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Abstract
Plasmalemmal and vesicular γ-aminobutyric acid (GABA) transporters influence neurotransmission
by regulating high-affinity GABA uptake and GABA release into the synaptic cleft and extracellular
space. Postnatal expression of the plasmalemmal GABA transporter-1 (GAT-1), GAT-3, and the
vesicular GABA/glycine transporter (VGAT) were evaluated in the developing mouse retina by using
immunohistochemistry with affinity-purified antibodies. Weak transporter immunoreactivity was
observed in the inner retina at postnatal day 0 (P0). GAT-1 immunostaining at P0 and at older ages
was in amacrine and displaced amacrine cells in the inner nuclear layer (INL) and ganglion cell layer
(GCL), respectively, and in their processes in the inner plexiform layer (IPL). At P10, weak GAT-1
immunostaining was in Müller cell processes. GAT-3 immunostaining at P0 and older ages was in
amacrine cells and their processes, as well as in Müller cells and their processes that extended radially
across the retina. At P10, Müller cell somata were observed in the middle of the INL. VGAT
immunostaining was present at P0 and older ages in amacrine cells in the INL as well as processes
in the IPL. At P5, weak VGAT immunostaining was also observed in horizontal cell somata and
processes. By P15, the GAT and VGAT immunostaining patterns appear similar to the adult
immunostaining patterns; they reached adult levels by about P20. These findings demonstrate that
GABA uptake and release are initially established in the inner retina during the first postnatal week
and that these systems subsequently mature in the outer retina during the second postnatal week.
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Plasmalemmal and vesicular γ-aminobutyric acid (GABA) transporters have essential roles in
GABA neurotransmission. The GABA plasma membrane transporters (GATs), which mediate
high-affinity GABA uptake from the synaptic cleft and extracellular space, terminate GABA's
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synaptic action (for reviews see Chen et al., 2004; Conti et al., 2004; Kanner, 2006). In addition,
GATs have been proposed to mediate GABA release into the extracellular space in both normal
and pathological conditions (Schwartz, 1987, 2002; O'Malley et al., 1992; Attwell et al.,
1993; Dalby, 2003; Richerson and Wu, 2003; Wu et al., 2007). The vesicular GABA transporter
(VGAT or VIAAT) mediates GABA uptake and storage in synaptic vesicles (for review see
Gasnier, 2004) before GABA is released from synaptic vesicles by a Ca2+-dependent
mechanism following depolarization of the nerve terminal (Liu and Edwards, 1997; Südhof,
2004).

Four distinct molecular and pharmacological types of GATs, GAT-1, GAT-2, GAT-3, and
betaine/GABA transporter (BGT-1),1 have been identified in the mammalian nervous system
(for reviews see Nelson, 1998; Conti et al., 2004). GAT-1, -2, and -3 are high-affinity GABA
transporters, whereas BGT-1 is a low-affinity GABA transporter (Nelson, 1998; Chen et al.,
2004). These plasma membrane transporters are members of the Na+- and Cl−-dependent
transporter family, solute carrier family (SLC) 6. They share a common structural topology of
12 putative transmembrane spanning segments, and they have a 50 -70% identity in their
predicted amino acid sequences (Kanner, 2006).1 These plasma membrane transporters have
different pharmacological properties, including ionic dependencies and inhibitor sensitivities
suggestive of different functional properties (for reviews see Nelson, 1998;Conti et al., 2004;
see also Guastella et al., 1990;Borden et al., 1992,1994;Yamauchi et al., 1992;Liu et al.,
1993). GAT-1 and GAT-3 have a differential regional distribution in the central nervous
system; for instance, in the forebrain, GAT-1 is localized mainly to axonal terminals, and,
elsewhere along the neuroaxis, both GAT-1 and GAT-3 are localized to astrocytes (for reviews
see Nelson, 1998;Conti et al., 2004; see also Ikegaki et al., 1994;Minelli et al., 1995,
1996;Ribak et al., 1996;De Biasi et al., 1998). GAT-2 is localized mainly to the leptomeninges
(Ikegaki et al., 1994;Durkin et al., 1995). GATs mediate GABA transport across the plasma
membrane in either direction (Attwell et al., 1993;Lu and Hilgemann, 1999;Richerson and Wu,
2003;Kanner, 2006;Wu et al., 2007). Finally, GAT-1 and GAT-3 are likely to have a strong
influence on both phasic and tonic inhibitory neurotransmission, because they mediate high-
affinity GABA uptake from the synaptic cleft and extracellular space as well as reverse
transport of GABA into the extracellular space (for review see Glykys and Mody, 2007; see
also Isaacson et al., 1993;Richerson and Wu, 2003;Keros and Hablitz, 2005;Wu et al., 2007).

In mammalian retina, GAT-1 immunoreactivity is localized mainly to neurons, including
amacrine cells and their processes in the inner plexiform layer (IPL; Brecha and Weig-mann,
1994; Honda et al., 1995; Johnson et al., 1996; Hu et al., 1999; Dmitrieva et al., 2001; Casini
et al., 2006). In addition, there is a low expression of GAT-1 in Müller cells in rodent retinas
(Brecha and Weigmann, 1994; Honda et al., 1995; Johnson et al., 1996; Biedermann et al.,
2002). GAT-2 is absent from the retina and is distributed to the retinal pigment and ciliary
epithelium (Honda et al., 1995; Johnson et al., 1996). GAT-3 is expressed principally by Müller
cells, as well as in amacrine cells, in the mammalian retina (Honda et al., 1995; Johnson et al.,
1996; Hu et al., 1999; Biedermann et al., 2002). BGT-1 is a low-affinity GABA transporter
and has been localized primarily to glial elements in the CNS (Gadea and López-Colomé,
2001). BGT-1 immunoreactivity has not been reported in the retina. GABA neurotransmission
in the retina is influenced by GATs: blocking GAT-1 transport by GAT-1 up-take inhibitors
prolongs the decay of GABAA- and GABAC- mediated postsynaptic potentials of bipolar and
ganglion cells (Ichinose and Lukasiewicz, 2002; Hull et al., 2006).

1The nomenclature of the GAT plasma transporters varies betweenn mice vs. rats, dogs, and humans. The same nomenclature is used to
refer to GAT-1, GAT-2, GAT-3, and BGT-1 in rat, dog, and human (Guastella et al., 1990; Borden, 1996; Conti et al., 2004). A different
nomenclature is used for mouse (Liu et al., 1993); mouse GAT-1 corresponds to rat and human GAT-1, mouse GAT-2 corresponds to
dog and human BGT-1, mouse GAT-3 corresponds to rat GAT-2, and mouse GAT-4 corresponds to rat GAT-3. This paper uses GAT-1
and GAT-3 to refer to mouse GAT-1 and mouse GAT-4, respectively.
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The vesicular GABA transporter (VGAT), which is also referred to as the vesicular inhibitory
amino acid transporter (VIAAT), is the sole member of the SLC32 family with 10 putative
transmembrane domains (McIntire et al., 1997; Sagné et al., 1997; Takamori et al., 2000;
Gasnier, 2004). VGAT is localized to synaptic vesicles in GABA- and glycine-containing
neurons and in some endocrine cells (Chaudhry et al., 1998; Dumoulin et al., 1999;
Gammelsaeter et al., 2004). VGAT utilizes a proton electrochemical gradient to mediate
GABA and glycine transport into synaptic vesicles (Burger et al., 1991; Christensen et al.,
1991; McIntire et al., 1997; Sagné et al., 1997; Takamori et al., 2000). Inhibitory
neurotransmission is markedly reduced with deletion of the VGAT gene (Wojcik et al.,
2006), highlighting the critical role of this transporter in regulating inhibitory synaptic
neurotransmission.

VGAT expression has been reported in the retina of several mammalian species, including
mice, rats, and primates (Haverkamp et al., 2000; Cueva et al., 2002; Jellali et al., 2002; Johnson
et al., 2003). VGAT immunoreactivity is distributed to both the inner and the outer retina: many
amacrine cell somata show weak cytoplasmic VGAT immunostaining, and there is strong
VGAT immunoreactivity in amacrine cell processes and terminals in the IPL. VGAT
immunoreactivity is also present in all horizontal cell bodies and their processes in the outer
plexiform layer (OPL; Haverkamp et al., 2000; Cueva et al., 2002; Jellali et al., 2002).

GABA and its synthetic enzymes, L-glutamate acid decarboxylase-65 (GAD65) and -67
(GAD67), are initially detected in the retina during the late prenatal period, and they are
expressed by both amacrine and horizontal cells. In rat retina, GAD activity is detectable at
postnatal day 1 (P1), and it increases until it reaches peak activity at P21, before decreasing to
adult levels by P30 (Yamasaki et al., 1999). GABA is likewise detectable at P1, and it increases
from P8 to adulthood (Yamasaki et al., 1999). Manipulation of GABA signaling is reported to
affect outer retinal development, including cone photoreceptor synaptogenesis; furthermore,
blockage of ionotropic GABA receptors disrupts the formation of normal cone distribution
(Redburn-Johnson, 1998; Huang et al., 2000). Horizontal cells appear to be the source of
GABA in the perinatal period in the outer retina, insofar as they contain high levels of GADs
and GABA immunoreactivities (Schnitzer and Rusoff, 1984; Osborne et al., 1986). In the inner
retina, GABA signaling appears to be established prior to glutamate signaling. For instance,
in mouse retina, VGAT is expressed before vesicular glutamate transporters (VGLUT; Johnson
et al., 2003). Furthermore, GABAergic spontaneous postsynaptic currents (PSCs) in ganglion
cells are first detected at about embryonic day (E17) and presumed glutamatergic PSCs at about
P3 (Unsoeld et al., 2008). Spontaneous electrical activity known as retinal waves, which occur
during early retinal development, is triggered initially by reciprocal nicotinic and GABAergic
synapses between starburst amacrine cells. With maturation of the retina, the strength of the
nicotinic synapses declines, and the GABAergic synapses convert from excita-tory to
inhibitory (Zheng et al., 2004). Together, these findings imply that GABA influences retinal
development, including both the synaptic organization and the circuitry formation in the OPL
and IPL. Because of the importance of GABA in the development of the retina, we evaluated
the expression of both the plasma membrane and the vesicular GABA transporters as they
influence GABA levels in the retina.

The aim of the present study was to determine the cellular expression of GAT-1, GAT-3, and
VGAT in the developing mouse retina to understand better the functional maturation of these
GABA transport systems. Low levels of GAT-1, GAT-3, and VGAT immunoreactivity are
present at birth in the inner retina, and the levels increase during the first and second postnatal
weeks. GAT-1 is strongly expressed in amacrine cells, and it is weakly expressed in Müller
cells during the postnatal period and in the adult retina. In contrast, GAT-3 is strongly expressed
in Müller cells as well as some amacrine cells during the postnatal period and in the adult retina.
VGAT immunostaining is restricted mainly to amacrine cell bodies and processes in the IPL
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and to horizontal cell bodies and processes beginning during the middle to late part of the first
postnatal week, in agreement with a previous study (Johnson et al., 2003). These findings
suggest that plasmalemmal and vesicular GABA transporter expression is established within
the first postnatal week in the inner retina and that transporter expression is subsequently
established in the outer retina during the second postnatal week.

MATERIALS AND METHODS
Animals

C57Bl/6J mice (UCLA colony) of either sex were used for these studies. Mice were maintained
on a 12-hour light/dark cycle. Mice were killed, and their retinas were collected at postnatal
day 0 (P0), P3, P5, P10, P15, P20, P30, and adulthood (ages varied from P48 to 2 years) for
the immunostaining studies and from adult retinas (P30–P45) for the Western blot studies. All
experiments were performed in accordance with the guidelines for the welfare of experimental
animals issued by the UCLA Animal Research Committee, and U.S. Public Health Service
Policy on Humane Care and Use of Laboratory Animals. Mice at P0 and P3 were deeply
anesthetized via cryoanesthesia and decapitated, and mice at P5 and older were killed with 1–
3% isofluorane (Hospira, Inc., Lake Forest, IL). The eyes were enucleated, the cornea and lens
were removed, and the eyecups were immersion fixed in 4% (w/v) paraformaldehyde (PFA)
in 0.1 M phosphate buffer (PB; pH 7.4) for 30–45 minutes at room temperature. After fixation,
the eyes were cryoprotected in 25% sucrose, briefly washed in 0.1 M PB, embedded in OCT
compound (Sakura Finetek Inc., Torrance, CA), and rapidly frozen with dry ice. Cryostat
sections of the eyecup were cut vertically at 12 μm, mounted on to gelatin-coated slides, air
dried, and stored at −20°C.

Antibodies
Primary antibodies were as follows: affinity-purified rabbit polyclonal antibodies directed to
the C-terminus of GAT-1 (346O) and GAT-3 [374D; (Johnson et al., 1996)], a rabbit polyclonal
antibody against the N-terminus of VGAT (VGAT-N2; Chaudhry et al., 1998), and a mouse
monoclonal antibody against VGAT (131 011; Synaptic Systems, Göttingen, Germany).
Mouse and rabbit calbindin antibodies to calbindin D-28K (calbindin) were used to identify
horizontal cells in mammalian retina (Uesugi et al., 1992; Peichl and González-Soriano,
1994; Raven and Reese, 2002; Hirano et al., 2007). A mouse monoclonal antibody to cellular
retinaldehyde-binding protein (CRALBP) was used to identify Müller cells and retinal
pigmented epithelial cells (Bunt-Milam and Saari, 1983). This CRALBP antibody is to human
recombinant CRALBP, and it recognizes a single band on Western blot of human recombinant
CRALBP (ab15051; Abcam Inc., Cambridge, MA). A mouse monoclonal antibody to the
calcium-activated, phospholipid-dependent protein kinase C (PKC) was used to identify rod
bipolar cells (Ghosh et al., 2001; Haverkamp et al., 2003). A sheep polyclonal antibody to the
N-terminus of the transcription factor Chx10 was used to identify bipolar cell bodies (AB9016;
Millipore Corporation, Temecula, CA; Chow et al., 2004; Dorval et al., 2006; Nickerson et al.,
2007). All of the antibodies in this study have been used in rodent retina, and additional
information is provided in Table 1.

Antibody characterization
Anti-GAT-1—Anti-GAT-1 recognizes a single band of molecular size 67 kD from both mouse
brain and retina homogenates in Western blots (Fig. 1); the molecular size is consistent with
previous studies (Guastella et al., 1990;Pow et al., 2005). Previous studies have shown that the
GAT-1 antibody (346) detects a single band (67 kD) in Western blots of oocytes transfected
with GAT-1 cDNA (Corey et al., 1994). Antibody specificity for the immunostaining
experiments was determined by preadsorption of the GAT-1 antibody with its cog-nate peptide,
GAT-1588-599 (QAGSSASKEAYI), which was used for immunization (Johnson et al.,
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1996). All specific GAT-1 immunostaining was eliminated after preadsorption with the
cognate peptide for both the postnatal and the adult retinas.

Anti-GAT-3—Anti-GAT-3 recognizes a single band at 71 kD from both mouse brain and
retina homogenates in Western blots (Fig. 1). The molecular size is consistent with previous
studies using other GAT-3 antibodies, which detect a single band at 71 kD in Western blots of
rat brain and retina (Ikegaki et al., 1994;Honda et al., 1995;Pow et al., 2005). Antibody
specificity for the immunostaining experiments was determined by preadsorption of the GAT-3
antibody with its cognate peptide, GAT-3607-627 (CEAKVKGDGTISAITEKETHF), which
was used for immunization (Johnson et al., 1996). All specific GAT-3 immunostaining was
eliminated after preadsorption with the cognate peptide for both the postnatal and the adult
retinas.

Anti-VGAT—Anti-VGAT recognizes a single band of the expected molecular size, 57 kD
(McIntire et al., 1997; Sagné et al., 1997), in Western blots of mouse brain and retina (Fig. 1).
Furthermore, preadsorption of this antibody with the VGAT N-terminus peptide, VGAT a.a.
75–87 (AEPPVEGDIHYQR), that was used for immunization eliminated the VGAT signal in
Western blots (Synaptic Systems data sheet) and specific immunolabeling produced by VGAT
at 1:1,000 on mouse retina sections at peptide concentrations of 10−5 to 10−7 M (data not
shown).

Anti-VGAT-N2—Anti-VGAT-N2 recognizes a single band of the expected molecular size in
Western blots of rat brain and PC-12 cells stably expressing VGAT (Chaudhry et al., 1998).

Anti-calbindin (Ms)—Numerous antibodies against calbindin D-28K, including this one,
have been used to label horizontal cells and DB3 bipolar cells in mammalian retinas
(Haverkamp and Wässle, 2000). It recognizes calbindin D-28K (28 kD) by immunoblot
analysis (data sheet from Sigma-Aldrich, St. Louis, MO).

Anti-calbindin (Rb)—This antiserum was produced against rat recombinant calbindin
D-28K. This antibody detects 28-kD calbindin on Western blots and has 10% cross-reactivity
with calretinin (data sheet from Swant, Belinzona, Switzerland).

Anti-CRALBP—CRALBP is a widely used Müller cell marker in the retina (Bunt-Milam and
Saari, 1983; Johnson et al., 1997). This CRALBP antibody is to human recombinant CRALBP,
and it recognizes a single band on Western blot of human recombinant CRALBP (Abcam Inc.
data sheet).

Anti-PKC—PKC is a well-characterized marker for rod bipolar cells in retina of many species
(Haverkamp and Wässle, 2000). This monoclonal antibody (clone MC5) was raised against
PKC (Mr 79–80 kD) purified from bovine brain. The PKC antibody recognized the purified
PKC protein as well as an 80-kD band from whole-cell extracts of rat glioma and murine
NIH3T3 cell lines on Western blots and specifically immunoprecipitated PKC from cell lysates
of 328 glioma and SVK 14 cell lines. The epitope was mapped by ELISA using a peptide
corresponding to a.a. 296–317 of PKC and shorter fragments thereof to the hinge region (a.a.
304–309 KFEKAK), close to or at the trypsin cleavage site of PKC (Young et al., 1988).
Binding of the antibody was completely blocked by the full-length peptide but was not blocked
by a nonrelated peptide (Young et al., 1988). This antibody reacts with PKC-alpha/ beta-1/
beta-2 isoforms (Biodesign International data sheet).

Anti-Chx10—This polyclonal antiserum was produce against the N-terminus of the
recombinant human Chx10 protein (Millipore data sheet) in sheep. It was used to identify
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bipolar cell bodies (Chow et al., 2004; Dorval et al., 2006; Nickerson et al., 2007). Chx10 was
also expressed in some Müller cells, as reported previously (Rowan and Cepko, 2004).

Western blotting
Western blotting with the GAT-1, GAT-3, and VGAT antibodies was carried out to confirm
the presence of these transporters in the mouse retina and to characterize further the specificity
of these transporter antibodies. The retina and brain were homogenized in homogenizing buffer
(T-PER Tissue Protein Extraction Reagent, No. 78510; Pierce Chemical, Rockford, IL)
containing proteinase inhibitor cocktail (No. 1836153001; Roche Applied Science,
Indianapolis, IN), 1% Triton X-100, and 2% glycerol. Protein concentrations were determined
by using Bio-Rad Protein Assay Dye Reagent (No. 500-0006; Bio-Rad Laboratories, Hercules,
CA), and 10–20 μg of total protein from brain and retina homogenates was run on a 4–20%
polyacrylamide gel in an EC mini-gel electrophoresis apparatus, with ColorPlus Prestained
Protein Marker (No. P7709V; New England Biolabs, Ipswich, MA) for molecular weight
reference. The proteins were subsequently transferred to a polyvinylidene fluoride (PVDF)
membrane (Hybond-P PVDF membrane, No. RPN1416F; Amersham Biosciences,
Piscataway, NJ) in an EC tank transphor unit (Amersham Biosciences). Membranes were
probed with antibodies against GAT-1 (1:1,000), GAT-3 (1:1,000), and VGAT (1:1,500)
diluted in blocking buffer containing 25 mM Tris Cl (pH 7.5), 150 mM NaCl, 0.1 mM
phenylmethanesulphonyl fluoride (PMSF), 2 mM EDTA, 5% nonfat dry milk, and 0.05%
Tween-20. Labeled band was revealed by using species-specific horseradish peroxidase
(HRP)-conjugated secondary antibody, goat anti-rabbit (No. 31460; Pierce Chemical) for
GAT-1 and GAT-3 and goat anti-mouse for VGAT (No. 31430; Pierce Chemical) diluted in
blocking buffer and detected with enhanced chemiluminescence (SuperSignal West Femto
Maximum Sensitivity Substrate, No. 34095; Pierce Chemical) on Kodak BioMax light film.

The GAT-1 (346O) and GAT-3 (374D) antibodies recognized a single band of the expected
molecular size, 67 kD and 71 kD (Guastella et al., 1990; Liu et al., 1993), respectively, in
Western blots of mouse brain and retina (Figure 1). Previous studies have shown that the GAT-1
antibody (346) detects a single band (67 kD) in Western blots of oocytes transfected with
GAT-1 cDNA (Corey et al., 1994). Furthermore, other GAT-1 and GAT-3 antibodies detect a
single band at 67 kD and 71 kD, respectively, in Western blots of rat brain and retina (Ikegaki
et al., 1994; Honda et al., 1995; Pow et al., 2005).

The mouse monoclonal VGAT antibody (No. 131 011) recognizes a single band of the expected
molecular size, 57 kD (McIntire et al., 1997; Sagné et al., 1997), in Western blots of mouse
brain and retina (Figure 1). Furthermore, preadsorption of this antibody with the VGAT N-
terminus peptide VGAT75–87 (AEPPVEGDIHYQR) that was used for immunization
eliminated the VGAT signal in Western blots (Synaptic Systems data sheet). The rabbit
polyclonal VGAT-N2 antibody recognizes a single band of the expected molecular size in
Western blots of rat brain and PC-12 cells stably expressing VGAT (Chaudhry et al., 1998).
A set of other antibodies direct to VGAT, including a rabbit antibody to VGAT75–87, also
detected a single band at 57 kD in Western blots with tsA201 cells transfected with VGAT
cDNA, whereas no signal was detectable in mock-transfected cells (Takamori et al., 2000).

Immunohistochemistry
Immunohistochemical labeling was carried out by using the indirect immunofluorescence
method (Hirano et al., 2005, 2007). Retinal sections were incubated in 10% normal goat serum
(NGS), 1% bovine serum albumin (BSA), 0.5% Triton X-100, and 0.05% sodium azide in 0.1
M phosphate-buffered saline (PBS), pH 7.4, for 1 hour at room temperature. The blocking
solution was replaced by the primary antibody diluted in 3% NGS, 1% BSA, 0.5% Triton
X-100, and 0.05% sodium azide in PBS and incubated overnight at 4°C in a humidified
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chamber. After washes in 0.1 M phosphate buffer (PB; pH 7.4), the sections were incubated
for 30–60 minutes at room temperature in secondary antibody mix and diluted in the same
solution as the primary antibody, except that sodium azide was omitted. The primary antibody/
antigen complex was detected by using the appropriate secondary antibodies conjugated to
Alexa 488, Alexa 568, or Alexa 594 at dilution of 1:500 or 1:1,000 (Invitrogen, Carlsbad, CA).
After washes in 0.1 M PB, the sections were mounted in Aqua Poly/Mount (Poly-sciences,
Warrington, PA). Retinal sections used for these experiments were obtained from both the
central and the peripheral retina.

The optimal working dilutions of these antibodies were determined in adult retina, and the
developmental studies were usually performed at a concentration higher than that used for the
adult retina. The GAT-1, GAT-3, and VGAT antibodies were used as follows: for P0–P10
retinas, GAT-1 and GAT-3 were used at 1:100, and VGAT and VGAT-N2 were used at
1:1,000; for P15–P30 and adult retinas, GAT-1 and GAT-3 were used at 1:500, and VGAT
and VGAT-N2 were used at 1:1,000.

The mouse monoclonal and rabbit polyclonal calbindin antibodies were used at 1:2,500 and
1:8,000, respectively, in both postnatal and adult retina. The CRALBP and PKC antibodies
were used at 1:1,000 and 1:200, respectively, in adult retina. The Chx10 antibody was used at
1:2,500 in the adult retina. The immunostaining patterns in this study matched earlier
descriptions of the calbindin, CRALBP, PKC, and Chx10 immunostaining patterns in
mammalian retina (Bunt-Milam and Saari, 1983; Peichl and González-Soriano, 1994;
Haverkamp and Wässle, 2000; Ghosh et al., 2001; Haverkamp et al., 2003; Chow et al.,
2004; Rowan and Cepko, 2004; Morrow et al., 2008).

Antibody specificity for the immunostaining experiments was determined by preadsorption of
the GAT-1 and GAT-3 antibodies with their respective cognate peptides; GAT-1588–599
(QAGSSASKEAYI) and GAT-3607–627 (CEAKVKGDGTISAITEKETHF), which were used
for immunization (Johnson et al., 1996). Preadsorption experiments were conducted with P3
and P5 retinas at 1:100 and adult retina at 1:500 for GAT-1 and GAT-3. For this control, the
primary antibody was first incubated with 7 μM GAT-1 or GAT-3 C-terminus peptide for 30
minutes at room temperature before being used. All specific GAT-1 or GAT-3 immunostaining
was eliminated after preadsorption with the cognate peptides for both the postnatal and the
adult retinas. GAT-1 and GAT-3 antibodies were tested in preadsorption experiments with
cognate peptides of the other GAT in a previous study. GAT-1 immunostaining is not reduced
when GAT-1 antibodies are incubated with 10−5 M GAT-3 C-terminus peptide, and GAT-3
immunostaining is not reduced when GAT-3 antibodies are incubated with 10−5 M GAT-1 C-
terminus peptide (Johnson et al., 1996). Other plasma membrane transporter C-terminus
peptides, including rat GAT-2 and rat glycine plasma membrane transporter-1, do not reduce
immunostaining (Johnson et al., 1996).

The Synaptic Systems data sheet did not provide the specificity of the monoclonal VGAT
antibody for immunohisto-chemistry. However, by Western blot analysis, this antibody is
specific for VGAT (Fig. 1). Other studies have used the monoclonal VGAT antibody and report
VGAT immunoreactivity in axonal endings (Tafoya et al., 2006;Baer et al., 2007). Anti body
specificity of the rabbit polyclonal VGAT-N2 antibody was previously shown by elimination
of immunostaining with an N-terminus VGAT fusion protein in the rat brain (Chaudhry et al.,
1998) and in the retinas of rat and mouse (Cueva et al., 2002). The mouse monoclonal VGAT
and rabbit polyclonal VGAT-N2 antibodies revealed immunostained amacrine and horizontal
cells in the mouse, rat, and monkey retina (Haverkamp et al., 2000;Cueva et al., 2002).
Furthermore, the immunostaining pattern in the mouse retina using these antibodies is the same
as that observed in the mouse, rat, and human retina with a rabbit polyclonal C-terminus VGAT
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antibody and a fourth rabbit polyclonal N-terminal VIAAT antibody (Cueva et al., 2002;Jellali
et al., 2002).

For double-label immunostaining studies, one of the two primary antibodies was omitted
during the primary incubation step as a control. In this case, only the immunoreactivity for the
remaining primary antibody and nonspecific background staining were detected. All antibodies
were tested on mouse retina as single-labeling experiments at least three times to confirm
specificity and optimize concentration prior to performing any double-labeling experiments.

Confocal imaging
Images of retinal sections were acquired using a Zeiss laser scanning microscope 510 Meta
(Zeiss, Thornwood, NY) Plan Neofluar ×40 1.3-NA oil objective or a C-Apochromat ×40 1.2-
NA water objective. To identify fluorescent signals, different lasers were used for excitation:
for Alexa 488, the 488-nm argon laser line was used, and for Alexa 568, the 543-nm HeNe
laser line was used. During acquisition of signals from double-labeled specimens, the scans
were collected sequentially to prevent spectral bleed-through. Specific bandpass filters were
used to achieve proper separation of signals (for single labeling with Alexa 488, 488/505LP;
for Alexa 568, 543/560LP; for double labeling, 488/505-530, 543/560LP). Most images were
acquired at a resolution of 2,048 × 2,048 as 12-bit signals. To increase the signal-to-noise,
images were averaged online (e.g., n = 4), and the scan speed and photomultiplier detector gain
were decreased. Most confocal images were acquired at an approximate optical thickness of
0.3 or 1.0 μm, usually ∼0.7–1.0 Airy units. For projections, typically three to eight optical
sections were acquired with an average total thickness of 1–8 μm and compressed for viewing.
Digital confocal images were saved as Zeiss LSM files, and final publication-quality images
were exported in the TIFF format using Zeiss LSM 510 Meta software version 3.2 (Zeiss Ltd.,
Thornwood, NY). All images were processed, adjusted for brightness and contrast, and resized
to 300 dpi in Adobe Photoshop 7.0 (Adobe Systems Inc., Mountain View, CA).

RESULTS
The spatial and temporal patterns of GAT-1, GAT-3, and VGAT expression were evaluated at
multiple ages between P0 and P20 and at several adult ages from P30 to 2 years. Both central
and peripheral retinal regions were evaluated. Overall, GAT-1, GAT-3, and VGAT
immunostaining was present at all postnatal ages in all retinal areas. Immunostaining was
absent in control sections (data not shown).

GAT-1 expression
GAT-1 immunoreactivity was in the inner retina at P0 and at all stages of postnatal development
(Figure 2). Immunoreactivity was distributed mainly at or near the plasma membrane of
amacrine cells located in the INL. Less frequently occurring, small immunoreactive cell bodies
were also in the GCL. Immunoreactive processes and small puncta were distributed mainly to
the IPL. GAT-1-immunoreactive somata were not present in the middle of the INL,
corresponding to the region where most bipolar cell bodies are located. This immunostaining
pattern is consistent with GAT-1 expression by amacrine cells and its variants, including
displaced amacrine and inter-plexiform cells. The adult pattern of GAT-1 immunostaining was
established during the early part of the third postnatal week.

Inner retina—GAT-1 immunostaining in the inner retina was weak at P0, and
immunostaining intensity increased markedly from P0 to P5 in the IPL (Figure 2A,B). At both
P0 and P5, GAT-1 immunoreactivity was in many small cell bodies located in the proximal
INL and a few small cell bodies in the GCL. These are likely to be amacrine and displaced
amacrine cells, respectively, based on their size and appearance (Figure 2A,B). At P0 and P5,
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immunostained cell bodies and processes had a grainy appearance. In many cases, the primary
process entering the IPL had a very high level of immunoreactivity, as did some of the processes
and puncta in the IPL. GAT-1-immunoreactive processes and puncta were distributed across
the IPL at both of these ages. In addition, at P0, there was weak GAT-1 immunoreactivity in
the nerve fiber layer (NFL) and along the margin of the inner limiting membrane (ILM). At
P5, GAT-1 immunoreactivity was reduced in the NFL and was not apparent at the margin of
the ILM.

There was also an increase in GAT-1 immunoreactivity in the inner retina from P5 to P10
(Figure 2B,C); GAT-1 immunostained cell bodies were more prominent and distributed to the
first two or three cellular rows of the proximal INL. At P10, P15, and P20, there were numerous
immuno-reactive amacrine cells in the first two or three cellular rows of the proximal INL
(Figure 2C–E). In addition, there were displaced amacrine cells in the GCL. The amacrine and
displaced amacrine cells were similar in size, and they were characterized by a continuous
distribution of GAT-1 immunoreactivity around their somata at or near the plasma membrane,
with little or no cytoplasmic immunostaining. A similar number of GAT-1-immunolabeled
somata appeared to be present in the proximal INL from P10 to P30 and older adult retinas.
However, there may be some differences in cell number and density at these different postnatal
ages, because the retina is growing during the postnatal period, and a rigorous quantification
of the number of GAT-1 somata was not conducted. Numerous strongly GAT-1
immunoreactive processes and puncta were distributed to all IPL lamina from P10 to P30,
similar to the pattern observed in adult retina. Finally, weak GAT-1 immunostaining was
present in the GCL and NFL at P10 and older ages.

Outer retina—GAT-1 immunoreactivity appeared to be absent in the neuroblast layer (NBL)
at P0 (Figure 2A). At P15, very weak GAT-1 immunostaining was detected in radially oriented
processes that ended at the outer limiting membrane (OLM; Figure 2C). Weakly GAT-1-
immunostained processes were in the ONL and diffuse immunostaining was in the OPL at all
older postnatal retinas and in adult retina (Figure 2D–F). GAT-1 immunoreactivity was just
detectable at antibody dilutions used to demonstrate robust GAT-1 immunostaining in the inner
retina. At higher GAT-1 antibody concentrations, specific GAT-1 immunostaining is observed
in the outer retina, as reported earlier for the adult rat retina (Johnson et al., 1996). Furthermore,
GAT-1 immunostaining is not likely to be due to cross-reactivity with GAT-3, because GAT-1
antibody immunostaining is not affected by preadsorption with the C-terminus GAT-3 peptide
(Johnson et al., 1996).

The cellular localization of GAT-1 immunoreactivity in the distal INL and OPL was also
evaluated by using antibodies to GAT-1 and the horizontal cell marker calbindin or the Müller
cell marker CRALBP in P3, P5, and adult (P48) retinas (Figs. 3, 4). Diffuse GAT-1
immunostaining in the OPL was observed with a higher antibody concentration than that used
to demonstrate GAT-1 expression by amacrine cells. In the adult retina OPL, the GAT-1
immunostaining pattern had a polygonal appearance (Figs. 3D, 4E), which circumscribe triad
synapses, consisting of photoreceptor terminals and bipolar and horizontal cell processes. In
the postnatal and adult retinas, calbindin-immunoreactive horizontal cell tips were surrounded
by the faint GAT-1 immunostaining (Fig. 3F). Furthermore, in the adult retina, the GAT-1
immunoreactivity in the OPL was coexpressed with CRALBP immunoreactivity (Fig. 4).
Together, these observations indicate that, in the OPL, GAT-1 immunoreactivity was restricted
to Müller cell processes.

GAT-3 expression
GAT-3 immunoreactivity was present at P0 and at all of the later stages of postnatal
development (Fig. 5). GAT-3 immunostaining was located at or near the plasma membrane of
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cell bodies located in the proximal and middle of the INL. Immunoreactive processes were
present in the IPL. GAT-3-immunoreactive processes spanning the retina from the ILM to the
OLM were readily apparent at P15 and older ages. Overall, this immunostaining pattern is
consistent with GAT-3 expression by amacrine and Müller cells. The adult pattern of GAT-3
immunostaining was established during the third post-natal week.

Inner retina—At P0, GAT-3 immunoreactivity in the inner retina was weak, and
immunoreactivity increased dramatically from P0 to P5. At both P0 and P5, low levels of
GAT-3 immunoreactivity were present in a few small cell bodies located in the middle and
proximal layers of the INL (Fig. 5A,B). At P0, a few immunostained processes were distributed
to the IPL, and they were characterized by a grainy appearance. Some immunoreactive
processes also surrounded cell bodies in the GCL and others were distributed to the NFL,
adjacent to the ILM (Fig. 5A). In contrast, at P5, there were high levels of GAT-3
immunostaining in the IPL and in Müller cell endfeet in the GCL and NFL (Fig. 5B).

There appears to be an increase in the level of GAT-3 immunoreactivity from P5 to P10 (Fig.
5B,C). At P10, P15, and P20, GAT-3-immunoreactive amacrine and Müller cell bodies were
in the proximal and middle INL, respectively (Fig. 5C–E). The small amacrine cell bodies gave
rise to a primary process that entered the IPL. Numerous strongly immunostained processes
and puncta were distributed to all IPL lamina from P10 to P30, similar to the pattern observed
in adult retina. Numerous Müller cells gave rise to processes that spanned the retina from the
ILM to the OLM beginning at P10. Müller cell processes containing GAT-3 immunoreactivity
were prominent in all retinal layers, and radially oriented Müller cell processes were observed
in the INL and ONL (Fig. 5C–F). In addition, in P15, P20, and adult retinas, there were high
levels of GAT-3 immunoreactivity in Müller cell processes and endfeet in the GCL and NFL
adjacent to the ILM (Fig. 5D–F).

Double-labeling experiments with GAT-3, PKC, and Chx10 antibodies were used to determine
whether bipolar cells contain GAT-3 immunoreactivity (Fig. 6). GAT-3 immunoreactivity was
not localized to the bipolar cell somata or processes identified by PKC immunostaining (Fig.
6A–F) or in bipolar cell bodies identified by Chx10 immunostaining (Fig. 6G–L). GAT-3-
immunoreactive somata were distributed among the PKC and Chx10-immunoreactive bipolar
cells, and GAT-3-immunoreactive processes surrounded bipolar cell and photoreceptor somata
in the INL and ONL (Fig. 6). Furthermore, Chx10 was also expressed in some Müller cells, as
reported previously (Rowan and Cepko, 2004), and, in these cases, the Müller cell bodies
contained both GAT-3 and Chx10 immunoreactivities. Multiple-label experiments with
GAT-3, Chx10, and CRALBP antibodies confirmed the presence of GAT-3 in Chx10 and
CRALBP-expressing Müller cell bodies (data not shown).

Outer retina—At P0 and P5, GAT-3 immunoreactivity was at the OLM, and in addition there
are a few weakly immunostained processes outlining cell bodies in the outer NBL near the
OLM (Fig. 5A). In addition, weakly immunostained processes outlined cell bodies in the INL
and ONL, and these processes terminated at the OLM. Immunostaining levels in the INL and
OPL were increased markedly at P10 (Fig. 5B,C).

The increase of the GAT-3 immunoreactivity in the Müller cell processes in the ONL and OPL
appears to be a result of both an increased level of GAT-3 immunoreactivity in individual
Müller cell processes and an increased number of immunoreactive Müller cells processes. The
adult pattern of GAT-3 immunostaining in the outer retina was established during the beginning
of the third postnatal week.

The cellular localization of GAT-3 immunoreactivity in the distal INL and OPL was evaluated
by using antibodies to GAT-3 and calbindin or CRALBP in P3, P5, and adult (P48) retinas
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(Figs. 7, 8). In the postnatal and adult retinas, calbindin-immunoreactive horizontal cell tips
were surrounded by GAT-3-immunoreactive processes (Fig. 7). In the adult retina, GAT-3 and
CRALBP immunoreactivities were co-expressed in processes distributed to the OPL (Fig. 8).
Both GAT-3 and CRALBP immunostaining in the OPL had a polygonal appearance, which
filled the space around the photoreceptor terminals, bipolar cell dendrites, and horizontal cell
processes. In addition, both GAT-3 and CRALBP immunoreactivities were coexpressed in
Müller cell somata and their processes, which spanned the radial thickness of the retina from
the ILM to the OLM. These observations also indicate that GAT-3 immunoreactivity was
restricted to Müller cell processes in the OPL.

VGAT expression
VGAT immunoreactivity was in the inner retina at P0 and at all of the later stages of postnatal
development (Fig. 9). Low levels of immunoreactivity were found in the cytoplasm of amacrine
cell bodies, and high levels of immunoreactivity were observed in numerous processes
distributed to the IPL. Weak VGAT immunostaining was detected in the OPL at P5 in
horizontal cells and their processes (Fig. 9B). VGAT immunoreactive somata were not present
in the middle of the INL, corresponding to the region where most bipolar cell bodies are located.
This immunostaining pattern is consistent with VGAT expression by amacrine and horizontal
cells (Cueva et al., 2002;Jellali et al., 2002;Johnson et al., 2003). The adult pattern of VGAT
immunostaining was established at the end of the second postnatal week.

Inner retina—At P0, low levels of VGAT immunoreactivity were distributed across the IPL
(Fig. 9A). Low levels of immunoreactivity were also present in the cytoplasm of cell bodies
localized to the INL and GCL. Nonspecific immunostaining was present along the margin of
the ILM at P0 and P5, perhaps because of the vitreous, which was not removed in retinas
collected at P0, P3, and P5. VGAT immunostaining was characterized by a grainy appearance
in these layers. At P5, there was a marked increase in the level of VGAT immunostaining in
the IPL compared with P0. VGAT immunoreactivity was present in processes and puncta that
were distributed across the IPL. Some amacrine cell bodies in the proximal INL also had a low
level of VGAT immunoreactivity.

At P10, P15, and P20 there were numerous immunoreactive amacrine cell bodies in the first
two or three cellular rows of the proximal INL (Fig. 9C–E). Very low levels of VGAT
immunoreactivity characterized these amacrine cells. VGAT-immunoreactive primary
processes that entered the IPL contained higher levels of immunoreactivity. The number of
VGAT-immunoreactive amacrine cells at these ages appears to be similar to the number of
VGAT-expressing amacrine cells at P30 and older adult ages. Numerous, strongly
immunoreactive processes and puncta were found in all IPL laminae at P10, P15, and P20 as
well as in adults (Fig. 9C–F).

Outer retina—At P0, VGAT immunoreactivity appeared to be absent in the outer retina and
the overlying NBL (Fig. 9A). At P3 and P5, weak VGAT immunostaining was detected in
horizontal cell processes and tips (Fig. 9B). At P10, VGAT immunoreactivity was distributed
mainly to horizontal cell processes and their tips, which had a punctate appearance in the OPL
(Fig. 9C). VGAT immunostaining of horizontal cell bodies was weak. Furthermore, at P10 and
P15, the intensity of immunostaining in horizontal cell processes and tips appeared to be greater
than the intensity of immunostaining at P20 and adults (Fig. 9C–F). The adult pattern of VGAT
immunostaining in the outer retina was established at the end of the second postnatal week
(Figs. 9D–F, 10).

The cellular localization of VGAT immunoreactivity to horizontal cell processes and tips was
confirmed by using antibodies to VGAT and calbindin in P5 and adult retina (Fig. 10). VGAT
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immunoreactivity is expressed in calbindin-containing horizontal cell bodies, terminals, and
processes in the OPL, which is consistent with observations in the adult mouse and rat retina
(Cueva et al., 2002;Jellali et al., 2002;Johnson et al., 2003).

DISCUSSION
These studies describe the developmental expression of plasma membrane and vesicular
GABA transporters in the mouse retina. The plasma membrane transporter GAT-1 was
preferentially expressed by amacrine and displaced amacrine cells and their processes in the
IPL. In addition, Müller cells contained low levels of GAT-1 immunoreactivity. Müller cells
also showed prominent GAT-3 immunoreactivity in their somata and processes, spanning the
retina from the ILM to the OLM. In the inner retina, amacrine cells also expressed GAT-3
immunoreactivity, with numerous processes and puncta in the IPL. A high density of
immunoreactive processes for both GAT-1 and GAT-3 was present in all laminae of the IPL.
The vesicular GABA transporter VGAT was strongly expressed by amacrine and displaced
amacrine cell processes in the IPL, whereas weaker VGAT immunoreactivity occurred in
horizontal cells and their processes in the OPL. Unlike the case in cat and primate retina
(Agardh et al., 1987; Pourcho and Owczarzak, 1989; WÄssle and Chun, 1989; Grünert and
WÄssle, 1990; Kao et al., 2004), bipolar cells in mouse retina do not appear to express the
plasma membrane or vesicular GABA transporters, but rather GAT-3-containing Müller cell
processes appeared to wrap around bipolar cell bodies in the INL (Fig. 6). These latter
observations are consistent with an earlier study of VGAT expression in the developing mouse
retina (Johnson et al., 2003).

All three transporters were present at low levels in the inner retina at birth (P0), suggesting that
amacrine and Müller cells initially express these transporters during late embryonic stages. In
the inner retina, transporter expression levels increased markedly from P0 to P5 and P10,
following the final stages of amacrine and Müller cell birth (Young, 1985; Cepko et al.,
1996; Donovan and Dyer, 2005). Transporter expression in the outer retina lagged behind the
inner retina, and the mature immunostaining pattern was established during the end of the
second and the beginning of the third postnatal weeks. Together, these observations suggest
that these transporter systems are mature and functional at the end of the second postnatal week
at about the time of eye opening, which happens between P12 and P14.

GAT-1 and GAT-3 expression in the developing retina
Amacrine cells—The prominent expression of GAT-1 and GAT-3 by amacrine and Müller
cells and their processes supports the idea that these transporters have a major role in regulating
GABA levels in the inner retina. The presumptive IPL during the first postnatal week contains
numerous GAT-1-and GAT-3-immunostained processes and puncta. Within the IPL, GAT-1
expression appears to dominate early in development, with GAT-3 expression reaching similar
levels by P30. In the INL, there were numerous GAT-1-immunoreactive amacrine cell bodies
that were adjacent in the first two or three cellular rows of the proximal INL. In contrast, the
GAT-3-immunoreactive cell bodies appeared to be more widely spaced and fewer in number
than the GAT-1-immunoreactive cells. We cannot tell with certainty whether GAT-1 and
GAT-3 are expressed in the same amacrine cells, because both the GAT-1 and the GAT-3
antibodies that we used were raised in rabbits. Furthermore, the high density of labeled
processes in the IPL for both GAT-1 and GAT-3 makes it impossible to evaluate their
colocalization within individual processes at the light microscopic level.

Müller cells—In contrast to the strong immunolabeling in amacrine cells by P5, weak GAT-1
immunostaining does not become readily apparent in Müller cells until P15. This observation
likely reflects the low level of GAT-1 immunoreactivity in Müller cells. Low levels of GAT-3
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immunostaining in the retina were detected at P0 and P5, where immunoreactivity was mainly
distributed to the IPL, but was present as well in the NFL and ILM and in the NBL adjacent
to the OLM. Radially oriented GAT-3-immunoreactive processes were also distributed to the
NBL, and these were most prominent near the OLM. Overall, this expression pattern suggests
that it is the Müller cells that express GAT-3 during the first postnatal week, which is consistent
with their differentiation and functional maturation between E21 and P11 (Young, 1985;
Rapaport et al., 1996). Finally, during the first postnatal week, Müller cell somata in the NBL
were not immunolabeled, indicating a nondetectable and likely low level of GAT-3 immuno-
reactivity in their somata. In contrast, the GAT-3 immunostaining in Müller cell somata and
their processes becomes well established during the early part of the second postnatal week.

GAT-1 and GAT-3 are coexpressed in Müller cells and their processes, although at very
different levels: GAT-1 levels are lower at all ages compared with GAT-3 levels. The presence
of very weak GAT-1 immunostaining in Müller cells and their processes at all postnatal ages
is consistent with reports of weak GAT-1 immunoreactivity in Müller cells in adult rat and
guinea pig retinas (Johnson et al., 1996; Biedermann et al., 2002). Low levels of GAT-1
immunoreactivity in Müller cells are also consistent with earlier observations in the rat retina
that Müller cells contain low levels of GAT-1 mRNA (Brecha and Weigmann, 1994). Finally,
antibody preadsorption studies showed no cross-reactivity between the GAT-1 and GAT-3
antibodies in a previous study (Johnson et al., 1996), further suggesting that the colocalization
of GAT-1 and GAT-3 is not a technical artifact. The localization of GAT-1 to Müller cells
suggests that this transporter functions to remove GABA from the synaptic cleft and
extracellular space. Furthermore, the low expression of GAT-1 immunoreactivity in Müller
cells and their processes in the GCL and NFL and distal INL, OPL, and ONL, compared with
the expression of GAT-3 immunoreactivity, suggests that GAT-1 is likely to have a minor
overall influence on GABA uptake and neurotransmission in these retinal regions. The
presence of both GAT isoforms likely confers a greater range of control of GABA concentration
as a result of the different functional properties of the GAT iso-forms (Borden, 1996) and the
differential regulation of surface expression and transport activity by PKC and protein
phosphorylation (Wang and Quick, 2005; Quick, 2006; Hu and Quick, 2008).

The idea that Müller cells have a major functional role in removing GABA from the synaptic
clefts and regulating GABA in the extracellular space suggests that it would influence high-
affinity GABAA and GABAC receptors located away from GABA release sites (Ichinose and
Lukasiewicz, 2002; Hull et al., 2006). The immunohistochemical findings complement
electrophysiological studies reporting that GAT-1 activity shapes GABAA- and GABAC-
mediated inhibitory responses in the adult retina (Ichinose and Lukasiewicz, 2002; Hull et al.,
2006).

VGAT expression in the developing retina
Similarly to the GABA plasma membrane transporters, weak VGAT immunostaining was
detected at P0 in the inner retina. At P5 and older ages, VGAT immunoreactivity was expressed
in amacrine and horizontal cells and their processes in the IPL and OPL, respectively (Johnson
et al., 2003), suggesting that vesicular GABA transmission occurs during the first postnatal
week. In agreement, bicuculline-sensitive inhibitory postsynaptic currents (IPSCs) are first
observed at E17 in mouse ganglion cells, and functional GABAA receptors were present earlier,
at E15 (Unsoeld et al., 2008). Congruent with these findings is a low frequency of spontaneous
IPSCs in mouse ganglion cells at P7, followed by an increase in the average frequency of
spontaneous IPSCs during the second and third postnatal weeks (Johnson et al., 2003).

In the developing and adult retina, VGAT immunoreactivity is localized principally to
amacrine cell processes in all IPL laminae. This immunostaining pattern is similar to the
distribution of GAT-1 and GAT-3 processes in the IPL. In addition, weak VGAT
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immunostaining was detected in horizontal cell bodies and processes beginning in the first
postnatal week, and this immunostaining becomes more prominent during the second postnatal
week. The expression of VGAT in horizontal cells overlaps with the expression of GABA and
GAD in horizontal cells and their processes (Schnitzer and Rusoff, 1984; Versaux-Botteri et
al., 1989; Eliasson et al., 1997; Fletcher and Kalloniatis, 1997; Yamasaki et al., 1999; Dkhissi
et al., 2001). GAD immunoreactivity in developing horizontal cells in mouse retina was greatest
between E17 and P3 (Schnitzer and Rusoff, 1984), before prominent expression of VGAT
immunoreactivity in the OPL.

VGAT mediates high-affinity uptake of GABA and glycine into synaptic vesicles (McIntire
et al., 1997; Sagné et al., 1997; Takamori et al., 2000). The expression of VGAT, which has
been localized to synaptic vesicles (Chaudhry et al., 1998; Dumoulin et al., 1999; Takamori et
al., 2000), correlates with ultrastructural descriptions of the presence of synaptic vesicles in
amacrine cell processes and at conventional synapses in the IPL and in horizontal cell processes
(Olney, 1968; Blanks et al., 1974; Fisher, 1979). The presence of vesicles and VGAT suggests
the possibility that Ca2+-dependent vesicular release of GABA and/or glycine occurs during
the first postnatal week. Bicuculline-sensitive spontaneous PSCs at E17 (Unsoeld et al.,
2008) and spontaneous IPSCs at P7 in mouse ganglion cells (Johnson et al., 2003), indicate
that GABAergic and/or glycinergic vesicular release is occurring in the inner retina by these
times.

Functional role of GABA in the developing retina
In the developing nervous system, GABA mediates a broad spectrum of trophic effects that
influence cell survival, dendritic outgrowth and differentiation, and synaptogenesis (for
reviews see Ben-Ari, 2002; Owens and Kriegstein, 2002; Represa and Ben-Ari, 2005). The
presence of GABA, GAD, and the GABA plasma membrane and vesicular transporters in the
retina during the late prenatal period and during the first 2 postnatal weeks (Schnitzer and
Rusoff, 1984; Versaux-Botteri et al., 1989; Messersmith and Redburn, 1992; Fletcher and
Kalloniatis, 1997; Yamasaki et al., 1999; Dkhissi et al., 2001), before visually evoked retinal
activity occurs, is consistent with the idea that GABA has a trophic role in the developing
retina. For instance, in the rabbit OPL, during the first post-natal week, GABA originating
from horizontal cells is reported to have a strong influence on cone photoreceptor number and
position as well as the synaptogenesis and the formation of cone pedicles (Messersmith and
Redburn, 1990, 1993; Huang et al., 2000). In vitro evidence for GABA's trophic action in the
retina includes its influence on neurite outgrowth, differentiation, and synaptogenesis in
neuronal cultures of chick retina (Spoerri, 1988). Furthermore, in the developing chick retina,
GABA originating from amacrine cells is reported to regulate ganglion cell dendritic motility
during synapse formation (Wong and Wong, 2001). Finally, GABA signaling has been
implicated in the formation and propagation of retinal waves, which are thought to influence
synaptic organization and circuitry formation in the inner retina (Zheng et al., 2004; Wang et
al., 2007).

In the outer retina, horizontal cell processes innervate cone photoreceptor terminals beginning
at P4 and rod photoreceptor terminals at P8 (Olney, 1968; Weidman and Kuwabara, 1968;
Blanks et al., 1974; Rich et al., 1997). The formation of photoreceptor synaptic triads is
completed by the end of second postnatal week (Olney, 1968; Blanks et al., 1974). From E17
to P3, developing horizontal cells exhibit strong immunoreactivity for GABA and the GABA
synthetic enzyme L-glutamate decarboxylase (GAD) in mouse and rat retina, whereas weak
GAD immunoreactivity is seen in cell bodies adjacent to the IPL (Schnitzer and Rusoff,
1984; Versaux-Botteri et al., 1989; Eliasson et al., 1997; Fletcher and Kalloniatis, 1997;
Yamasaki et al., 1999; Dkhissi et al., 2001).
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In the OPL, GAT-1 and GAT-3 immunostaining encapsulates the photoreceptor terminal,
bipolar cell dendrites, and horizontal cell processes (Figs. 3, 6, 7). This spatial organization
correlates well with the idea that Müller cells regulate levels of extracellular GABA released
from horizontal cells. The lack of GABA and GABA analogue uptake by mammalian
horizontal cells is consistent with the lack of GAT expression in these cells (Ehinger,
1977;Pourcho, 1981;Agardh and Ehinger, 1982;Blanks and Roffler-Tarlov, 1982). In addition,
the expression level of GAT-3 in Müller cell processes in the OPL and ONL is dramatically
higher than that of GAT-1, implying that GAT-3 is the principal GABA transporter in the outer
retina, and it has a strong influence on extracellular GABA levels in the OPL. Although the
immunoreactivity for GAT-1 is weaker than that for GAT-3 in the outer retina, the level of
GAT-1 immunoreactivity in the outer retina is highest within the OPL. These observations
indicate that, unlike the case in the inner retina, where both amacrine and Müller cells show
high levels of GAT-1 and GAT-3 immunoreactivities, the principal uptake mechanism for
GABA is predominantly glial in the outer retina.

In summary, this study has demonstrated that the plasmalemmal GABA transporters GAT-1
and GAT-3 and the vesicular transporter VGAT are present in the mouse retina at low levels
at birth and that the adult pattern of transporter expression is established during the first and
second postnatal weeks. This is concomitant with the morphological development of amacrine
and Müller cells; the expression of GABA, GAD65, and GAD67; and the establishment of
synaptic circuitry in the IPL and OPL. The GAT and VGAT transporter systems appear to be
functionally mature at the beginning of the third postnatal week, at about the time of eye
opening.
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Figure 1.
Immunoblot of GAT-1, GAT-3, and VGAT in adult mouse retina and brain. The affinity-
purified GAT-1 (346O; 1:1,000) and GAT-3 (374D; 1:1,000) polyclonal and the VGAT
(Synaptic Systems No. 131011; 1:1,500) monoclonal antibodies detected single bands at 67,
71, and 57 kD, respectively. Retina and brain total protein: 8–10 μg per lane for the GAT-1
and VGAT immunoblots, retina total protein 8–10 μg per lane, and brain total protein 20 μg
per lane for the GAT-3 immunoblot.

GUO et al. Page 21

J Comp Neurol. Author manuscript; available in PMC 2009 November 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
GAT-1 immunoreactivity in the developing mouse retina. A–F: Vertical sections from P0 (A),
P5 (B), P10 (C), P15 (D), P20 (E), and P30 (F) mouse retinas. GAT-1 immunostaining is at or
near the plasma membrane of amacrine and displaced amacrine cell somata and in processes
and puncta in the IPL from P0 to P30. A: GAT-1 immunoreactivity is weakly expressed in the
INL, IPL, and GCL at P0. An amacrine cell body and a displaced amacrine cell body are
indicated by an arrowhead and arrow, respectively. D,E: Very weak GAT-1 staining is also
seen in Müller cell processes during the second postnatal week; see the OPL and ONL at P15
(D) and P20 (E). For all ages, confocal images were obtained from three to five optical sections
with an average total thickness of 3–5 μm and compressed for viewing. NBL, neuroblast layer;
OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; ILM,
inner limiting membrane; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion
cell layer. Scale bars = 20 μm.
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Figure 3.
GAT-1 immunoreactivity is not localized to horizontal cell bodies or processes. A vertical
section through a P48 mouse retina doubly labeled with antibodies to GAT-1 and calbindin
D-28K (calbindin). A: Weak GAT-1 immunostaining is in the OPL; robust GAT-1
immunostaining is in amacrine cell somata and processes in the inner retina. B: Calbindin is
expressed by horizontal cell somata and processes in the outer retina and some amacrine and
ganglion cell somata and their processes in the inner retina. C: Merged image showing the
localization of GAT-1 (magenta) and calbindin (green) immunoreactivity in the retina. D–F:
Enlarged images showing the distribution of calbindin and GAT-1 immunoreactivities in the
OPL. D: GAT-1 immunoreactivity in cellular processes in the OPL. E: Calbindin
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immunoreactivity in horizontal cell somata and their processes. F: Merged image. GAT-1-
immunoreactive processes surround calbindin-immunoreactive horizontal cell tips. Confocal
images were obtained from five to eight optical sections with an average total thickness of 5–
8 μ m and compressed for viewing. Scale bars = 20 μ m in C (applies to A-C); 20 μ m in F
(applies to D-F).
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Figure 4.
CRALBP and GAT-1 immunoreactivities are coexpressed in Müller cell processes. A vertical
section through a P48 mouse retina that was doubly immunostained with antibodies to
CRALBP and GAT-1. A: CRALBP-immunostained Müller cell somata and their processes in
all layers of the retina. B: Weak GAT-1 immunoreactivity is present in the outer retina; strong
GAT-1 immunoreactivity is distributed to amacrine cell and displaced amacrine cell somata
and their processes in the IPL. C: Merged image showing the colocalization of CRALBP
(green) and GAT-1 (magenta) immunoreactivities. D–F: Enlarged images showing the
distribution of CRALBP and GAT-1 immunoreactivity in the OPL. D: CRALBP-
immunoreactive processes in the OPL. E: GAT-1-immunoreactive processes in the OPL. F:
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Merged image showing the coexpression of CRALBP and GAT-1 immunoreactivity in the
OPL, indicating that GAT-1 immunoreactivity is localized to Müller cell processes. Ovals
illustrate examples of CRALBP-immunostained processes with GAT-1 immunoreactivity.
Confocal images were obtained from five to eight optical sections with an average total
thickness of 5– 8 μ m and compressed for viewing. Scale bars = 20 μ m in C (applies to A-C);
20 μ m in F (applies to D–F).
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Figure 5.
GAT-3 immunoreactivity in the developing mouse retina. A–F: Vertical sections from P0 (A),
P5 (B), P10 (C), P15 (D), P20 (E), and P30 (F) mouse retinas. A,B: GAT-3 immunostaining
is more prominent in the inner retina during the first postnatal week. An amacrine cell body is
indicated by an arrowhead. C–F: GAT-3 immunoreactivity is expressed predominantly by
Müller cells and their processes that are distributed from the OLM to the ILM. GAT-3
immunoreactivity reaches the adult pattern during the second postnatal week and shows the
adult level of staining intensity at P30. Confocal images were obtained from three to five optical
sections with an average total thickness of 3–5 μ m and compressed for viewing. Scale bars =
20 μ m.
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Figure 6.
GAT-3 and PKC, and GAT-3 and Chx10 double labeling showing that GAT-3-immunoreactive
processes ensheath bipolar cell somata. Images are of two vertical sections through an adult
retina doubly immunostained with antibodies to GAT-3 and PKC and to GAT-3 and Chx10,
respectively. A,G: GAT-3 immunoreactivity expressed by Müller cell somata and processes
in the INL and their processes in the OPL. GAT-3 immunoreactivity is also expressed by
amacrine cell bodies and their processes in the IPL. B: PKC immunoreactivity is in rod bipolar
cell bodies in the INL as well as their axons in the IPL and their dendrites in the OPL. C:
Merged image showing the localization of GAT-3 (green) and PKC (magenta)
immunoreactivity in the retina. D–F: Enlarged images of GAT-3 (D) and PKC (E) double
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labeling, showing that bipolar cell somata are ensheathed by Müller cell processes in the INL
(F). GAT-3 (G) and Chx10 (H) immunoreactivity distributed to the nuclei of rod and cone
bipolar cells and some Müller cell somata in the INL (Rowan and Cepko, 2004). I: Merged
image showing the localization of GAT-3 and Chx10 immunoreactivity in the retina. J–L:
Enlarged images of GAT-3 (J) and Chx10 (K) double labeling showing that the bipolar cell
somata are ensheathed by Müller cell processes in the INL (L). Some of the Müller cell nuclei
also show immunoreactivity of Chx10. Confocal images were obtained from five (A–F) or
three (G–L) optical sections with an average total thickness of 5μ m (A–F) and 0.6 μ m (G–L)
and compressed for viewing. Scale bars = 20 μ m in C (applies to A–C); 20 μ m in F (applies
to D–F); 20 μ m in I (applies to G–I); 20 μ m in L (applies to J–L).
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Figure 7.
GAT-3 and calbindin immunostaining showing that GAT-3 immunoreactivity is distributed to
Müller cell processes in the outer retina. Images are of a vertical section through a P48 mouse
retina doubly immunostained with antibodies to GAT-3 and calbindin. A: GAT-3
immunostaining in amacrine and Müller cells and their processes. B: Calbindin
immunostaining in horizontal cells, amacrine cells, and displaced amacrine cells and their
processes. C: Merged image showing the localization of GAT-3 (magenta) and calbindin
(green) immunoreactivities in the retina. D–F: Enlarged images showing GAT-3 and GAT-3
double staining in the OPL. D: GAT-3-immunoreactive processes in the OPL. E: Calbindin
immunoreactivity in horizontal cells and their processes. F: Merged image showing GAT-3
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immunostaining in the OPL surrounding the tips of horizontal cell processes. Confocal images
were obtained from five to eight optical sections with an average total thickness of 5– 8 μ m
and compressed for viewing. Scale bars = 20 μ m in C (applies to A–C); 20 μ m in F (applies
to D–F).
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Figure 8.
CRALBP and GAT-3 immunostaining in the retina showing that GAT-1 immunoreactivity is
also distributed to Müller cell processes. Images of a vertical section through a P48 mouse
retina doubly immunostained with antibodies to CRALBP and GAT-3. A: CRALBP
immunostaining is in Müller cell processes extending from the OLM to the ILM. B: GAT-3
immunostaining in the Müller cells and their processes and in some amacrine cells and their
processes in the IPL. C: Merged image showing the localization of CRALBP (green) and
GAT-3 (magenta) immunostaining in the retina. D-F: Enlarged images showing the
distribution of CRALBP and GAT-3 immunoreactivities in the OPL. D: CRALBP
immunostained processes in the OPL. E: GAT-3-immunoreactive processes in the OPL. F:
Merged image showing the colocalization of CRALBP and GAT-3 in Müller cell processes in
the OPL. Ovals illustrate examples of the colocalization of CRALBP and GAT-3
immunoreactivity in the OPL. Confocal images were obtained from five to eight optical
sections with an average total thickness of 5– 8 μ m and compressed for viewing. Scale bars
= 20 μ m in C (applies to A–C); 20 μ m in F (applies to D-F).
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Figure 9.
VGAT immunostaining in the developing mouse retina. A–F: Vertical sections from P0 (A),
P5 (B), P10 (C), P15 (D), P20 (E), and P30 (F) mouse retinas. VGAT immunoreactivity is
observed in amacrine and displaced amacrine cell somata as well as in processes in the IPL at
P5 to P30. A: Weak VGAT immunoreactivity is seen in horizontal cell processes in the OPL
at P5. Arrow indicates an amacine cell body. C–E: Robust VGAT immunostaining is observed
beginning at P5 (B). Some blood vessels near the OPL are labeled as seen in D and E
(arrowheads); this is due to nonspecific staining associated with the VGAT monoclonal
antibody (Synaptic Systems, Göttingen, Germany; No. 131 011). Nonspecific staining of blood
vessels is due to nonspecific labeling of the secondary antibody. Scale bars = 20 μ m.
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Figure 10.
VGAT and calbindin immunostaining in the OPL of adult mouse retina. A: VGAT
immunoreactivity is distributed to horizontal cells and their processes. B: Calbindin
immunoreactivity is also distributed to horizontal cells and their processes. C: Merged image
showing the colocalization of VGAT (green) and calbindin (magenta) immunoreactivities.
Ovals highlight examples of colocalization of VGAT and calbindin immunoreactivity in
horizontal cell tips in the OPL. Confocal images were obtained from five optical sections with
an average total thickness of 5 μ m and compressed for viewing. Scale bar = 20 μ m.
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