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A transporter thought to mediate accumulation of GABA into
synaptic vesicles has recently been cloned (Mclntire et al.,
1997). This vesicular GABA transporter (VGAT), the first vesic-
ular amino acid transporter to be molecularly identified, differs
in structure from previously cloned vesicular neurotransmitter
transporters and defines a novel gene family. Here we use
antibodies specific for N- and C-terminal epitopes of VGAT to
localize the protein in the rat CNS. VGAT is highly concentrated
in the nerve endings of GABAergic neurons in the brain and
spinal cord but also in glycinergic nerve endings. In contrast,
hippocampal mossy fiber boutons, which although glutamater-
gic are known to contain GABA, lack VGAT immunoreactivity.
Post-embedding immunogold quantification shows that the

protein specifically associates with synaptic vesicles. Triple
labeling for VGAT, GABA, and glycine in the lateral oliva superior
revealed a higher expression of VGAT in nerve endings rich in
GABA, with or without glycine, than in others rich in glycine
only. Although the great majority of nerve terminals containing
GABA or glycine are immunopositive for VGAT, subpopulations
of nerve endings rich in GABA or glycine appear to lack the
protein. Additional vesicular transporters or alternative modes
of release may therefore contribute to the inhibitory neurotrans-
mission mediated by these two amino acids.
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Neurotransmitters are taken up and stored in synaptic vesicles
before exocytotic release to the synaptic cleft (Liu and Edwards,
1997). Synaptic vesicle preparations express several distinct neu-
rotransmitter transport activities, and molecular cloning has iden-
tified cDNAs encoding vesicular transporters for monoamines
(VMATI1 and VMAT2) and acetylcholine (VAChT) (Erickson
et al.,, 1992, 1994; Liu et al., 1992). However, the vesicular trans-
port of amino acid transmitters differs in mechanism from the
transport of monoamines and acetylcholine. In contrast to the
VMATs and VAChHT, which rely chiefly on the pH gradient
(ApH) across the vesicle membrane to drive active transport,
vesicular glutamate transport depends almost entirely on the
electrical gradient (Ay), vesicular GABA transport depends
equally on Ay and ApH, and vesicular glycine transport resembles
vesicular GABA transport in the bioenergetic mechanism (Fykse
and Fonnum, 1988, 1996; Maycox et al., 1990). However, compe-
tition studies using synaptic vesicles from different brain regions
have not definitively resolved whether a single transporter pack-
ages both GABA and glycine or distinct proteins package the two
transmitters (Kish et al., 1989; Christensen et al., 1990, 1991,
Burger et al., 1991). Although in the forebrain most inhibitory
nerve endings have high concentrations of GABA but not glycine,
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in the spinal cord and brainstem nerve endings colocalize GABA
and glycine and at many sites are more abundant than nerve
endings rich in only one of the two inhibitory amino acids (Ot-
tersen et al., 1988, 1995; Helfert et al., 1989, 1992; Osen et al.,
1990; Ottersen and Storm-Mathisen, 1990; Todd and Sullivan,
1990; Kolston et al., 1992; Wentzel et al., 1993; Ornung et al.,
1994, 1996, 1998; Taal and Holstege, 1994; Juiz et al., 1996;
Lahjouji et al., 1996; Yang et al., 1997).

Genetic and pharmacological studies in Caenorhabditis elegans
have recently led to the identification of the first vesicular trans-
porter for an amino acid (Mclntire et al., 1997). The mutant
unc-47 appears to have a presynaptic defect in GABAergic trans-
mission and, surprisingly, accumulates large amounts of GABA.
Complementation studies identified the affected gene, which en-
codes a polytopic membrane protein, suggesting a role in vesic-
ular GABA transport. Supporting this possibility, expression of
the gene and its mammalian homolog in heterologous cell systems
conferred vesicular GABA transport with the anticipated depen-
dence on both Ay and ApH. This vesicular GABA transporter
(VGAT) was competitively inhibited by glycine but with low
potency (ICs, 25 mMm) and did not show significant transport of
[*H]glycine, raising the possibility of a distinct vesicular trans-
porter for glycine but not excluding a role for VGAT in glycine
packaging. In C. elegans the protein is selectively expressed in all
of the nematode’s GABAergic neurons, and in rat the distribu-
tion of VGAT mRNA also indicates expression in GABAergic
neurons.

Here we use antibodies that specifically recognize VGAT to
investigate the regional, cellular, and subcellular localization of
the transport protein in rat brain. By electron microscopic post-
embedding immunogold quantification, VGAT appears at high
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levels in glycinergic as well as GABAergic nerve endings and
associates with synaptic vesicles. A subpopulation of boutons rich
in GABA and/or glycine seems to lack VGAT.

MATERIALS AND METHODS

N-terminal fusion protein. A DNA fragment corresponding to the
N-terminal 99 amino acids of VGAT was amplified by PCR from the rat
c¢DNA using Pfu polymerase (Stratagene, La Jolla, CA) and the primers
5'-CGGGATCCCATGGCCACCCTGCTCCGC-3' and 5'-GGGAAT-
TCGTCCTTGGAGCCCGAGGG-3'. After digestion with BamHI and
EcoRI (Life Technologies, Gaithersburg, MD), the PCR product was
inserted in-frame into the glutathione S-transferase (GST) vector
PGEX-3X (Pharmacia Biotech, Piscataway, NJ) using T4 DNA ligase
(Life Technologies). The construct was then sequenced to confirm the
absence of unwanted mutations in the PCR-generated fragment.

To produce the GST-VGAT fusion protein, Escherichia coli trans-
formed with the construct were grown overnight at 37°C in 1.6% tryp-
tone, induced with 100 uM isopropyl B-D-thiogalactoside for an addi-
tional 3-6 hr at room temperature, pelleted, resuspended in PBS, and
disrupted by vigorous sonication at 0°C. The lysate was sedimented at
14,000 X g to remove cell debris, and the cleared extract was incubated
with glutathione-Sepharose beads (1 hr at room temperature in PBS).
After washing three times with PBS, the GST fusion protein was eluted
from the beads with 10 mm glutathione and 50 mMm Tris-HCI, pH 8.0.

Coupling of synthetic peptide to carrier protein. A peptide corresponding to
the C-terminal 17 amino acids of VGAT was synthesized with an additional
N-terminal cysteine (CVHSLEGLIEAYRTNAED) and coupled to the
carrier protein keyhole limpet hemocyanin (KLH) through the N-terminal
cysteine using m-maleimidobenzoyl-N-hydroxysuccinimide ester.

Immunization. The GSH-VGAT fusion protein (300 ug) and KLH-
conjugated peptide (200 ug), prepared as described above, were diluted
in 500 ul of PBS, emulsified with 500 ul of Freund’s complete adjuvant
(Life Technologies), and injected intradermally into 14-week-old female
New Zealand White rabbits. After 1 month, the animals were boosted

Figure 2. Regional localization of VGAT shown by
immunoperoxidase staining (with Triton) of closely
spaced parasagittal Vibratome sections of rat brain. An-
tibodies N2 to the N-terminal fusion protein (A4) and C1
to the C-terminal peptide (B) show the same distribu-
tion of immunoreactivity. Strong staining is shown in
recognized targets of GABAergic nerve terminals (see
Results). A, Amygdaloid nuclei; 4D area dentata; A Hi,
amygdalohippocampal area; CAI, CA3, hippocampal
subfields; Chx, cortex cerebellaris; CI, colliculus inferior;
CS colliculus superior; Cx, cortex cerebralis; Ce, central
cerebellar nuclei (nucleus interpositus); CP, caudatopu-
tamen; DC, dorsal nucleus cochlearis; EP, nucleus en-
topeduncularis; GP, globus pallidus; LOT, nucleus trac-
tus olfactorius lateralis; N7, nucleus facialis; SNR,
substantia nigra pars reticulata; R, nucleus reticularis
thalami; Pir, cortex piriformis; Th, thalamic nuclei; Sp5,
nucleus tractus spinalis nervi trigemini; 7u, tuberculum
olfactorium; Ve, vestibular nuclei; VP, ventral pallidum;
ZI, zona incerta. Scale bar, 2 mm.
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Figure 1. Specificity of antibodies to VGAT as demonstrated by immu-

noblotting after electrophoretic (SDS-PAGE) separation of proteins.
Left, N2 antibody. Right, C1 antibody. Extracts of brain and VGAT-
expressing PC12 cells (VGAT') show bands with a similar molecular mass
(~57 kDa). The bands are absent in liver and wild-type PC12 cells (w?).
Positions of molecular mass standards are indicated on the left (83, 62,
47.5, 32.5, and 25 kDa, consecutively from the fop).
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Figure 3. Cellular localization of VGAT in hippocampus CAl and area dentata by immunoperoxidase staining. 4, CAl. Nerve terminals containing
VGAT are distributed throughout the layers but are concentrated around the perikarya of pyramidal cells (small arrowheads) and interneurons (large
arrowheads). The cytoplasm of interneuron perikarya shows immunoreactivity but less intense than that of the nerve endings. (The diffuse staining in
the pyramidal layer is attributable to the presence of many stained nerve endings below the focal plane.) N2 antibody with Triton. B, Section adjacent
to that in A4, processed, photographed, and printed in the same conditions but after absorption of the N2 antibody with N-terminal fusion protein. C,
Area dentata. VGAT-containing nerve terminals are distributed similarly as in CA1 on the granule cell bodies and in the neuropil. N2 antibody without
Triton. O, P, R, Strata oriens, pyramidale, and radiatum of hippocampus, respectively; M, G, H, strata moleculare, granulare, and hilus (CA4) of area
dentata, respectively. Asterisks, Blood vessels (emptied by perfusion). DIC optics (in this and subsequent light micrographs). Scale bar: 4, B 50 um;

C, 20 pm.

with a subcutaneous injection of the same amounts of fusion protein or
conjugated peptide emulsified with Freund’s incomplete adjuvant (Life
Technologies). Serum was collected 14 d later and stored at 4°C with
0.02% NaNj; added.

Membrane preparation of cells expressing VGAT. Wild-type PC12 cells
and a previously characterized PC12 cell line stably expressing rat
VGAT (Mclntire et al., 1997) were grown to confluence in DME-H21
medium containing 10% equine serum and 5% Cosmic Calf Serum
(HyClone, Logan, UT). To prepare membranes, the cells were collected,
washed in calcium- and magnesium-free PBS, resuspended in 1 ml of SH
buffer (0.3 m sucrose and 10 mm HEPES-KOH, pH 7.4) with 1.25 mm
Mg-EGTA and protease inhibitors (1 mm PMSF, 2 ug/ml aprotinin, 2
ung/ml leupeptin, 1 ug/ml E64, and 1 pg/ml pepstatin)/15 cm plate, and
disrupted by passage through a cell cracker at a clearance of 10 um
(MclIntire et al., 1997). The homogenate was centrifuged at 27,000 X g
for 35 min, and membranes in the supernatant were pelleted at 64,000 X
g for 1 hr and resuspended in SH buffer with protease inhibitors (as
above).

Preparation of SDS extracts of tissues. SDS extracts from whole rat brain
(four adult Sprague Dawley rats) and liver were prepared by homoge-
nizing the tissues in PBS with SDS (10 mg/ml), 5 mm EDTA, and 1 mm
PMSF with a Dounce homogenizer. The tissue samples were then diluted
in SDS sample buffer containing dithiothreitol and immediately sepa-
rated by SDS-PAGE or stored at —80°C.

Electrophoresis and blotting. Thirty micrograms of protein per lane
were separated at 140 V for ~2 hr or at 6 A overnight. After electro-
phoresis, the separated samples were electroblotted onto nitrocellulose
at 1.2 mA/cm?2. The transfer buffer consisted of 20 mm Tris-HCI, 150 mMm
glycine, and 20% methanol. Nonspecific binding to the blot was blocked

by incubation of the membrane with 5% nonfat milk protein in PBS
containing 0.1% Tween 20 for 1 hr. The blot was then incubated with the
antibodies (N2, 1:2000; C1, 1:200 or 1:400) for 2 hr or overnight at room
temperature. After washing, blots were treated with peroxidase-linked
anti-rabbit IgG, and the complexes were visualized on x-ray film after
incubation with enhanced chemiluminescent substrate (Pierce, Rock-
ford, IL).

Tissue for immunocytochemistry. Nine adult rats (Wistar strain; Moel-
legaard Hansen) of 150-200 gm were deeply anesthetized with pento-
barbital (100 mg/kg), the right atrium was cut open, and the animals were
perfused through the left ventricle—aorta. Animal use was according to
Norwegian law and in agreement with the guidelines of the Society for
Neuroscience. The liquids were delivered by a peristaltic pump at 50
ml/min. After a brief flush of 4% Dextran-T70 (molecular weight, 70,000;
Pharmacia) in 0.1 M sodium phosphate buffer, pH 7.4 (NaPi), for 10-15
sec, one of three different fixatives was introduced: (1) for fixative A, two
rats were perfused with a mixture of formaldehyde/picric acid/glutaral-
dehyde (4/0.2/0.05%) in NaPi; (2) for fixative B, four rats were perfused
with glutaraldehyde/formaldehyde/picric acid (2.5/1/0.02%) (Somogyi
and Takagi, 1982) in NaPi; and (3) for fixative C, three rats were fixed by
formaldehyde/picric acid (4/0.02%) in 0.1 M sodium acetate buffer, pH 6.0
(200 ml, 5 min), followed by the same fixatives in 0.1 M sodium carbonate
buffer, pH 10.5 (400 ml, 20 min). The latter fixative (Berod et al., 1981;
Marcos et al., 1997) had the best preservation of antigenicity and accept-
able ultrastructure (Dehnes et al., 1998). The brains were post-fixed in
the same fixative overnight at 4°C and then kept in diluted fixative (1:10
with the buffer) at 4°C until used.

Fixatives A and C were used for light and electron microscopic immu-
noperoxidase; fixatives B and C were used for electron microscopic
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Figure 4. VGAT in hippocampus CA3 and neocortex. 4, CA3. Nerve endings immunoperoxidase-stained for VGAT are seen to outline unstained
pyramidal cell bodies (arrowheads) and the initial parts of their axons (arrows) or are spread in the neuropil. Mossy fiber terminals in the stratum lucidum
(LU) are not visualized. P, O, Strata pyramidale and oriens, respectively. B, CA3, stratum lucidum. Post-embedding immunogold labeling shows VGAT
in a terminal with pleomorphic vesicles (7)) but not in the large mossy fiber terminals (MT') making asymmetric synapses on a spine (). C, Limb area
of parietal cortex, layer 5. Strongly immunoreactive (peroxidase with Triton) nerve terminals are concentrated along pyramidal cell perikarya (large
arrowheads) and are spread in the neuropil (small arrowheads). On the apical parts of the three large pyramidal cells shown, VGAT-containing boutons
on the back or front of the cells can be seen en face (in part slightly out of focus). Asterisks, Blood vessels. Scale bars: 4, 20 wm; B, 0.5 um; C, 25 um.

immunogold labeling. Fixative C was used for all immunogold illustra-
tions and quantification, except for the double- and triple-labeling exper-
iments, which require glutaraldehyde for demonstration of fixed amino
acids.

Pre-embedding immunoperoxidase. Vibratome sections (40 wm thick)
were cut (4-10°C) and stored (4°C overnight to 3 weeks) in NaPi
containing NaN; (0.1%). Then the sections were rinsed in NaPi, incu-
bated (30 min) in buffer A (0.135 M NaCl and 0.01 M sodium phosphate
buffer, pH 7.4), incubated in buffer B (0.3 M NaCl and 0.1 m Tris-HCI1 pH
7.4) with 10% (v/v) newborn calf serum and then incubated (overnight at
room temperature) with primary antibodies diluted (1:200-1:2000) in
buffer C (buffer B with 1% newborn calf serum). Triton X-100 (Triton;
0.1% in buffers B and C) was included only when stated. When not stated
otherwise, the illustrations are from sections treated with N2 antibody
(1:200 without Triton or 1:1000 with Triton); for illustrations, C1 anti-
body was used at 1:400 (with Triton). The sections were subsequently
washed (three times for 1 min each and two times for 10-20 min each)
in buffer C, incubated (1 hr) with biotinylated donkey anti-rabbit Ig
(1:100; Amersham, Arlington Heights, IL) in buffer C, washed (three
times for 1 min each and two times for 15 min each) in buffer C,
incubated (1 hr) with streptavidin-biotinylated horseradish peroxidase
complex (1:100; Amersham) in buffer C, and washed (three times for 1

min each and two times for 15 min each) in buffer C. Then the sections
were washed (three times for 1 min each) in buffer A, preincubated for
5 min in NaPi with diaminobenzidine (0.5 mg/ml), and then incubated
for 6 min in the same solution containing H,0O, (0.1 mg/ml). The reaction
was stopped by rinsing with NaPi (two times for 3 min each). For light
microscopy, Vibratome sections were mounted in glycerol-gelatin. Brain
areas were identified referring to the atlas of Paxinos and Watson (1986).
For medium- and high-power light microscopy, sections were photo-
graphed by a Leica (Nussloch, Germany) photomicroscope with differ-
ential interference contrast (DIC) optics. For electron microscopy, the
sections were treated with osmium (30-45 min, 10 mg/ml in NaPi),
washed (three times for 1 min each) in NaPi, dehydrated in graded
ethanols (50, 70, 80, and 96% one time for 5 min each and 100% three
times for 10 min each) and propylene oxide (two times for 5 min each),
and embedded in Durcupan ACM. Ultrathin sections were cut and
contrasted (10 mg/ml uranyl acetate for 10-15 min and 3 mg/ml Pb-
citrate for 1-2 min) before viewing in a Phillips CM10 electron
microscope.

Post-embedding immunogold labeling. The freeze—substitution embed-
ding and immunogold labeling were performed as described (Chaudhry
et al., 1995). Small rectangular pieces of aldehyde-perfused brain were
cut by a razor blade, rinsed in NaPi, and immersed in 10 and 20%
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glycerol in NaPi for 0.5 hr and subsequently in 30% glycerol in NaPi
overnight at 4°C. The tissue samples were frozen by plunging into liquid
propane cooled to —190°C by liquid nitrogen in a KF80 Universal
Cryofixation System (Leica, Vienna, Austria). The tissue samples were
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Figure 5. VGAT in basal ganglia and
substantia nigra. A-C, Substantia nigra
pars reticulata. D, Border between cau-
datoputamen (CP) and globus pallidus
(GP). A, D, N2 antibody with Triton. B,
N2 antibody without Triton. C, C1 an-
tibody with Triton. VGAT-containing
small nerve endings coat dendrites
(small arrowheads) very densely and
perikarya (large arrowheads) less com-
pletely. The staining pattern in sub-
stantia nigra and globus pallidus is typ-
ical of the GABAergic afferents from
caudatoputamen. Antibodies to the N
terminus (4, B, D) and C terminus (C)
of VGAT show the same localization
with (4, C, D) and without (B) Triton.
Asterisks, Bundles of unstained nerve
fibers. Scale bars: 4, 50 um; B-D,
20 pm. .

then moved to a Cryo Substitution Apparatus (Leica) precooled to
—90°C, where the samples were substituted with anhydrous methanol
containing 0.5% uranyl acetate. After washing several times with meth-
anol, the samples were infiltrated at —45°C with stepwise increasing
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Figure 6. VGAT in motor nuclei. A, Medulla spinalis, ventral horn in an
upper cervical segment. B, Nucleus facialis. Immunoreactive nerve ter-
minals outline motoneuron perikarya (M, arrowheads). A high proportion
of the terminals contacting these perikarya are known to contain glycine,
alone or in addition to GABA. VGAT-containing terminals in the neu-
ropil (small arrowheads) are sometimes seen to contact dendrites. Asterisk,
Empty blood vessel. Scale bars: 4, 25 um; B, 20 wm.

concentrations of Lowicryl HM20 to methanol and subsequently with
pure Lowicryl HM20 overnight. The resin was polymerized in embed-
ding malls catalyzed by ultraviolet light of 360 nm wavelength for 2 d at
—45°C. Ultrathin sections (80-90 nm) were cut on a Leica ultramic-
rotome with a diamond knife and put on 500 mesh nickel grids. Serial
sections, for processing with three different antibodies, were put on
one-hole grids with a carbon-coated Formvar film. Sections were washed
with 0.1% sodium borohydride and 50 mM glycine in TBST (0.05 m
Tris-HCI, pH 7.4, 0.9% sodium chloride, and 0.1% Triton), blocked in
TBST containing 2% human serum albumin, and then incubated with the
primary antibody diluted (1:20-1:40) in the same blocking solution
overnight at 4°C. They were subsequently washed with TBST and incu-
bated with goat anti-rabbit Ig coupled to 15 nm gold particles (GAR15;
Amersham, Buckinghamshire, UK; diluted 1:20 in TBST) for 1 hr. The
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sections were then, after washing with water, stained with uranyl acetate
(10 min) and lead citrate (1 min).

Electron micrographs were taken in a Phillips CM10 electron micro-
scope. Structures were identified referring to descriptions by Palay and
Chan-Palay (1974) and Peters et al. (1991). The concentrations of gold
particles were measured by means of the data program MORFOREL
(Blackstad et al., 1990). The vesicular association of the gold particles was
analyzed in two different ways: (1) The occurrence of synaptic vesicles
and gold particles was recorded within squares of a lattice placed over the
pictures (Ji et al., 1991). Particles or vesicles touching the sides of the
squares were included only for the bottom and right sides. Squares
containing mitochondria or partly outside an axon terminal were ex-
cluded. (2) The centers of synaptic vesicles and gold particles, as well as
the circumference of the terminal and any intraterminal mitochondria
and areas filled with filament bundles (in basket cell axons), were
recorded on a digitizing tablet by the program Micro Trace (Leergaard
and Bjaalie, 1995). Custom software was used to determine the inter-
center distances from each gold particle to the nearest synaptic vesicle
(Gundersen et al., 1998). This was compared with distances to vesicles
from points randomly distributed over the mitochondria and filament-
free parts of the VGAT-labeled nerve terminals. Statistical analyses of
means and of the correlation of vesicles with immunogold particles were
performed by the Statistica package, the distributions of intercenter
distances were compared using the x? test for equality of distributions
provided by the University of Amsterdam (http://fonsg3.let.uva.nl).

Antibodies. The VGAT antisera from the rabbits (N1 and N2) immu-
nized with the N-terminal fusion protein and the rabbits (C1 and C2)
immunized with the synthetic C-terminal peptide were incubated over-
night in 0.1% Tween 20 containing 5% nonfat dry milk (Carnation, Los
Angeles, CA), 1% goat serum, and 40 mg/ml rat liver acetone powder
(Cappel, West Chester, PA). Then the solutions were transferred to
centrifuge tubes with a 0.45 um filter insert and spun in a Microfuge for
5 min at maximum speed. The N2 serum was used when not stated
otherwise. For negative control, the diluted antibodies were absorbed
overnight with N-terminal fusion protein or C-terminal synthetic pep-
tide. Likewise, omission of antibody or substitution with nonimmune
serum abolished labeling.

Antibody to the GABA transporter GAT-1 was obtained from a rabbit
(68514) immunized with the C-terminal peptide EQPQAGSSASKEAYI
(amino acid residues 584-599 of rat GAT-1) (Guastella et al., 1990)
conjugated to keyhole limpet hemocyanin by glutaraldehyde. Preparation
of antigen, immunization, and purification of antibody followed proce-
dures previously used for glutamate transporters (Lehre et al., 1995). The
antibody was affinity-purified on the peptide immobilized on agarose,
absorbed with immobilized carrier protein treated with glutaraldehyde,
and concentrated by immobilized protein A. It was used for immuno-
peroxidase staining at 0.6 ug/ml with Triton.

Antiserum to aldehyde-fixed glycine (290; Kolston et al., 1992) was
diluted to 1:1000 and absorbed with 200 um GABA previously reacted
with glutaraldehyde (GABA-G), 50 uM L-a-alanine-G, 50 uMm
B-alanine-G, and 50 uM glutamine-G in TBST containing 2% human
serum albumin (HSA) overnight before use. The antiserum to aldehyde-
fixed GABA (990; Walberg and Ottersen, 1992) was diluted 1:1500 and
absorbed with 200 uM glutamate-G, also in TBST containing 2% HSA,
overnight before use. The antibodies to GABA and to glycine were
generated according to the methods established for amino acid immu-
nocytochemistry (Storm-Mathisen et al., 1983) and have been character-
ized for electron microscopic post-embedding immunogold labeling (Or-
nung et al., 1994, 1996). Ultrathin test sections of embedded amino acid
conjugates (Ottersen, 1989), included with the tissue sections processed
with sera 900 and 290, ascertained that significant densities of gold
particles occurred only over fixed GABA or glycine, respectively, and not
over conjugates of other fixed amino acids or over aldehyde-fixed brain
macromolecules in the present conditions.

—

and electron microscopic (D) immunoperoxidase staining shows VGAT-containing nerve terminals in the neuropil (small arrowheads) densely outlining
perikarya and stem dendrites of the large immunonegative neurons (large arrowheads). Boutons in this position are mainly terminals of Purkinje cell
axons. The nuclei are pierced by immunonegative, refringent bundles of myelinated axons (a). Terminals are often lightly stained in their centers;
electron microscopy shows this to be attributable to centrally placed mitochondria (7). A postsynaptic dendrite (D) is immunonegative despite being
opened to penetration of reagents at the Vibratome cut (star). Asterisks, Blood vessels. Scale bars: 4, B, 25 um; C, 20 um; D, 1 pm.
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Figure 7. VGAT and GAT-1 in cerebellum. 4, VGAT; B, GAT-1 in the cortex cerebelli. VGAT is concentrated in nerve terminals, whereas GAT-1,
a plasma membrane protein, is found in terminals and axons. Both proteins are localized in the mixed GABAergic—glycinergic terminals (deriving from
Golgi cells) arranged in rosettes outlining glomeruli in the granular layer (large arrowheads), as well as in the predominantly GABAergic axons and
terminals of the molecular layer (small arrowheads) (deriving from stellate cells and stellate basket cells). The axons and terminals from stellate cells can
be seen forming a plexus in the molecular layer. Around the initial axon segments of Purkinje cells the axons and terminals of basket cells form a dense
plexus called a pinceau (double arrowheads). There is some staining for VGAT in the cytoplasm of the perikarya of stellate, basket, and Golgi
cells (arrows), and Purkinje cells (P). Mo, Gr, molecular and granular layers, respectively. Asterisks, Empty blood vessels. Parasagittal sections of hemisphere,
lobus anterior. C, D, VGAT in nucleus interpositus (a central cerebellar nucleus). Light microscopic (C) (Figure legend continues on preceding page)
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RESULTS
Antibodies to VGAT

The antibodies N2 to the N-terminal fusion protein and C1 to the
C-terminal peptide showed the best staining of immunoblots and
were selected for further study. N2 stained one band on immu-
noblots of PC12 cells expressing VGAT and in extracts of whole
rat brain (Fig. 1, left). The apparent molecular mass of the band
(55-60 kDa) is in agreement with that calculated from the amino
acid composition. There was no staining of liver or control PC12
cells under the same conditions. C1 also stained a single electro-
phoretic band of the same molecular mass in extracts of VGAT-
expressing PC12 cells, but in brain extracts there was an addi-
tional band of lower molecular mass (Fig. 1, right). The nature of
this band is not resolved. The results below are therefore based
on the N2 antiserum unless explicitly stated otherwise. However,
except for a lower signal and higher background with the C1
antiserum, immunocytochemical results with the two antibodies
were in agreement (see below).

Immunoperoxidase localization

Survey of the brain with N2 antibody (Fig. 24) showed a distri-
bution of VGAT immunoreactivity similar to those of recognized
GABAergic markers glutamate decarboxylase (GAD) (Mugnaini
and Oertel, 1985), GABA content and high-affinity GABA up-
take (Ottersen and Storm-Mathisen, 1984), i.e., high-intensity
staining in target areas of short-axon and long-axon GABAergic
neurons. (In the present paper the terms “GABAergic” and
“glycinergic” neurons are used to designate neurons containing
high concentrations of GABA and glycine, respectively, in their
nerve endings and hence being likely to use these amino acids as
transmitters.) Examples of GABAergic long-axon targets are
globus pallidus, ventral pallidum, nucleus entopeduncularis, sub-
stantia nigra pars reticulata, vestibular nuclei, and central cere-
bellar nuclei. Examples of densely innervated GABAergic short-
axon targets are the pyramidal and granular layers of
hippocampus and area dentata, caudatoputamen, amygdaloid
area, and the Purkinje cell layer of the cerebellar cortex, as well
as the superficial layers of the colliculus superior, the dorsal
nucleus cochlearis, and the nucleus tractus spinalis nervi trigem-
ini. The C1 antibody (Fig. 2B) showed an almost identical distri-
bution. (The slight differences apparent in Fig. 24,B are explain-
able by a slight difference in overall staining intensity.)

Higher magnification revealed that the VGAT staining pattern
was attributable to intensely immunoreactive nerve terminal-like
dots (“puncta”) present in all regions but at different densities.
(Below, these are referred to as “nerve endings” or “terminals,”
because subsequent electron microscopy established this identity;
see below.) In hippocampus (Figs. 3, 4) such dots were spread
throughout the cortical layers but were concentrated on the sur-
faces of the perikarya of the principal neurons (pyramidal cells)
and interneurons. This distribution matches that of GAD (Storm-
Mathisen and Fonnum, 1971; Barber and Saito, 1976; Somogyi et
al., 1983b), GABA (Storm-Mathisen et al., 1983), high-affinity
GABA uptake (Hokfelt and Ljungdahl, 1971; Taxt and Storm-
Mathisen, 1984), and GABA transporter GAT-1 (Radian et al.,
1990; Ribak et al., 1996b). In strata oriens and pyramidale rows of
VGAT-immuoreacive dots (Fig. 44) evidently represent the ter-
minals of axoaxonic (chandellier) cells (Somogyi et al., 1983b).
Hippocampal interneurons are known to be GABAergic and the
source of the major part of the GABAergic nerve terminals in the
region (Storm-Mathisen, 1972; Schlander et al., 1987; Soriano et
al., 1990; Frotscher et al., 1992; Hélasy and Somogyi, 1993; Hélasy
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et al., 1996; Ceranik et al., 1997). Interneuron perikarya showed
VGAT staining in the cytoplasm (Fig. 34), probably representing
the protein before insertion into the plasma membrane. Such
staining was not shown by the perikarya of pyramidal or granular
cells (Figs. 3C, 4A4). The axons of the latter, the hippocampal
mossy fibers, give rise to boutons that are thought to be glutama-
tergic but are also enriched with GABA (Sandler and Smith,
1991). These showed no VGAT immunoreactivity (Fig. 44,B), in
agreement with the low staining intensity in stratum lucidum (Fig.
2) and lack of staining of their parent cell bodies (Fig. 3C).

In the cerebral neocortex (Fig. 4C), VGAT-immunoreactive
dots were distributed similarly as in hippocampal archicortex,
consistent with the distribution of nerve terminals that contain
GAD and GABA, and accumulate GABA by high-affinity uptake
and retrograde axonal transport (Hokfelt and Ljungdahl, 1972;
Freund et al., 1983; Somogyi et al., 1981, 1983a, 1984, 1998).

In the basal ganglia (Fig. 5) VGAT-immunoreactive terminals
were quite numerous in the caudatoputamen but by far more
concentrated in the target nuclei of the main GABAergic projec-
tions globus pallidus (Fig. 5D) and substantia nigra (Fig. 54-C).
In the latter nuclei small immunopositive terminals could be seen
to densely outline the dendrites of unstained target neurons. This
is the typical pattern of GABAergic nerve terminals first revealed
by GAD immunocytochemistry (Ribak et al., 1976).

Motoneurons in motor nuclei of the brainstem and spinal cord
were likewise decorated with VGAT-immunoreactive nerve ter-
minals (Fig. 6). The distribution would be consistent with the
combined distributions of GABA-containing and glycine-
containing nerve endings on the surfaces of motoneurons (Yo-
shida and Tanaka, 1989; Shupliakov et al., 1993; Wentzel et al.,
1993; Taal and Holstege, 1994; Ornung et al., 1994, 1996, 1998;
Lahjouji et al., 1996; Yang et al., 1997). Most of the terminals
synapsing on the somata of spinal motoneurons are reported to be
immunoreactive for glycine rather than GABA, a substantial
additional proportion being immunoreactive for both glycine and
GABA, whereas only very few terminals contain GABA but no
glycine. Furthermore, most of the terminals contain the neuronal
glycine transporter GLYT2 (Zafra et al., 1995). The results
illustrated in Figure 6 therefore strongly suggest that VGAT is
present in glycinergic as well as mixed GABAergic—glycinergic
terminals on motoneurons.

In the cerebellar cortex (Fig. 7) there are three main types of
GABAergic interneurons (stellate and basket cells of the molec-
ular layer and Golgi cells of the granular layer) and one type of
GABAergic projection neuron (Purkinje cells, the output neu-
rons of the cerebellar cortex). Of these, Golgi cells are mixed
GABAergic—glycinergic, synapsing on granule cell dendritic dig-
its at the periphery of cerebellar glomeruli. The other types are
enriched with GABA but not glycine in their terminals (Ottersen
et al., 1988). We found VGAT to be enriched in the terminals of
all four categories of neurons (Fig. 7). Stained stellate cell termi-
nals outlined unstained Purkinje cell dendrites in the molecular
layer (Fig. 74). Stained basket cell terminals outlined the Pur-
kinje cell bodies forming the dense plexus of preterminal axons
(“pinceau”) surrounding the Purkinje cell axon hillock. Stained
Golgi cell terminals formed the characteristic rosettes outlining
cerebellar glomeruli in the granular layer. The plasma membrane
GABA transporter GAT-1 was demonstrated for comparison
(Fig. 7B). This protein is localized in terminals and axons of
cerebellar GABAergic neurons (Radian et al., 1990; Itouji et al.,
1996; Morara et al., 1996), except in those of Purkinje cells, which
lack a GABA transporter in their plasma membrane (Storm-
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Figure 8. VGAT in nucleus cochlearis dorsalis. 4, Light microscopic
immunoperoxidase staining shows VGAT-containing nerve terminals in
the neuropil (small arrowheads), where some of them can be seen to
outline dendrites. Perikarya of pyramidal cells (P, fusiform cells) in layer
2 are densely surrounded with VGAT-immunoreactive terminals (large
arrowheads). The highest concentration of VGAT-positive nerve endings
is found in the two superficial layers. (The diffuse darkening between the
immunoreactive terminals here is attributable to numerous similar
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Mathisen, 1975; Ribak et al., 1996a). (They are mainly located in
the subcortical nuclei.) The cortical distribution of GAT-1 was
similar to that of VGAT (and GABA and GAD), but axons en
route to the terminals were stained in addition to the terminals
themselves. GABAergic as well as mixed GABAergic—glycinergic
neurons had some VGAT immunoreactivity in their perikarya
(Fig. 74).

Purkinje cell terminals, the first GABAergic terminals to be
identified in vertebrate brain (Fonnum et al., 1970), are rich in
GAD (Oertel et al., 1981). They are easily identified in the lateral
vestibular nuclei and in the cerebellar nuclei (Fig. 7C,D), where
they form synapses densely distributed along the surface of neu-
ronal perikarya and dendrites. These rather large terminals were
shown to be immunoreactive for VGAT. A lighter center visible
light microscopically in many of the boutons (Fig. 7C) could be
seen electron microscopically to be attributable to clusters of
mitochondria displacing synaptic vesicles from the terminal cen-
ter (Fig. 7D).

In the dorsal nucleus cochlearis (Fig. 84) VGAT-
immunoreactive nerve terminals were densely distributed in the
neuropil of the superficial layers (layers 1 and 2), partly outlining
perikarya and dendrites (Fig. 8B). As in the motor nuclei, the
distribution is compatible with the combined distributions of
GABA-positive and glycine-positive nerve endings (Wenthold et
al., 1987; Osen et al., 1990; Kolston et al., 1992; Ottersen et al.,
1995; Juiz et al., 1996).

In the lateral oliva superior (LSO) (Fig. 9), perikarya and
dendrites were densely studded with VGAT-immunoreactive
nerve terminals. Originating from glycinergic cells in the medial
nucleus of the corpus trapezoideum, most of these terminals are
known to be immunopositive for glycine rather than for GABA
(Wenthold et al., 1987; Helfert et al., 1989, 1992; Glendenning et
al., 1991; Ottersen et al., 1995) and show immunoreactivity for the
neuronal glycine transporter GLYT2 in their plasma membrane
(Zafra et al., 1995). Again, this strongly indicates that VGAT is
present in glycinergic, non-GABAergic nerve endings.

Immunogold localization

The post-embedding immunogold approach was applied for bet-
ter resolution and quantification, using ultrathin sections of tissue
prepared to optimize preservation of immunoreactivity and ul-
trastructure (Chaudhry et al., 1995; Dehnes et al., 1998). In
various brain regions this method produced results (Fig. 10) in
agreement with those obtained by immunoperoxidase. Types of
terminals immunoreactive with the latter method were also
immunogold-labeled in regions including the cerebellar cortex
and nuclei (Fig. 104-D,F), hippocampus (Figs. 4B, 10E), cauda-
toputamen (Fig. 10G), and cochlear nuclei (Fig. 10H). Putative
glutamatergic terminals, forming asymmetric synapses on den-
dritic spines, were not immunoreactive (Fig. 10C,E,G, M, T").
The C1 antibody labeled the same terminals (Fig. 10B) or the
same type of terminals (Fig. 10D) as the N2 antibody in adjacent

«

terminals below the focus plane.) The distribution of immunoreactivity is
compatible with the combined distributions of GABA-containing and
glycine-containing nerve endings (see Results). B, Electron microscopy
confirms that the immunoreactive structures are nerve endings (a—c), one
of which can be seen to form a symmetric synaptic contact (arrow). D,
Dendrite; /-3, layers of the nucleus; ep, ependyma. Asterisks, Blood
vessels; star, surface of Vibratome section. Parasagittal sectioning plane.
Scale bars: 4, 25 um; B, 0.5 um.
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Figure 9. VGAT in mainly glycinergic nerve endings in the LSO. Light microscopic immunoperoxidase staining at intermediate (4) and high (B)
magnification is shown. Stained nerve endings (large arrowheads), partly of large size, densely outline perikarya and stem dendrites of unstained LSO
neurons. These boutons are known to be mainly glycinergic. Some of the stained boutons are shown en face on the surface of perikarya graced by the
section. Others can be seen to be continuous with stained axons (small arrowheads). The nucleus is pierced by tiny bundles of unstained myelinated axons
(a). Asterisks, Empty blood vessel. Parasagittal sectioning plane. Scale bars, 20 um.

sections, although with a weaker signal and a higher background
noise.

The selectivity of the VGAT labeling is illustrated by the
following immunogold particle densities (particles/um?, exclud-
ing mitochondria; tissue fixative C) observed with the N2 anti-
body in the cerebellar granule cell layer [mean + SEM (n)]:
VGAT-immunoreactive Golgi terminals (i.e., mixed GABA-gly-
cine; Ottersen et al., 1988), 66.9 = 12.8 (83); mossy fiber terminals
(i.e., glutamatergic; Ji et al., 1991), 1.7 = 0.20 (40); and granule
cell dendritic digits (i.e., postsynaptic), 1.1 = 0.25 (87). The
difference between the former and the two latter densities, indi-
cating a low tissue background level, was statistically highly sig-
nificant (p < 0.00003, ANOVA, Newman-Keuls test). Back-

ground particle density over empty resin was negligible and was
not subtracted. A few terminals with appearance and size like
Golgi terminals had low particle densities, similar to those over
mossy fiber boutons.

The association of VGAT with synaptic vesicles was studied in
the cerebellar basket cell terminals. In these, synaptic vesicles are
displaced from parts of the terminals by groups of mitochondria
and bundles of filaments, and as indicated by immunoperoxidase
results (Figs. 7, 8, 114), VGAT labeling was restricted to the
regions of the terminals containing synaptic vesicles (Fig. 11B-
D). There was no labeling of the plasma membrane (Figs. 10, 11).
Within the vesicle-containing regions, the gold particles appeared
more closely associated with the synaptic vesicles than with the

—

labels the same boutons (7}, basket) or the same type of boutons (7, Golgi) as does the antiserum to the N terminus. Boutons with pleomorphic vesicles
(7,) making symmetric contacts (E, inset) on the somata (So) of hippocampal pyramidal cells are heavily labeled for VGAT. In the cerebellar nuclei and
striatum, VGAT labeling is likewise in terminals (7, T,), making symmetric synapses. Terminals (7" in E, G) making asymmetric synapses on spines (S)
and other structures in the neuropil are not labeled. In the cochlear nuclei, putative glycinergic terminals (7},) are also labeled for VGAT. D, So,
Dendrites (or dendritic digits) and somata contacted by VGAT-containing boutons; arrowheads, synaptic membrane specializations. Scale bars: 0.5 um;

inset, 0.25 pm.
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Figure 10. Electron microscopic post-embedding immunogold localization of VGAT illustrated in different brain regions. A-D, Cortex cerebelli. E,
Hippocampus CALl. F, Nucleus interpositus (a central cerebellar nucleus). G, Caudatoputamen. H, Nucleus cochlearis dorsalis. 4, C, E-H, Antiserum N2. B,
D, Antiserum C1. The antiserum N2 to the N terminus of VGAT labels both basket cell boutons (7,) contacting Purkinje cell dendrites (D) in the molecular
layer and Golgi cell boutons (7},) in the granule cell layer of cerebellum. Only few particles can be detected in mossy fiber terminals (M), granule cell dendritic
digits (Di), or other structures in the neuropil. In parallel sections, the antiserum C1 to the C terminus (Figure legend continues on preceding page)




9744 J. Neurosci., December 1, 1998, 18(23):9733-9750

intervening cytoplasmic matrix (Fig. 11D). This was further
analyzed in two ways (see Materials and Methods): (1) the
correlation of the presence of immunogold particles and synaptic
vesicles within squares placed in a lattice over the terminals,
excluding mitochondria, was statistically highly significant (p <
0.0001); and (2) the intercenter distance between immunogold
particles and synaptic vesicles was highly significantly different
from that between vesicles and points randomly distributed over
the terminals, excluding mitochondria and filament bundles (Fig.
12). Thus 50% of the particle centers occurred within 20 nm from
the center of the nearest synaptic vesicle, compared with 25% for
random points. Beyond 40 nm, random points were relatively
much more frequent than gold particles.

Nerve endings immunopositive for VGAT represent popula-
tions of predominantly GABAergic terminals (Fig. 104,B,E-G),
as well as mixed GABAergic—glycinergic (Fig. 10C,D) and pre-
dominantly glycinergic terminals (Fig. 10H). The localization of
VGAT in glycinergic as well as in GABAergic nerve endings was
proven by triple-labeling experiments in LSO. Three consecutive
ultrathin sections were immunogold-labeled for GABA, glycine,
and VGAT, respectively (Figs. 134-C, 144-C). Nerve endings
rich in GABA and VGAT had varying levels of glycine (Fig. 13,
T,, Ty). On the other hand, terminals containing high levels of
glycine (Fig. 13, T,, T,) but little (7,) or no (7,) GABA were
immunopositive for VGAT. The same phenomenon is illustrated
in Figure 14 (terminal 7,). Some of the postsynaptic perikarya in
LSO are glycine immunoreactive (cf. Ottersen et al., 1995) and
showed a slight VGAT signal (Fig. 14).

Quantitative analysis of VGAT-immunoreactive boutons in
LSO showed the following immunogold particle densities [parti-
cles/um? of bouton area excluding mitochondria, mean + SEM
(n), tissue fixative B]: GABA-immunoreactive terminals (with or
without glycine), 23.8 * 1.2 (29); terminals immunoreactive for
glycine but not for GABA, 12.7 *= 0.7 (24); and adjacent den-
drites (indicating the low tissue background level), 1.35 * 0.17
(43). All three items were statistically significantly different from
each other (p = 0.0001, ANOVA, Newman-Keuls test). For
these experiments, three adjacent sections were immunogold-
processed for GABA, glycine, and VGAT, respectively (as in
Figs. 13, 14). The same terminals were identified in all of the three
sections. (These particle densities cannot be directly compared
with those presented above for cerebellum, because the tissue
fixative and the exposure to antibodies differed.) The results
suggest that GABAergic nerve endings are equipped with a
higher concentration of VGAT than are glycinergic nerve
terminals.

The analysis in LSO further revealed that some nerve endings
immunopositive for GABA or glycine had low or negligible
labeling for VGAT. This is illustrated in Figure 14 for glycine-
labeled (7,,) and GABA-labeled (7,.) terminals. In the material
investigated, 10 of 39 GABA-immunoreactive terminals (with or
without glycine) and 2 of 26 purely glycine-immunoreactive ter-
minals lacked clear VGAT labeling.

DISCUSSION

Validity of the immunocytochemical labeling

The recognition by the N-terminal antibody N2 of a single protein
with the expected molecular mass in brain as well as in trans-
fected cells demonstrates the specificity of this antibody. Absorp-
tion of the antibody with VGAT fusion protein eliminated the
immunoreactivity, further supporting the specificity of N2. Thus,
although the existence of a cross-reacting protein with the same
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electrophoretic migration as VGAT cannot be strictly excluded,
the observed labeling of tissue structures by N2 does represent
the presence of VGAT, as far as can be judged without the
availability of knock-out animals. (The use of the terms “VGAT
immunoreactivity” and “VGAT labeling” imply these reserva-
tions.) If a cross-reacting protein should exist, it could be another
family member very similar to VGAT. Antibody C1 to the
C-terminal part of VGAT detected a band of the same molecular
mass as antibody N2 but also recognized a lower molecular mass
band, possibly a proteolytic cleavage product. Consistent with this
possibility, although the nature of the latter species remains to be
determined, immunocytochemical labeling with the antibody C1
matches labeling with the N-terminal antibody at regional, cellu-
lar (immunoperoxidase), and subcellular (post-embedding immu-
nogold) levels.

Proof that VGAT localizes to synaptic vesicles

Our electron microscopic observations establish that VGAT is
indeed restricted to synaptic vesicles in inhibitory terminals, as
was inferred from light microscopic observations (Mclntire et al.,
1997). First, immunoperoxidase labeling was strongest in the
parts of labeled nerve endings that contain large numbers of
synaptic vesicles, even when vesicle-poor regions were closer to
the surface from which the antibody and other immunoreactants
had to diffuse. Second, post-embedding immunogold localization
(in which the antibodies have direct access to the antigenic sites
exposed at the surface of the ultrathin section) showed immuno-
reactivity to be confined to the parts of the nerve endings that
contain synaptic vesicles. Third, the immunogold labeling was
shown to be associated with the vesicles rather than with the
intervening cytoplasmic matrix.

The latter is not a trivial task: the maximum distance between
an antigenic site and an immunogold particle is of the same order
of magnitude as a synaptic vesicle diameter. Thus the centers of
immunogold particles occur up to >45 nm away from a mem-
brane carrying the antigenic epitope (Chaudhry et al., 1995). On
the other hand, because of the fact that the section thickness is
similar to the diameter of synaptic vesicles (20-50 nm; Peters et
al., 1991), extravesicular cytoplasm may be projected over a
vesicle profile. For the same reason, vesicular antigenic epitopes
may be inaccessible to the antibodies, when a vesicle does not
reach the surface of the section onto which the antibodies are
applied, because antibodies cannot penetrate the plastic to reach
antigenic epitopes situated deep in the section. Because of these
factors, and because vesicles tend to be closely packed, it is
impossible to know whether an individual immunogold particle
represents a vesicular antigenic epitope. Statistical methods were
therefore applied (Gundersen et al., 1998). These showed (1) that
immunogold particles and synaptic vesicles were highly correlated
spatially, and (2) that the intercenter distance from an immuno-
gold particle to the nearest synaptic vesicle was more frequently
short and less frequently long, compared with points randomly
distributed over the vesicle-containing areas of the immunoreac-
tive nerve endings.

Although the membranes of synaptic vesicles must get briefly
incorporated into the plasma membrane during exocytosis,
VGAT evidently does not attain a high enough concentration in
the plasma membrane to be demonstrated by the present method:
the plasma membrane of the labeled terminals seemed clear of
immunogold particles.
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Figure 11.  VGAT is associated with synaptic vesicles. 4, Pre-embedding electron microscopic peroxidase immunocytochemistry suggests VGAT to be
confined to the vesicle-rich areas (arrows) of the labeled terminals (7') and absent from the areas devoid of vesicles (stars), even when the latter are closer
to the surface (s) of the Vibratome section (cerebellar nucleus with VGAT-containing terminals). B, C, The vesicular localization is confirmed by
post-embedding immunogold labeling. The gold particles are restricted to vesicle-containing areas (arrows), whereas particles are rare in the rest of the
terminal, containing neurofilaments (stars), mitochondria, or intervesicular cytoplasmic matrix. Note that at higher power (D), the plasma membrane
appears clear of labeling, and that most of the particles are associated with the vesicles (basket cell terminals in cerebellar cortex). 7, VGAT-labeled
terminals; 7", VGAT-negative terminal; D, dendrites; A, myelinated axons; Pu, Purkinje cell body. Scale bars: 4A-C, 0.5 um; D, 0.25 pum.
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Figure 12. Quantification of the association of VGAT with synaptic
vesicles (GABAergic basket cell terminals in the cerebellar cortex). Inset,
I1lustration of the recording of data, exemplified by the terminal shown as
an electron micrograph in Figure 11D; the center of each gold particle
(+) and of each identifiable synaptic vesicle (O) is digitized, as well as the
outline of the terminal, excluding mitochondria and (in other terminals)
areas occupied by filaments (compare Fig. 11B,C). Columns, Intercenter
distances between each gold particle (394 particles in 12 terminals) and
the nearest synaptic vesicle sorted into bins of 20 nm, the y-axis showing
percent of total in each bin (columns). Filled circles, Distances to the
vesicle centers from points (1000 per terminal) randomly distributed over
the parts of the terminals accessible to synaptic vesicles (see inset). The
two distributions were statistically significantly different (p = 0.0005,
continuity corrected x? test).

Presence of VGAT in both GABAergic and glycinergic
nerve endings

We demonstrate VGAT immunoreactivity in the terminals of the
easily identifiable GABAergic neurons in the CNS. In addition,
terminals of glycinergic neurons are labeled, whereas putative
glutamatergic nerve terminals show no immunoreactivity. VGAT
therefore appears selectively localized in nerve endings releasing,
separately or together, the inhibitory amino acids GABA and
glycine. This result is consistent with most biochemical data on
uptake of GABA and glycine in synaptic vesicles (Christensen et
al., 1990, 1991; Burger et al., 1991). The report by Kish et al.
(1989) that GABA and glycine did not inhibit the uptake of each
other in synaptic vesicle preparations may have resulted from the
use of a prolonged incubation time (10 min) and/or low substrate
concentrations, perturbing the assay conditions (Christensen et
al., 1991). Furthermore, despite the fact that inhibitory nerve
endings in the forebrain are not enriched with glycine, the vesic-
ular uptake of glycine is similar in forebrain and spinal cord
(Christensen et al., 1991).

While the present study was in progress, a cDNA almost
identical to that encoding VGAT was cloned in mouse (Sagné et
al., 1997). This transporter was termed “vesicular inhibitory
amino acid transporter” (VIAAT), because glycine inhibited
[PH]GABA uptake, the cDNA also appeared to induce uptake of
[*H]glycine (<10% increase over background), and in situ hy-
bridization in rat brain indicated expression of VIAAT mRNA
not only in GABAergic neurons but also in regions rich in
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Figure 13.  Triple labeling for GABA (A), glycine (B), and VGAT (C) in
adjacent ultrathin sections of LSO. VGAT is localized in terminals
selectively immunoreactive for GABA (T,), as well as in ones showing
mixed immunoreactivity for GABA and glycine (7)) or selective immu-
noreactivity for glycine (7,, T, T,;). One small putative glycinergic ter-
minal (7,) has only a low (perhaps insignificant) level of VGAT. A
putative glutamatergic terminal (7,) illustrates the low “background”
levels of particle densities. The postsynaptic dendrite (D) has a slight
glycine signal. m, Mitochondria. Scale bar, 1 uwm.
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glycinergic neurons. [ *H]Glycine uptake by VGAT has since been
demonstrated also by E. Giovanetti, R. J. Reimer, and R. H.
Edwards (unpublished data). In light of the present results, the
difficulties of both groups to demonstrate a robust signal of
[*H]glycine uptake probably represents a technical problem.
However, the possibility still exists that glycine uptake in situ is
mediated by an additional protein.
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Figure 14.  Zero or low levels of VGAT in
subpopulations of nerve terminals that are
enriched with GABA or glycine. Adjacent
ultrathin sections of LSO were incubated
with antibodies to GABA (A), glycine (B),
and VGAT (C). Two putatively “pure” gly-
cinergic terminals (7, and 7},), synapsing on
a neuronal soma (S), show differential
VGAT labeling. Although 7}, is enriched
with VGAT, T, is not. In A, contrast the
lack of GABA immunoreactivity in vesicle-
containing areas of 7, and 7, with the in-
tense labeling of a nearby small terminal (at
the top border). A myelinated axon (A) is
immunoreactive for glycine. Insets, A
GABA-labeled terminal (7,.), forming a
symmetric synapse on a dendrite (D), is not
labeled for glycine or for VGAT. Another
terminal (7)) apposed to the same dendrite
is unlabeled with all three antibodies. The
postsynaptic neuronal soma (.S) has a mod-
erate glycine signal and a slight VGAT sig-
nal. Scale bars, 0.5 um.

Because GABA and glycine appear to share a vesicular uptake
mechanism, they must accumulate in and undergo release from
the same synaptic vesicles. The latter has recently been demon-
strated in the spinal cord by recording miniature inhibitory
postsynaptic currents (Jonas et al., 1998). Other factors, such as
transmitter synthesis and plasma membrane uptake, may deter-
mine whether synaptic vesicles preferentially accumulate GABA
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or glycine (cf. Christensen et al., 1991). These factors will differ
among terminals but should be uniform for the vesicles within a
single terminal. At least in the LSO, there appears to be a switch
from GABAergic to mainly glycinergic during development (Ko-
tak et al., 1998).

In the absence of GAD, most nerve endings contain virtually
no GABA, whereas glycine is present in varying amounts. If the
vesicles have VGAT, they will therefore contain glycine but no
GABA. In the presence of GAD, the GABA formed will com-
pete with glycine, partly or fully replacing vesicular glycine. Many
nerve endings are observed to have both glycine and GABA, both
of which appear to associate with synaptic vesicles (Ottersen et al.,
1988, 1990). However, experiments with cerebellar slices in vitro
suggest that the depolarization-induced depletion of glycine from
Golgi terminals is calcium-dependent to a lesser extent than that
of GABA (Ottersen et al., 1990), raising the possibility of non-
vesicular release. Further experiments will be needed to deter-
mine whether this is a general phenomenon, and whether it
results from reduced incorporation of glycine relative to GABA
into synaptic vesicles.

The observation that GABA-rich nerve terminals in LSO con-
tain more VGAT than do glycine-rich terminals was surprising. In
synaptic vesicles isolated from rat CNS, GABA appears to have a
higher affinity than glycine for vesicular uptake, and at 1 mwm,
GABA accumulates twice as rapidly as glycine, regardless of
whether the vesicles come from the brain or spinal cord (Chris-
tensen et al., 1991). VGAT or VIAAT expressed in vitro also
appear to have a higher affinity for GABA than for glycine
(Mclntire et al., 1997; Sagné et al., 1997). GABAergic nerve
endings may therefore need less VGAT than glycinergic terminals
to fill their vesicles with transmitter. Other factors, possibly in-
cluding prevailing firing patterns, may therefore explain the ob-
served opposite difference.

Glycinergic nerve endings appear to be uniquely equipped with
the plasma membrane glycine transporter GLYT2 (Zafra et al,,
1995). This transporter may provide a supply of glycine for the
incorporation into synaptic vesicles of glycinergic nerve terminals.
GLYT?2 apparently does not occur in the forebrain; neither do
nerve terminals enriched with glycine or functional strychnine-
sensitive glycine receptors (Ottersen and Storm-Mathisen, 1990),
although glycine receptor mRNAs do (Malosio et al., 1991).
However, because glycine is presumably present at low concen-
trations in all cells, it is likely that small amounts of glycine
accumulate along with GABA in VGAT-containing synaptic ves-
icles of forebrain GABAergic neurons and could undergo core-
lease with GABA. If so, this could contribute to the (low) extra-
cellular levels of glycine that are required for activating glutamate
receptors of the NMDA type (Johnson and Ascher, 1987).

Despite what has been discussed above, it should be borne in
mind that the existence of other, yet unidentified, selective trans-
porters has not been excluded. An indication that such proteins
may exist is provided by our finding of nerve endings apparently
devoid of VGAT but containing GABA or glycine.
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