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Abstract
The vesicular γ-aminobutyric acid (GABA) transporter (VGAT), which transports the inhibitory
amino acid transmitters GABA and glycine, is localized to synaptic vesicles in axon terminals.
The localization of VGAT immunoreactivity to mouse and rat retina was evaluated with light and
electron microscopy by using well-characterized VGAT antibodies. Specific VGAT
immunoreactivity was localized to numerous varicose processes in all laminae of the inner
plexiform layer (IPL) and to the outer plexiform layer (OPL). Amacrine cell somata characterized
by weak VGAT immunoreactivity in the cytoplasm were located in the ganglion cell layer and
proximal inner nuclear layer (INL) adjacent to the IPL. In rat retina, VGAT-immunoreactive cell
bodies also contained GABA, glycine, or parvalbumin (PV) immunoreactivity, suggesting
vesicular uptake of GABA or glycine by these cells. A few varicose VGAT-immunoreactive
processes entered the OPL from the IPL. VGAT immunoreactivity in the OPL was predominantly
localized to horizontal cell processes. VGAT and calcium binding protein-28K immunoreactivities
(CaBP; a marker for horizontal cells) were colocalized in processes and terminals distributed to
the OPL. Furthermore, VGAT immunoreactivity overlapped or was immediately adjacent to
postsynaptic density-95 (PSD-95) immunoreactivity, which is prominent in photoreceptor
terminals. Preem-bedding immunoelectron microscopy of mouse and rat retinae showed that
VGAT immunoreactivity was localized to horizontal cell processes and their terminals.
Immunoreactivity was distributed throughout the cytoplasm of the horizontal cell processes.
Taken together, these findings demonstrate VGAT immunoreactivity in both amacrine and
horizontal cell processes, suggesting these cells contain vesicles that accumulate GABA and
glycine, possibly for vesicular release.
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The vesicular γ-aminobutyric acid (GABA) transporter (VGAT) concentrates GABA and
glycine into vesicles (McIntire et al., 1997; Sagne et al., 1997) and is localized to synaptic
vesicles in GABA-, glycine-, and GABA/ glycine-immunoreactive nerve terminals in the rat
central nervous system (Chaudhry et al., 1998; Dumoulin et al., 1999). VGAT transport of
these inhibitory amino acid transmitters uses both the chemical (ΔpH) and electrical (Δψ)
components of a luminal proton gradient and not a Na+ gradient like the GABA plasma
membrane transporters (Cammack and Schwartz, 1993; Risso et al., 1996; McIntire et al.,
1997). In addition, mutant Caenorhabditis elegans with nonfunctional VGAT exhibit an
increase in the level of cytoplasmic GABA and the absence of GABA function, suggesting
that VGAT transport activity is restricted to the vesicular membrane (McIntire et al., 1993).

GABA and glycine are the predominant fast, inhibitory transmitters in the inner retina.
Numerous amacrine and displaced amacrine cells contain GABA or glycine and express the
GABA synthetic enzymes glutamic acid decarboxylase65 and 67 (GAD65 and GAD67) and
the GABA plasma membrane transporters-1 and −3 (GAT-1 and GAT-3) or the glycine
plasma membrane transporter-1 (GlyT-1) (Hendrickson et al., 1988; Pourcho and
Owczarzak, 1991; Johnson et al., 1996; Crook and Pow, 1997; Menger et al., 1998; Vardi et
al., 1998; Haverkamp and Wässle, 2000). Furthermore, GABA- and glycine-
immunoreactive amacrine cell terminals have synaptic contacts with accumulations of
synaptic vesicles, suggesting that these cells release GABA or glycine by conventional
vesicular mechanisms (Hendrickson et al., 1988; Chun and Wässle, 1989; Grünert and
Wässle, 1990; Lopez-Costa et al., 1999).

GABA and the GAD isoforms, but not glycine, are localized to horizontal cells in several
mammalian species, including the cat, rabbit, and primate (Moran et al., 1986; Mosinger and
Yazulla, 1987; Chun and Wässle, 1989; Wässle and Chun, 1989; Grünert and Wässle, 1990;
Perez and Davanger, 1994; Vardi et al., 1994; Johnson and Vardi, 1998; Menger et al., 1998;
Haverkamp and Wässle, 2000). In rabbit and primate retina, most studies report that
horizontal cells contain GABA immunoreactivity and that rabbit and primate GABA-
immunoreactive horizontal cells show a nonuniform distribution (Mosinger and Yazulla,
1987; Grünert and Wässle, 1990; Pow et al., 1994; Johnson and Vardi, 1998). Furthermore,
in adult cat, rabbit, and primate retina, horizontal cells contain GAD65 or GAD67
immunoreactivity or mRNA (Sarthy and Fu, 1989a,b; Vardi et al., 1994; Vardi and
Auerbach, 1995; Johnson and Vardi, 1998).

The presence of GABA and GAD immunoreactivities in mouse and rat horizontal cells,
however, is not certain (Schnitzer and Rusoff, 1984; Kosaka et al., 1994; Yazulla et al.,
1997; Koulen et al., 1998b; Haverkamp and Wässle, 2000). Prominent GAD
immunoreactivity is observed in mouse horizontal cells between birth and postnatal day 12
(Schnitzer and Rusoff, 1984) but is absent in mice older than 4 weeks of age (Yazulla et al.,
1997; Haverkamp and Wässle, 2000). In adult rat horizontal cells, immunohistochemical
studies indicate that GABA and GAD immunoreactivity is either weak (Brecha, 1992;
Fletcher and Kalloniatis, 1997; Koulen et al., 1998b) or not present (Vaughn et al., 1981;
Mosinger et al., 1986; Brecha et al., 1991; Kosaka et al., 1994; Yazulla et al., 1997).
However, the presence of GABAA and GABAC receptor subunit immunoreactivity in adult
rodent outer retina (Greferath et al., 1993; Enz et al., 1996; Yazulla et al., 1997; Wässle et
al., 1998; Haverkamp and Wässle, 2000) supports the idea that GABA is used as a
transmitter in the adult mouse and rat OPL (Vardi et al., 1992; Greferath et al., 1994b; Vardi
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and Sterling, 1994; Wässle et al., 1998). Horizontal cells are one possible source of GABA.
A second possible source is the small number of GABA-containing interplexiform cell
processes that extend into the OPL, although they are likely to be a minor source of GABA
(Mosinger et al., 1986; Ryan and Hendrickson, 1987; Wässle and Boycott, 1991).

Mechanisms underlying transmitter release from mammalian horizontal cells are poorly
understood. GABA may be released by a plasma membrane transporter, in a manner similar
to that reported for GABA release from nonmammalian horizontal cells (Schwartz, 1982,
1987; Yazulla, 1983; Yazulla and Kleinschmidt, 1983; Cammack and Schwartz, 1993; Dong
et al., 1994). In addition, turtle, fish, and rabbit horizontal cells isolated from an eye-cup
preparation fail to internalize significant quantities of SR 101, a fluorescent probe used to
monitor activity-dependent endocytosis events (Miller et al., 2001). This finding is
supportive of studies indicating that horizontal cells do not release GABA by means of a
vesicular mechanism.

Alternatively, GABA could be released in a vesicular manner from mammalian horizontal
cells. In human, rabbit, and cat retina, ultrastructural studies consistently demonstrate a few
synaptic specializations with small clusters of synaptic vesicles between horizontal cell
process and bipolar cell dendrites and scattered vesicles throughout the cytoplasm of
horizontal cell processes and their tips (Dowling et al., 1966; Raviola and Gilula, 1975;
Linberg and Fisher, 1988; Brandstätter et al., 1999). Furthermore, in rat and rabbit retina,
proteins implicated in vesicular transmitter release such as synaptoporin, SNAP-25, and
Rab3A have been localized to horizontal cells and they are also distributed throughout these
processes (Brandstätter et al., 1996; Grabs et al., 1996; Koulen et al., 1999). Clearly, further
studies are needed to establish the mechanisms underlying transmitter release from
mammalian horizontal cells.

The present studies have focused on the localization of VGAT immunoreactivity in the
mouse and rat retina to determine the sites of GABA and glycine vesicular transport. The
distribution of VGAT immunoreactivity has been determined by using polyclonal antibodies
to the N-and C- termini of VGAT. These studies reveal VGAT-immunoreactive somata in
the ganglion cell layer (GCL) and inner nuclear layer (INL) as well as in numerous
processes distributed throughout the IPL and OPL. VGAT-immunoreactive horizontal cell
processes in the OPL invaginate photoreceptor terminals. Some of the findings have been
presented in abstract form.

MATERIALS AND METHODS
Tissue preparation

The retinae from adult male Sprague-Dawley rats and C57BL/6J mice were used for these
studies. The Animal Research Committees of UCLA, the VAGLAHS, the Federal
Government of Germany, and the Max Planck Society approved the care and handling of the
animals in accordance with all institutional and NIH guidelines.

Rats and mice were deeply anesthetized with a lethal dose of Nembutal (80–90 mg/kg).
Some animals were perfused through the heart with 0.1 M phosphate buffered saline (PBS;
pH 7.4), followed by either 2% or 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer
(PB; pH 7.4). Each eye was removed, dissected, and the posterior eye cup containing the
retina was immediately immersed in PFA fixative for 0.5, 1, or 2 hours at room temperature.
In some experiments, animals were killed with a lethal dose of Nembutal and the posterior
eye cup containing the retina was dissected and immediately immersed in 4% PFA for 15
minutes. The eyes were then stored overnight in 25% sucrose in 0.1 M PB at 4°C. Cryostat
sections of the retina were cut at 12–15 µm, mounted on gelatin-coated slides, air-dried, and
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stored at −20°C. For preembedding immunoelectron microscopy, Vibratome sections of the
retina were cut at 50 µm from nonperfused, immersion-fixed retina.

Antibodies
The VGAT N-terminus fusion protein was produced in Escherichia coli transformed with a
DNA construct containing the predicted 99 amino acids of the rat VGAT N-terminus fused
to glutathione S-transferase (Chaudhry et al., 1998). Antibodies to the VGAT N-terminus
fusion protein were raised in New Zealand White rabbits (Chaudhry et al., 1998). The
VGAT antibody recognizes a single protein of the expected molecular size in Western blots
of rat brain and transfected cells (Chaudhry et al., 1998). A VGAT C-terminus antibody
(Chaudhry et al., 1998) and a commercially available VGAT antibody (Chemicon,
Temecula, CA) were also used in these studies. A mouse monoclonal antibody against CaBP
(clone CL-300; Sigma, St. Louis, MO) was used to identify horizontal cells (Röhrenbeck et
al., 1987). A mouse monoclonal antibody against GABA (Sigma) was used to identify
GABA-immunoreactive amacrine cells; a mouse monoclonal antibody against PV was used
to identify the glycine-containing AII amacrine cells in the rat retina (Wässle et al., 1993); a
rat polyclonal antibody against glycine (kindly donated by Dr. D. Pow; University of
Queensland, Brisbane, Australia) was used to identify glycinergic amacrine cells and a
mouse polyclonal antibody against PSD-95 (Chemicon) was used to identity photoreceptor
terminals.

Immunohistochemistry
Retinal sections were incubated in affinity purified goat anti-rabbit IgG Alexa 488 or goat
anti-mouse IgG tetra-methyl rhodamine Red-X (Molecular Probes, Eugene, OR, or Jackson
Immuno Labs, West Grove, PA) at a dilution of 1:1,000 and 1:50, respectively, for 2 hours
at room temperature and washed in 0.1 M PB. Sections were mounted if free floating and
cover-slipped with a glycerol-phosphate buffer-containing 2% potassium iodide (pH 7.4) to
retard fading. Double-label sections were incubated 12–48 hours in a mixture of primary
antibodies to VGAT and CaBP, GABA, glycine, PV, or PSD-95 with 1% normal goat serum
(NGS) and 0.5% Triton X-100 at 4°C.

Specificity of VGAT immunoreactivity was assessed by preadsorbing the VGAT antibody
with 10−5 M VGAT fusion protein (Chaudhry et al., 1998) overnight at 4°C and by using the
preadsorbed antibody in place of the primary antibody.

Immunoelectron microscopy
Retinal sections were frozen and thawed, embedded in agar, and cut at 50–100 µm with a
Vibratome. Retinal sections were then incubated for 4 days at 4°C in the VGAT antibody
that was diluted to 1:2,000 in 3% NGS, 1% bovine serum albumin (BSA), and 0.1 M PB.
The sections were washed and incubated in biotinylated goat anti-rabbit avidin-biotin-
peroxidase complex (Vector Labs, CA). Sections were rinsed several times in PBS and
0.05% Tris-HCl, pH 7.6 (TB), and then incubated in 0.05% di-aminobenzidine (DAB) in TB
with 0.01% H2O2. Processed sections were rinsed in cacodylate buffer (0.1 M, pH 7.4) and
post-fixed in 2.5% glutaraldehyde followed by silver intensification to provide a particulate
appearing peroxidase product. Ultrathin sections were cut and stained with uranyl acetate
and lead citrate (Brandstätter et al., 1996). Detection of immunoreactivity and microscopic
analysis were performed as previously described (Sassoè-Pognetto et al., 1994).

Fluorescence and confocal microscopy
VGAT-, CaBP-, GABA-, glycine-, PV-, and PSD-95–immunoreactive somata and processes
were examined in transverse sections by using conventional fluorescence microscopy.
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Sections were also examined by using a Zeiss Laser Scanning Microscope 410 with Plan
Nufluor 40× 1.3 na, 63× 1.25 na, or 100× 1.4 na oil objectives. Confocal images were
acquired at 1-µm thickness. Images prepared for presentation consisted of 4 or 5 collapsed 1-
µm-thick sections. Digital images were adjusted for brightness and contrast by using Adobe
Photoshop 5.5 (Adobe Systems, Inc., Mountain View, CA).

RESULTS
VGAT immunoreactivity in mouse and rat retina

Specific VGAT immunoreactivity was present in both the inner and outer retina, and absent
in the photoreceptor, outer nuclear layer, optic nerve fiber layer and optic nerve (Fig. 1A,C)
in rat and mouse retinae. Immunoreactivity was observed in central and peripheral retina
regions. No differences in the pattern of immunoreactivity were observed by using different
fixations (2% or 4% PFA) or fixation times (0.5, 1, or 2 hours). The immunoreactive
patterns with the C-terminus (Chaudhry et al., 1998) and the commercially available
antibodies were identical to that obtained with the antibody to the VGAT N-terminus (data
not shown). The C-terminus and commercially available antibodies produced weaker overall
immunostaining than the VGAT N-terminus antibody (data not shown). The VGAT N-
terminus antibody, therefore, was used throughout the study. No immunoreactivity was
observed in sections incubated in the N-terminus VGAT antibody preadsorbed with the N-
terminus VGAT fusion protein, further demonstrating the specificity of the VGAT antibody
(Fig. 1B).

Localization of VGAT immunoreactivity to the inner retina
VGAT immunoreactivity was strongest in the IPL with numerous immunostained processes
and puncta in all laminae of the IPL in both rat and mouse (Fig. 1A,C). VGAT-
immunoreactive processes were densely distributed across the IPL laminae, suggesting the
expression of VGAT immunoreactivity by multiple cell types with processes in one or more
laminae of the IPL. In ultrastructural preparations, VGAT immunoreactivity was localized to
amacrine cell processes in the IPL (data not shown).

The VGAT immunolabeled cells in the proximal INL were weakly immunostained and
identified as amacrine cells based on their small size and position in the INL adjacent to the
IPL (Figs. 1A,C, 2A,C,E, 4A). Rarely occurring and weakly labeled small cell bodies were
in the GCL and identified as displaced amacrine cells on the basis of their size (Figs. 1C,
arrow). VGAT immunoreactivity was not observed in medium or large cell bodies in the
GCL.

To better demonstrate the faintly VGAT-immunoreactive amacrine cell bodies in the INL
and processes in the OPL, the contrast and brightness in Figure 1A and C were increased. To
better illustrate the distribution of VGAT immunoreactivity to the IPL, the contrast and
brightness in Figure 1A and C were decreased. Further documentation of VGAT
immunoreactivity in amacrine cell bodies is provided in Figures 2 and 3.

Some VGAT-immunoreactive processes were also observed to cross the INL (Fig. 3 A,B,
arrow) into the OPL where they ramified in this layer. These processes were observed in all
retinal regions. These observations indicate the presence of VGAT-immunoreactive
interplexi-form cells.

VGAT colocalized with GABA, glycine, and PV immunoreactivity in processes and somata
in the inner retina of the rat (Fig. 2A – F). Strong VGAT immunoreactivity was present in
all laminae of the IPL, making the use of light microscopy to colocalize VGAT to GABA-
or glycine-containing amacrine cell processes difficult. To address this problem, we focused
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on amacrine somata with immu-noreactivity to VGAT and one of the following antibodies:
GABA, glycine, or PV. There was colocalization of weak VGAT immunoreactivity and
GABA immunoreactivity in amacrine cell bodies in the INL. Some VGAT-immuno-reactive
somata did not contain GABA immunoreactivity.

Double-labeling experiments were performed with VGAT and glycine (Fig. 2C,D) and with
VGAT and PV (Fig. 2E,F) antibodies to further characterize the expression of VGAT in the
inner retina. Glycine immunoreactivity was present in two layers of amacrine cell somata in
the inner margin of the INL (Chaudhry et al., 1998; Menger et al., 1998). ON-type bipolar
cells in the distal INL that receive glycine through gap junctions formed with AII amacrine
cells (Vaney et al., 1998) contained weak glycine immunoreactivity. Many VGAT-
immunoreactive cell somata also contained glycine immunoreactivity and all the glycine-
immunoreactive amacrine cells contained VGAT immunoreactivity. No glycine-
immunoreactive bipolar cells contained VGAT immunoreactivity. PV antibodies mark
glycine-containing AII amacrine cells (Wässle et al., 1993). A subset of VGAT-
immunoreactive amacrine cell somata contained PV immunoreactivity and all PV-
immunoreactive amacrine cell somata contained VGAT immunoreactivity (Fig. 2E,F).

Localization of VGAT immunoreactivity to the outer retina
VGAT immunoreactivity in the outer retina was distributed along the distal border of the
OPL (Figs. 1A, 4A,C). Immunoreactivity was localized to multiple, laterally running
processes, many fine caliber processes and tips.

Individual immunoreactive puncta, presumably corresponding to horizontal cell process
terminals, were located along the border of the OPL and ONL. This pattern suggests the
presence of horizontal cell terminals that invaginate photoreceptor terminals (Fig. 4A,C).

Other studies have shown that CaBP immunoreactivity is localized to horizontal cell bodies
and processes in the mouse and rat retina (Röhrenbeck et al., 1987; Peichl and Gonzalez-
Soriano, 1994). To confirm the presence of VGAT immunoreactivity in horizontal cells,
retinal sections were double labeled with antibodies to VGAT and CaBP. VGAT and CaBP
immunoreactivity colocalized in primary and secondary processes and smaller processes and
puncta in the most distal region of the OPL (Fig. 4A – D). VGAT immunoreactivity was in
all CaBP-immunoreactive puncta, indicating the presence of VGAT in all horizontal cell
processes and terminals.

In the outer rat retina, PSD-95 immunoreactivity is localized to rod spherules (Koulen et al.,
1998a). Double-label experiments with antibodies to VGAT and PSD-95 were performed to
characterize the distribution of VGAT immunoreactivity in horizontal cell tips. VGAT-
immunoreactive horizontal cell puncta are localized within (Fig. 5A–C, arrow) and adjacent
to PSD-95–immunoreactive photoreceptor terminals (Fig. 5A – C), suggesting that VGAT is
in horizontal cell tips that are embedded in photoreceptor terminals.

VGAT immunoreactivity was present in mouse and rat horizontal cell processes and their
tips in rod spherules as demonstrated at the electron microscopic level (Fig. 6A,B). In
ultrastructural preparations, VGAT immunoreactivity was characterized by a particulate
appearance after silver intensification of the DAB reaction product. VGAT
immunoreactivity in horizontal cell processes was restricted to the cytoplasm, and it was
located near the plasma membrane. VGAT immunoreactivity was detected in horizontal cell
processes that invaginated rod terminals, and they were located as lateral elements below the
terminal. Neither photoreceptor terminals nor putative bipolar cell dendrites contained
VGAT immunoreactivity.
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The appearance of the reaction product was similar to that seen in other preembedding
electron microscopy preparations by using antibodies to synaptoporin (Brand-stätter et al.,
1996). Because the retina tissue structure was compromised in our preparations due to the
light fixation and preembedding protocol used to demonstrate VGAT immunoreactivity, it
was not possible to reliably localize VGAT immunoreactivity to cellular organelles and
other intracellular structures in these preparations.

DISCUSSION
VGAT immunoreactivity is localized to displaced amacrine, amacrine, and horizontal cells
in mouse and rat retina. In rabbit and primate retina, we have also observed VGAT
immunoreactivity in amacrine cells and horizontal cell processes and terminals (Haverkamp
et al., 2000; unpublished observations). VGAT immunoreactivity in the inner retina is most
prominent in the IPL and localized to amacrine cell processes that are distributed to all
laminae of the IPL. Interplexiform cells, which are considered an amacrine cell variant
(Wässle and Boycott, 1991), also contain VGAT immunoreactivity. Double-label studies
show that VGAT is localized to both GABA- and glycine-containing amacrine cells. Finally,
the small VGAT-immunoreactive cells in the GCL are likely to be displaced amacrine cells
and likely correspond to displaced amacrine cells that also express GABA, GAT-1, and
GAT-3 immunoreactivity (Kosaka et al., 1994; Johnson et al., 1996; Haverkamp and
Wässle, 2000). A few sparsely occurring GABA-containing ganglion cells have been
reported in rat retina (Caruso et al., 1989), and we cannot completely rule out that some cells
identified as displaced amacrine cells may be small ganglion cells. In the outer retina,
horizontal cell processes and their tips located within photoreceptor terminals contain
VGAT immunoreactivity.

The specificity of the VGAT immunoreactivity in the mouse and rat retina was confirmed
by the absence of immunoreactivity observed in sections incubated with antibody
preadsorbed with excess fusion peptide. In addition, the same immunoreactivity pattern was
observed by using two other antibodies to VGAT, providing additional assurance of the
specificity of the VGAT immunoreactivity. An additional control for the specificity of the
N-terminus VGAT antibody was conducted by a BLAST search during March of 2001 by
using the VGAT N-terminus protein sequence used to produce the antibody. This search did
not reveal other proteins with a similar amino acid sequence.

VGAT is a membrane protein that seems to be predominately if not exclusively localized to
synaptic vesicles in neuronal processes based on several different experimental observations
(Chaudhry et al., 1998; Dumoulin et al., 1999). There is a similar distribution in
Caenorhabditis elegans of a green fluorescent protein-tagged VGAT construct and the
synaptic vesicle-related proteins, synaptobrevin, synaptotagmin, and Rab3A (McIntire et al.,
1997). In addition, postembedding immunogold electron microscopic studies of inhibitory
terminals in the rat central nervous system demonstrate that VGAT immunoreactivity is
associated with synaptic vesicles and that it is not localized freely within the cytoplasm or to
the plasma membrane (Chaudhry et al., 1998; Dumoulin et al., 1999). Furthermore, VGAT
has been localized to both GABA-and glycine-immunoreactive axon terminals in double-
label studies (Chaudhry et al., 1998; Dumoulin et al., 1999). Finally, antibodies to VGAT
have been used to immunoisolate GABA-containing synaptic vesicles from brain
homogenates, and these immunopurified vesicles transport GABA, but not other amino
acids, including glutamate (Takamori et al., 2000). Other studies have shown that VGAT
transports the inhibitory amino acid transmitters GABA and glycine into vesicles by using
an outward H+gradient (McIntire et al., 1997). Taken together, these findings indicate that
VGAT transports GABA and glycine from the cytoplasm into synaptic vesicles.
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VGAT immunoreactivity is localized to amacrine cells
The general pattern of VGAT immunoreactivity in the inner retina is similar, although not
identical, to the reported patterns of GABA, glycine, GAD isoforms, GAT-1 and −3, and
GlyT-1 immunoreactivity in the inner retina (Brandon, 1985; Mosinger et al., 1986; Johnson
et al., 1996; Menger et al., 1998). For example, VGAT immunoreactivity in amacrine cell
somata in the GCL and proximal INL is very weak, with immunoreactivity restricted to the
cytoplasm. In contrast, GABA and glycine immunoreactivity is prominent in the somata,
and GAT-1 and GlyT-1 immunoreactivity is primarily located near or at the plasma
membrane (Brecha and Weigmann, 1994; Johnson et al., 1996; Pow and Hendrickson,
1999). In the IPL, VGAT, GABA, GAD isoforms, GAT-1– and −3–, glycine-, and GlyT-1–
immunoreactive processes are distributed to all laminae of the IPL, with some variations in
the density of immunoreactivity in different IPL laminae (Chun and Wässle, 1989; Wässle
and Chun, 1989; Vardi et al., 1994; Johnson et al., 1996; Vaney et al., 1998; Pow and
Hendrickson, 1999). The VGAT-immunoreactivity pattern in the IPL is consistent with
ultrastructural studies showing the presence of synaptic vesicles at chemical synapses in
amacrine cell processes containing GAD, GABA, or glycine immunoreactivity (Vaughn et
al., 1981; Marc and Liu, 1985; Cohen and Sterling, 1986; Hendrickson et al., 1988; Mandell
et al., 1992).

The presence of VGAT immunoreactivity in glycine-immunoreactive amacrine cell bodies
and processes is consistent with reports of VGAT immunoreactivity in glycine-
immunoreactive processes elsewhere in the nervous system (Chaudhry et al., 1998;
Dumoulin et al., 1999). Furthermore, AII amacrine cells, which contain both glycine and PV
immunoreactivities in the rat retina, also contain VGAT immunoreactivity (Menger et al.,
1998; Wässle et al., 1998).

Finally, the presence of VGAT immunoreactivity in fibers crossing the INL and entering the
OPL are likely to originate from interplexiform cells. Interplexiform cells are also reported
to contain GABA and GAT-1 immunoreactivity in the rat retina (Mosinger et al., 1986;
Johnson et al., 1996).

VGAT immunoreactivity is localized to horizontal cells
GABA and GAD immunoreactivity in adult mouse and rat horizontal cells is reported as
weak or not present (Brandon, 1985; Brecha, 1992; Kosaka et al., 1994; Fletcher and
Kalloniatis, 1997; Yazulla et al., 1997; Koulen et al., 1998b; Haverkamp and Wässle, 2000).
Furthermore, some studies have failed to detect evidence of either GAD or GABA
immunoreactivity or GAD67 mRNA (Vaughn et al., 1981; Brecha et al., 1991; Kosaka et al.,
1994). However, the localization of VGAT immunoreactivity to adult mouse and rat
horizontal cells provides evidence for the presence of GABA in adult rodent horizontal cells.
The presence of GABA in mouse and rat horizontal cells is consistent with the well-
established localization of GABA to other “nonrodent” mammalian horizontal cells (Agardh
et al., 1987; Mosinger and Yazulla, 1987; Ryan and Hendrickson, 1987; Chun and Wässle,
1989; Pourcho and Owczarzak, 1989; Sarthy and Fu, 1989a,b; Wässle and Chun, 1989;
Grünert and Wässle, 1990; Perez and Davanger, 1994; Vardi et al., 1994; Vardi and
Auerbach, 1995; Johnson and Vardi, 1998; Menger et al., 1998). Glycine has not been
reported in horizontal cells of any mammalian species (Hendrickson et al., 1988; Grünert
and Wässle, 1993; Greferath et al., 1994a; Grünert and Wässle, 1996; Fletcher and
Kalloniatis, 1997; Pow and Hendrickson, 1999; Haverkamp and Wässle, 2000).

VGAT immunoreactivity is present in horizontal cell puncta and laterally extending
processes. The colocalization of VGAT immunoreactivity with the horizontal cell marker,
CaBP (Röhrenbeck et al., 1987) confirms the presence of VGAT in horizontal cell processes
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and tips. The double labeling of rat retina with VGAT and PSD-95, used as a marker for rod
photoreceptor terminals (Koulen et al., 1998a), suggests the invagination of photoreceptor
terminals by VGAT-labeled horizontal cell tips. VGAT immunoreactive horizontal cell
processes are also near the base of photoreceptor terminals. Ultrastructural localization of
VGAT immunoreactivity confirmed the presence of VGAT in horizontal cell processes and
also showed that these processes invaginate photoreceptor terminals.

The present studies indicate that VGAT is localized to horizontal cells and is prominent in
horizontal cell tips that would be in contact with photoreceptor terminals and bipolar cell
dendrites. The observation of synaptic specializations between horizontal cell processes and
bipolar cell dendrites, and vesicles in horizontal cell processes (Dowling et al., 1966;
Raviola and Gilula, 1975; Linberg and Fisher, 1988; Brandstätter et al., 1999), although
reported to be few, suggests that VGAT could transport GABA into vesicles in horizontal
cells. Observations in brain and spinal cord provide support for the hypothesis that GABA is
transported into vesicles in mammalian horizontal cells; these studies show that (1) VGAT
immunoreactivity is localized predominantly to synaptic vesicles and not to the plasma
membrane in inhibitory axon terminals, (2) VGAT antibodies immunoisolate GABA-
accumulating synaptic vesicles from the nervous system (McIntire et al., 1997; Chaudhry et
al., 1998; Dumoulin et al., 1999; Takamori et al., 2000), and (3) biophysical findings show
that VGAT uses the electrical and chemical components of a vesicular proton gradient to
transport inhibitory amino acid transmitters in vesicles (McIntire et al., 1997). Therefore,
VGAT transport activity is likely restricted to cellular structures capable of establishing and
maintaining a localized concentration of protons. Taken together, these findings suggest that
mammalian horizontal cells likely concentrate GABA into vesicles, thus providing the
possibility that GABA is released through a vesicular mechanism.

An alternative explanation is that mammalian horizontal cells might release GABA through
a plasma membrane transporter-mediated mechanism. This model, based on studies in
nonmammalian horizontal cells, show that Ca2+-independent, nonvesicular release occurs by
means of a GABA plasma membrane transporter with pharmacology similar to GAT-1
(Schwartz, 1982, 1987; Yazulla, 1983; Yazulla and Kleinschmidt, 1983; Attwell et al., 1993;
Cammack and Schwartz, 1993; Dong et al., 1994). Physiological and imaging studies
indicate that a GABA plasma membrane transporter may transport GABA both into and out
of the cytoplasm of horizontal cells; for example, (1) catfish horizontal cells that contain
intracellular GABA, produce an outward current when depolarized (Cammack and
Schwartz, 1993), (2) cell lines engineered to express GAT-1 transport GABA into and out of
the cell, give an outward current at depolarized potentials that is correlated to the transport
of GABA out of the cell (Cammack et al., 1994), and (3) rabbit horizontal cell processes
seem to lack significant activity-dependent endocytotic events (Miller et al., 2001).
However, the GABA plasma membrane transporters GAT-1, GAT-2, and GAT-3 are not
localized to mouse, rat, rabbit, or primate horizontal cells (Brecha and Weigmann, 1994;
Johnson et al., 1996; Hu et al., 1999). This finding is consistent with the failure to detect the
uptake of GABA or the GABA agonist, muscimol, by mammalian horizontal cells (Pourcho,
1980; Hendrickson et al., 1985; Chun et al., 1988). It cannot be excluded that a plasma
membrane transporter that differs from GAT-1, GAT-2, GAT-3, and VGAT could exist and
mediate GABA release from horizontal cells.

Future studies are necessary to determine the function of VGAT and the mechanism of
GABA release in mammalian horizontal cells. Evidence for a vesicular GABA release
mechanism from horizontal cells would raise the intriguing possibility that there are
different mechanisms underlying GABA release from mammalian and some nonmammalian
horizontal cells, or that horizontal cells use both a vesicular and nonvesicular mechanism to
release GABA.
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Fig. 1.
A–C′: Vesicular γ-aminobutyric acid transporter (VGAT) immunoreactivity in rat and
mouse retina. A: Rat retina: VGAT immunoreactivity is present in cell somata in the INL.
Immunoreactivity is also present in all laminae of the IPL and the OPL. Brightness and
contrast were increased to illustrate the detail of VGAT immunoreactivity in the INL and
OPL. A′: The brightness and contrast were reduced in the same rat retinal section in A to
illustrate the VGAT immunoreactivity pattern in all lamina of the IPL. B: Control section;
the VGAT antibody was preadsorbed with the antigen, resulting in the loss of specific
immunostaining. C: Mouse retina: VGAT immunoreactivity is present with the same
distribution as in rat. Brightness and contrast were maximized to show the VGAT-
immunoreactivity pattern in the INL and OPL. The arrow indicates a cell body in the GCL
with weak VGAT immunoreactivity. C′: The brightness and contrast were minimized in the
same rat retinal section in C to illustrate the VGAT-immunoreactivity pattern in all laminae
of the IPL. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer;
OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bars = 20 µm in A (applies to
A–B), in C (applies to C,C).
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Fig. 2.
A–D: Vesicular γ-aminobutyric acid (GABA) transporter (VGAT) immunoreactivity is
present in GABA- and glycine-containing amacrine cells. Confocal fluorescent
photomicrographs of vertical sections of the rat retina double labeled with antibodies for
VGAT and GABA (A,B), VGAT and glycine (C,D), and VGAT and PV (E,F). VGAT (A)
and GABA (B) immunoreactivity are colocalized in somata located in the proximal inner
nuclear layer (INL) and ganglion cell layer (GCL). VGAT (C) and glycine (D)
immunoreactivity are colocalized in two layers of amacrine cells in the proximal INL.
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VGAT (E) and PV (F) immunoreactivity are colocalized in glycine-containing AII amacrine
cell somata and processes in the inner plexiform layer. Scale bars = 20 µm.
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Fig. 3.
A,B: Vesicular γ-aminobutyric acid transporter (VGAT) immunoreactivity is present in
amacrine cell somata and interplexiform processes (arrows) in the INL. INL, inner
plexiform layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bar = 20 µm.

Cueva et al. Page 17

J Comp Neurol. Author manuscript; available in PMC 2013 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
A–D: Vesicular γ-aminobutyric acid transporter (VGAT) immunoreactivity in the outer
retina. Confocal fluorescent photomicrographs of a vertical section through a rat retina
double labeled with antibodies to VGAT and calcium binding protein-28K (CaBP). A:
Punctate VGAT immunoreactivity is present in the outer plexiform layer (OPL). B: CaBP
immunoreactivity has a punctate staining pattern in the OPL virtually identical to the VGAT
immunoreactivity pattern. C,D: Higher magnification of VGAT (C) and CaBP (D)
immunoreactivity colocalization in the OPL. Scale bars = 20 µm in A (applies to A,B), 10
µm in C (applies to C,D).
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Fig. 5.
A–C: Vesicular γ-aminobutyric acid transporter (VGAT) and postsynaptic density-95
(PSD-95) immunoreactivity in the outer retina. VGAT immunoreactivity is found
immediately adjacent to or within PSD-95 immunoreactivity. There is overlap between the
distal VGAT puncta in horizontal cells and PSD-95 immunoreactivity in photoreceptor
terminals (C). The arrows point to a region of the outer plexiform layer with overlap of
VGAT and PSD-95 immunoreactivity. Scale bar = 10 µm in A (applies to A–C).
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Fig. 6.
A,B: Vesicular γ-aminobutyric acid transporter (VGAT) immunoreactivity in horizontal cell
tips. Electron photomicrographs illustrate VGAT immunoreactivity in terminals of
horizontal cells in the OPL of the mouse (A) and rat (B) retina. VGAT immunoreactivity is
concentrated in the cytoplasm of both horizontal cell processes that invaginate rod spherules.
Arrows indicate synaptic ribbons. Arrow-heads indicate horizontal cells. Scale bars = 0.5 µm
in A,B.
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