold labeling 

Thin sections of specimens labeled with GABA-Tp antibodies (pre- 
embedding, ABC procedure) at a 1: 10 dilution were partly deosmicated 
with 10% periodic acid for 6 min. Subsequently, they were treated with 
GABA antiserum 26 at a 1:50 dilution (90 min. room temnerature) and 
with goat anti-rabbit IgG labeled with gold particles (GAR- 10’ nm, 
Biocell, Cardill) at a 1:5 dilution (60 mitt, room temperature) as de- 
scribed by Caste1 et al. (1985). 

Results 

Specificity of antibodies 

The specificity of anti-GABA-Tp was tested on cellulose ester 
filters using a variety of antigens (Fig. 1). Anti-GABA-Tp rec- 
ognized the partially purified (about a 1 OO-fold, cf. Radian and 
Kanner, 1985) GABA-Tp after the DEAE column step (Fig. 1, 
A, B, spot 3) or the purified transporter after the lectin column 
(spots 6,7) (about a lOOO-fold purification; Radian et al., 1986). 
The antibody did not react with fractions devoid of GABA 
transport activity, such as the flowthrough of the DEAE column 
(spots 1, 2), or fractions eluted after the peak of activity (spot 
4). Anti-GABA-Tp reacted neither with the buffer in which the 
transporter was solubilized and eluted (spot 5) nor with rat brain 
protein conjugates of GABA or other amino acids with glutar- 
aldehyde (spots 8, 9). (These conjugates were prepared from a 
total brain extract and must therefore be assumed to contain 
GABA-Tp. However, the proportion of GABA-Tp in the con- 
jugates is obviously so low as to escape immunocytochemical 
detection.) The choice of fixative 1 or 3 did not affect the GABA- 
Tp immunoreactivity (Fig. 1, A, B). GABA antiserum no. 26 
reacted only with conjugated GABA (Fig. 1, C, D, spot 8). (The 
concentration of antigens in the spots differ from those in the 
tissues; the staining intensities in Fig. 1 should not be compared 
to those in the other figures.) 

When partially purified GABA-Tp was added at the incu- 
bation step with GABA-Tp antiserum, there was strong inhi- 
bition of immunoreactivity in tissue sections (Fig. 2). When 
preimmune serum was used, or the primary antibody omitted, 
no immunoreactivity could be detected (not shown). As pre- 
viously reported, glutaraldehyde-reacted GABA ( 100-300 pm), 
but not other amino acids, abolished immunoreactivity when 
added to the GABA antiserum at the preembedding light mi- 
croscopic (Ottersen et al., 1986), as well as at the postembedding 
electron microscopic level (Ottersen et al., 1988). 
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Figure 2. Absorption of the GABA-Tp antibody with the partially purified transporter completely blocks GABA-Tp immunoreactivity. Adjacent 
parasagittal sections of cerebellum were incubated with the purified antibody (diluted 1:lO) in the presence (A) or absence (E) of partially purified 
GABA-Tp (0.2 mg/ml, 0.25 PM). Tissue fixed with 4% formaldehyde + 0.2% glutaraldehyde. Scale bar, 1 mm. 

Light microscopic localization of the transporter 

Immunoreactivity for GABA-Tp, as well as for GABA itself, 
occurred in what appeared to be axons and axon terminals (Figs. 
3-6). The patterns of neuropil staining for the 2 antigens showed 

striking similarities in all the brain areas tested, in agreement 
with the immunocytochemically described distributions of 
GABA (Ottersen and Storm-Mathisen, 1984a) and GAD (Mug- 
naini and Oertel, 1985) in neuropil. However, no GABA-Tp- 
positive cell bodies could be detected in any of the areas. 

Figure 3. Distribution of the immunoreactivities of GABA-Tp (A) and GABA (B) in the diencephalon/mesencephalon. Adjacent transverse 
sections of brains fixed with 5% glutaraldehyde were incubated with the antibodies diluted 1: 10 and 1:300, respectively; double PAP. Abbreviations: 
AP, anterior pretectal nucleus; ZP, interpeduncular nucleus; LGd and LGv, dorsal and ventral subdivisions of the lateral geniculate bodies; LP, 
lateroposterior thalamic nucleus; ML, medial lemniscus; NOT, nucleus of the optic tract; OP, olivary pretectal nucleus; PO, posterior thalamic 
complex; PP, posterior pretectal nucleus; SN c and SN r, pars compacta and pars reticulata of substantia nigra; asterisks, intergeniculate leatlet 
(Ohara et al., 1983). For nomenclature, see Scalia (1972, pretectum) and Jones (1983, thalamus). Note that, with some exceptions (see text), GABA- 
Tp and GABA show above average staining in the same areas. Scale bar, 500 pm. 
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Figure 4. Immunoreactivities of 
GABA-Tp (A) and GABA (B) in closely 
spaced sections of the dorsal part of the 
hippocampal formation, showing CA1 , 
area dentata and a small part of CA3. 
Specimen preparation as in Figure 3. 
Abbreviations: 0, P, R, L&f, LU, strata 
oriens, pyramidale, radiatum, lacuno- 
sum-moleculare, and lucidum of hip- 
pocampus; MO, Mm, Mi, G, strata mo- 
leculare (outer, middle, and inner parts) 
and granulare of area dentata; H, deep 
hilar region; asterisks, fissura hippo- 
campi (i.e., cortical surface); open stars, 
artifactual contour due to fold in sec- 
tion. Note that the laminar staining pat- 
terns are principally similar for GABA- 
Tp and GABA, but differ in details (see 
text). Also note predominance offibers, 
particularly at basal aspects of pyra- 
midal and granular cell layers in A and 
presence of stained neuronal cell bodies 
in B. Scale bar, 100 pm. 

Substantia nigra, a brain area known to be very rich in GABA 
(biochemistry: Okada et al., 197 1; Balcom et al., 1975; im- 
munocytochemistry: Ottersen and Storm-Mathisen, 1984b) and 
glutamate decarboxylase (GAD) (Ribak et al., 1976; Mugnaini 
and Oertel, 1985), was strongly immtmoreactive for both GABA- 
Tp and GABA (Fig. 3). However, the GABA antiserum gave a 
more intense staining than the GABA-Tp antiserum in the sub- 
stantia nigra in sections where neighboring areas showed similar 
staining intensities with the 2 antisera (Fig. 3, A, B). The GABA- 
Tp immunoreactivity appeared slightly more intense in pars 
compacta than in pars reticulata (Fig. 3A), while the GABA 
immunoreactivity was more intense in pars reticulata (Fig. 3B). 

Also in other parts of the diencephalon/mesencephalon (Fig. 
3) GABA-Tp and GABA were similarly distributed, corre- 
sponding in general to the picture previously described for GABA 
(Ottersen and Storm-Mathisen, 1984~) and GAD (Ohara et al., 
1983). Both immunoreactivities were higher than average in the 
dorsal and ventral divisions of the lateral geniculate body and 
in the anterior and posterior pretectal nuclei, as well as in the 
olivary pretectal nucleus and the nucleus of the optic tract, the 

periaqueductal gray, and the interpeduncular nucleus, whereas 
the lateroposterior thalamic nucleus @rticuIarly its ventral part) 
was less strongly stained than average. However, GABA staining 
was relatively more intense than GABA-Tp staining in the in- 
tergeniculate leaflet, while the opposite was the case for the 
posterior complex of the thalamus and, particularly, for the 
interpeduncular nucleus. 

In the neocortex, both GABA-Tp and GABA immunoreac- 
tivity were localized in fairly uniformly distributed “puncta” 
and fibers, with GABA immunoreactivity present also in nu- 
merous cell bodies in all layers. In the corpus callosum there 
was faint staining of a few GABA- and GABA-Tp-positive fibers 
(not shown). 

In the hippocampus and dentate gyrus (Figs. 3, 4), GABA- 
Tp immunoreactivity was highest at the basal aspect of the 
pyramidal and granular cell layers. GABA-Tp immunoreactiv- 
ity was also high in the intermediate and outer zones of the 
dentate molecular layer, with maximum intensity near the hip- 
pocampal fissure (Fig. 4A). The distribution of GABA immu- 
noreactivity was essentially similar to that of GABA-Tp, except 
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Figure 5. GABA-Tp (A) and GABA (B) in adjacent parasagittal sections (about 2.2 mm from midline) of the cerebellum and brain stem. Specimen 
preparation as in Figure 3. Abbreviations: BC, brachium conjunctivnm; G and M, granular and molecular layers of cerebellar cortex; NIu and NZp, 
nucleus interpositus anterior and posterior; NVI, nucleus vestibularis lateralis; WM, central cerebellar white matter. Note the similar laminar 
distributions of GABA-Tp and GABA in G and M, but that GABA-Tp is relatively weaker in the target nuclei of the Purlcinje &I axons (NIa, 
Nip, NVI) and virtually negative in WM. (Dark areus between Nip and NVI are due to foldings of the sections.) Scale bar, 500 pm. 

that (1) numerous nonprincipal cell bodies were stained, (2) 
fibers were relatively less conspicuous, (3) the neuropil staining 
was about equally intense at the apical as at the basal aspect of 
the granular and pyramidal cell layers, and (4) whereas there 
was no obvious peak of immunoreactivity at the surface of the 
dentate molecular layer, a peak was seen at the junction of the 
stratum radiatum and stratum lacunosum moleculare of CA1 
(Fig. 4B). 

In the cerebellum, GABA-Tp immunoreactivity was confined 
to basket-cell axons around the somata and the axon-hillocks 
of Purkinje cells (the “pinceau”), and to fibers and terminal- 
like puncta in the molecular and granular layers (Figs. 54, 6A). 
GABA immunoreactivity was present in the same elements, but 
was less concentrated around the bases of Purkinje cells and 
more concentrated in the glomeruli, and occurred also in cell 
bodies of basket, stellate, and Golgi neurons (Figs. 5B, 6B). In 
the deep cerebellar nuclei (Fig. 5, A, B) immunoreactivity for 
GABA, and to a lesser extent for GABA-Tp, was found in axons 
and nerve terminal-like structures. GABA immunoreactivity 

was found also in cell bodies of small neurons. No glial cell 
bodies were GABA-Tp positive in any of the regions examined. 

Electron microscopy 
The ultrastructural studies support and extend the light micro- 
scopic findings. GABA-Tp-positive axons and terminals were 
found around Purkinje cell bodies, particularly in the pinceau 
area, in the cerebellum (Figs. 7-9). The labeled axonal profiles 
in the pinceau represent those of basket cells (Figs. 8, 9D). In 
the molecular layer, labeled terminals may belong to stellate or 
basket cells (Fig. 9, A, B). Golgi cell axons were also labeled 
(Fig. 90, but less intensely, in agreement with the light micro- 
scopic results. The parent cell bodies of all the 3 types of inter- 
neuron were negative (not shown). Parallel, mossy, and climbing 
fibers, as well as Purkinje and granule cell bodies, were unla- 
beled. The staining seemed to be confined mainly to the terminal 
and preterminal axon. Structures within the terminal (plasma 
membrane, synaptic vesicles, mitochondria, neurofilaments) 
appeared to be covered with reaction product on their cytosolic 
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Figure 6. Localization of GABA-Tp at 2 different staining intensities (A, B) and GABA (C) in parasagittal sections of the cerebellar cortex. 
Specimen preparation as in Figure 3. Abbreviations: G and M, granular and molecular layers; P, Purkinje cells; larger arrows, Golgi cells; smaller 
arrows, stellate or basket cells; big arrowheads, concentration of GABAergic axons and terminals around axon hillock of Purkinje cells, the pineeau 
area; small arrowheads, stained fibers in layer M; double arrowheads, glomeruli. Note that GABA-Tp and GABA are found in similar fibers and 
nerve terminal-like puncta, but that GABA-Tp is more concentrated in the pinceau, while GABA is more concentrated in terminals in the glomeruli 
and also occurs in cell bodies. Scale bar, 100 pm. 

aspect (Figs. 8, inset; 9A). The interior of mitochondria was 
unstained. In all regions, anti-GABA and anti-GABA-Tp ap- 
peared to label the same types of terminals and axons. This 
could be demonstrated by double-labeling of tissue that had 
been treated with GABA-Tp antibodies (preembedding ABC 
procedure), as well as GABA antibodies (postembedding im- 
munogold procedure). In such specimens, the 2 immunoreac- 
tivities were found to coexist in the same terminals (Fig. 10). 

Of particular interest was the finding that glial processes were 
labeled with anti-GABA-Tp (Figs. 7; 9, A, B) but not with anti- 
GABA. This was observed in all the areas studied electron mi- 
croscopically (i.e., in the molecular and the granular layers of 
the cerebellum, in the hippocampus, and in the substantia n&a). 
The staining of glial processes with the GABA-Tp antiserum 
was particularly evident in the substantia nigra (not shown). In 

none of the areas examined did this antiserum stain glial cell 
bodies. 

Discussion 
The present study describes the immunocytochemical localiza- 
tion of GABA-Tp in rat brain, using polyclonal antibodies raised 
against the pure transporter (Radian et al., 1986). The spot-test 
(Ottersen and Storm-Mathisen, 1984a) showed that these an- 
tibodies were specific for the GABA-Tp and did not bind to 
other antigens such as irrelevant membrane proteins or GABA 
itself (fixed to brain proteins by glutaraldehyde). Also, addition 
of GABA-Tp to the incubation medium containing the anti- 
bodies resulted in strong inhibition of the immtmocytochemical 
reaction in brain tissue. 

The localization of GABA-Tp as revealed immunocytochem- 
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ically is in agreement with that previously demonstrated by 
autoradiography after uptake of 3H-GABA (Hokfelt and Ljung- 
dahl, 1972; Taxt and Storm-Mathisen, 1979, 1984) although a 
direct comparison of these 2 techniques will necessarily be lim- 
ited by the fact that autoradiography cannot match the high 
resolution attainable by electron microscopic immunocyto- 
chemistry. The use of anti-GABA in parallel with anti-GABA- 
Tp revealed very similar labeling patterns in all brain areas 
examined. GABA-Tp-positive terminals and axons could be 
identified as belonging to bonafide GABAergic cells, such as 
cerebellar basket and stellate cells. Correspondingly, double- 
labeling experiments showed that the GABA-Tp-immunoreac- 
tive terminals and axons also contained endogenous GABA. 

Although the labeling patterns for GABA-Tp and GABA were 
basically similar, certain differences were apparent. While vari- 
ation in the detectabilities of antigens cannot be strictly exclud- 
ed, most of the differences observed here may be interpreted as 
real variation among sites in the relative contents of GABA-Tp 
and GABA. Notably, perikarya of presumed GABAergic neu- 
rons were positive for GABA but negative for GABA-Tp. This 
finding is consistent with the notion that a high concentration 
of the transporter will be functionally less relevant in the peri- 
karyon than in the terminals and suggests that cell body accu- 
mulation of radiolabeled GABA seen after in vivo or in vitro 
application is secondary to nerve terminal uptake and retrograde 
axonal transport. Another discrepancy is the concentration of 
GABA-Tp (relative to GABA) at the basal aspect of the hip- 
pocampal pyramidal layer and, to a lesser extent, at the basis 
of the dentate granular layer. 3H-GABA localized by autora- 
diography after uptake also tends to be concentrated basally, 
but less so than GABA-Tp (Taxt and Storm-Mathisen, 1979, 
1984). This could be due to intra-axonal migration of 3H-GABA 
following uptake. The concentration of GABA-Tp close to the 
bases of the hippocampal pyramids may be related to the pres- 
ence of the terminals of the axoaxonic (presumed GABAergic) 
cell in this location (Somogyi et al., 1983). Axoaxonic GA- 

I 

Figure 7. Electron micrograph of 
GABA-Tp immunoreactive structures 
in molecular layer of cerebellar cortex 
close to the Purkinje cells. Tissue fixed 

I in 3% formaldehyde + 3% glutaralde- 
1 hyde, antibody dilution 1: 10, embed- 

ded in Spurr’s resin. Abbreviations: BT, 
, 8 immunoreactive boutons, probably of 
/ basket cells, 2 of them contacting den- 

dritic shafts; D, dendrites, the central 
one probably of a non-Purkinje cell; PU, 
Purkinje cell perikaryon; T, nonim- 
munoreactive terminal in contact with 

f dendritic spine; arrowheads, parallel fi- 
bers (nonimmunoreactive); asterisks, 
immunoreactive glial profiles. Note that 
immunoreactivity is restricted to bou- 
tons and glial lamellae. Scale bar, 0.5 
pm. 

BAergic synapses have also been described on the granular cell 
axons (Kosaka et al., 1984). As the axoaxonic cells are high in 
parvalbumin and probably sustain high-frequency firing (Ka- 
tsumaru et al., 1988; also see Sloviter, 1989), it may be spec- 
ulated that they require a high concentration of GABA-Tp in 
their terminals to cope with the released GABA. In general, 
exact correspondence between the distributions of GABA-Tp 
and GABA cannot be expected since regional differences in 
GABA turnover and release may imply different demands on 
the uptake and on the stores of the transmitter. Thus, differences 
among neurons in the ratio of GABA uptake and GAD activity 
have been observed (Storm-Mathisen, 1975; see below). 

The electron microscopic observations revealed an additional 
localization of GABA-Tp in glial processes. Astroglia have been 
reported to exhibit high-affinity net GABA influx (Hertz et al., 
1978). Indeed, it was suggested that they may be of major im- 
portance for the termination of GABAergic transmission (e.g., 
Schousboe et al., 1977; Hertz et al., 1978). Since GABA-trans- 
aminase, which is responsible for the degradation of GABA, 
has high activity in astrocytes, and since GAD is absent, the 
GABA concentration in the glial processes is probably very low 
under most conditions (Schousboe et al., 1977; Schousboe, 198 1) 
and is generally not detectable immunocytochemically (Ottersen 
and Storm-Mathisen, 1984a; Somogyi et al., 1985). However, 
GABA immunoreactivity has recently been reported to occur 
in some populations of glial cell bodies (Blomqvist and Broman, 
1988). On the other hand, GAD is present in nerve terminals, 
and GABA itselfis partly sequestered in storage organelles (Sihra 
and Nicholls, 1987; Hell et al., 1988), and is thereby protected 
from metabolic degradation. 

Among the regions examined, substantia nigra had the most 
prominent glial localization of GABA-Tp, and in this structure 
its localization in nerve endings was very sparse. This is con- 
sistent with the observation that nigral GABA uptake is low 
relative to GAD and is relatively less affected than GAD after 
degeneration of the striatonigral pathway following axotomy 
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Figure 8. Electron micrograph of GABA-Tp immunoreactive structures in the pinceau area. Tissue fixed in 5% glutaraldehyde, antibody dilution 
1: 10, embedded in Epon. Insets show boxed areas at higher magnification. Abbreviations: B, axons and terminals, most likely of basket cells, 
showing varying degrees of labeling (probably as a result of varying degrees of antibody penetration); BG, cell body of likely Bergmann glia, unlabeled, 
T, unlabeled bouton with round vesicles; TP, unlabeled bouton with pleomorphic vesicles. Note that the reaction product appears to be concentrated 
on the cytosolic side of plasma membranes (arrowheads) and of organelles such as mitochondria (arrows) in the labeled structures. Scale bars, 0.8 
pm; for insets, 0.17 pm. 

(Storm-Mathisen, 1975). Similarly, the moderate immuno- The ability of GABA-Tp antibodies to recognize antigenic 
staining for GABA-Tp relative to GABA in the cerebellar and determinants on neuronal as well as on glial elements suggests 
lateral vestibular nuclei is consistent with the lack of demon- that the 2 types of transporter share common determinants, but 
strable uptake (perikaryal: Hiikfelt and Ljungdahl, 1972; ter- it is as yet impossible to predict how similar they are. However, 
minal: Storm-Mathisen, 1975) and retrograde axonal transport it is clear that they are not identical. Biochemical studies have 
(Wiklund et al., 1983) of 3H-GABA in Purkinje cells. shown that various analogs of GABA have a differential effect 

Figure 9. Examples of GABA-Tp-immunoreactive structures in the cerebellar molecular (A, B) and granular (C, 0) layers, and (0) the pinceau 
formation. Specimen preparation as in Figure 8. Abbreviations: BST, immunoreactive basket or stellate cell terminals; B, immunoreactive likely 
basket cell axon with en passant vesicle-containing swellings; D, dendrite of non-Purkinje cell in contact with a BST and 2 probable parallel fiber 
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terminals (Z’2, Z’3); GOT, weakly labeled Golgi axon terminals; GrD, granular cell dendrite in contact with GOT in a glomerulus; pJ parallel fibers; 
Tl-T5, unlabeled terminals, the last 2 with pleomorphic vesicles, possibly from Golgi neurons; asterisks, immunoreactive glial lamellae. Note the 
selective labeling of glial lamellae and of axons/terminals of the 3 types of cerebellar inhibitory intemeurons; in the labeled structures, the reaction 
product appears along the cytosolic surfaces of the plasma membrane, synaptic vesicles, and mitochondria. Scale bars, 0.5 pm. 
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Figure 10. Double labeling of GABA-Tp (preembedding immuno- 
neroxidase) and GABA (postembedding immunogold) in the cerebellar 
molecular iayer. Specimen prepared as in Figure 8, then reacted with 
GABA antibodv as described in Materials and Methods. Abbreviations: 
&ST, doubly labeled basket or stellate cell bouton; PD, likely Purkinje 
cell dendrite in contact with BST, pA parallel fibers. (The light counter- 
stain facilitates the visualization of the gold particles.) Note high density 
of gold particles over immunoperoxidase-labeled BST. Scale bar, 0.5 
pm. 

on GABA transport in neuronal versus glial preparations (Iver- 
sen and Kelly, 1975; Schon and Kelly, 1975; Johnston and 
Stephanson, 1976; Neal and Bowery, 1977; Schousboe, 198 1; 
Iarsson et al., 1983). For instance, /3-alanine is an inhibitor of 
glial GABA transport (Schon and Kelly, 1975; Johnston and 
Stephanson, 1976; Schousboe, 198 l), while other compounds, 
such as cis-3-aminocyclohexane carboxylic acid, are selective 
for neuronal GABA transport (Neal and Bowery, 1977; Larsson 
et al., 1983). This indicates a heterogeneity in transporter struc- 
ture, at least with regard to the substrate recognition site. Hope- 
fully, it will be possible to determine the extent of homology 
when the gene(s) for the transporter(s) is (are) cloned. Future 
purification of the glial transporter, possibly based on different 
sensitivities to inhibition, may also be of help in discrimination 
between the 2 transporters. Alternatively, development of 
monoclonal antibodies against the neuronal and/or glial trans- 
porter may facilitate discrimination, possibly also at the im- 
munocytochemical level. 

The GABA transporter present in synaptic vesicles (Fykse 
and Fonnum, 1988; Hell et al., 1988) shows biochemical prop- 
erties quite distinct from those of GABA-Tp of plasma mem- 
branes and is unlikely to have contaminated the purified GABA- 
Tp against which the antibodies used in the present study were 

raised (Radian et al., 1986). In some of the immunoreactive 
nerve terminals, the surface of synaptic vesicles, like that of 
other organelles, was stained. This is probably a sign of intra- 
terminal diffusion of the diaminobenzidine reaction product, 
an interpretation supported by the observation that at low la- 
beling intensity the reaction product occurred close to the plas- 
ma membrane only. The latter finding suggests that the plasma 
membrane is the site of highest concentration of antigen. The 
fact that the immunoperoxidase reaction product appeared to 
be confined to the interior of the labeled cellular processes sug- 
gests that the antigenic sites of the GABA-Tp most frequently 
face the cytosolic side of the plasma membrane. This would be 
consistent with GABA-Tp being a transmembrane protein. To 
obtain further information on the intracellular distribution of 
the GABA-Tp, it will be necessary to apply other detection 
methods, such as immunogold techniques, which reveal the 
location of the antigenic site with greater precision. 

The data presented here indicate that immunocytochemical 
localization of GABA-Tp may be used as a presynaptic marker 
of putative GABAergic terminals. In comparison with autora- 
diographic localization of GABA uptake, it offers better reso- 
lution. It may also serve to distinguish between GABA-con- 
taining cells able to accumulate GABA by membrane transport 
and ones receiving GABA by passive transfer from neighboring 
cells via gap junctions (nexus; Zucker et al., 1984; cf. Cohen 
and Sterling, 1986). 

In a wider perspective, it should be noted that many features 
characteristic of GABAergic synapses and considered important 
criteria for establishing the transmitter identity can now be ad- 
dressed by immunocytochemistry at the ultrastructural level. 
These include the nerve terminal contents of the endogenous 
transmitter (Storm-Mathisen et al., 1983; Somogyi et al., 1985) 
and the synthesizing enzyme (McLaughlin et al., 1974), deple- 
tion of the transmitter under conditions known to induce syn- 
aptic release (Storm-Mathisen et al., 1986; Ottersen et al., 1990), 
the presence of a postsynaptic GABA receptor (Schoch et al., 
1985; de Blas et al., 1988; Houser et al., 1988), and, as dem- 
onstrated in this report, the endowment of a mechanism re- 
sponsible for terminating transmitter action. An important task 
for future research will be to find conditions that allow several 
of these features to be studied in the same tissue section, thus 
opening for a more penetrating analysis of GABAergic synapses 
than is possible with immunocytochemistry based on a single 
marker. Such an approach is desirable in view of the apparent 
mismatch between individual markers observed in many trans- 
mitter systems (Herkenham, 1987), including the GABA system 
(Yazulla et al., 1989). 
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