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ABSTRACT
Gamma-aminobutyric acid (GAEIA) plasma membrane transporters influence synaptic
transmission by high-affinity, Na+-dependent transport processes. The cDNA clone, GAT-1,
encodes a high-affinity Na+- and Clk-dependent GABA plasma membrane transporter, which
has kinetic and pharmacological properties similar to those of high-affinity GABA uptake
systems associated with neurons. The present study evaluates the distribution and cellular
localization of this putative neuronal GABA transporter by RNA blot hybridization and in situ
hybridization histochemistry in the rat retina. Northern blot hybridization analysis of total
retinal and cerebellar RNA extracts demonstrated a single band of hybridization at 4.2
kilobases. GABA transporter mRNA is expressed by numerous cells that are distributed to the
proximal inner nuclear layer and the ganglion cell layer and by a few cells located in the inner
plexiform layer. Double label studies wmbining the retrograde transport of the fluorescent dye
Fluorogold from the superior collicu [us to identify ganglion cells and in situ hybridization
histochemistry demonstrated that most GAT-1 mRNA-containing cells in the ganglion cell
layer are displaced amacrine cells, although some ganglion cells containing GAT-1 mRNA were
visualized. In freshly dissociated retinal cell preparations, the GAT-1 RNA signal is strong in
neurons and weak to moderate in specialized glial cells called Muller cells. Muller cells were
identified by both their morphology and the presence of the selective Muller cell marker cellular
retinaldehyde-binding protein. Only hackground labeling is seen with the sense GAT-1 RNA
probe in both tissue sections and dissociated retinal cell preparations. These findings
demonstrate that GAT-1 mRNA is expressed in both the retina and brain. In the retina, this
transporter is predominantly localized to amacrine, displaced amacrine and interplexiform
cells, and some ganglion cells. This transporter mRNA is also expressed by Muller cells but at a
lower level than by neurons. These observations indicate that GABA transport by GAT-1
plasma membrane transporters in the retina is mediated by both neurons and glia
cells. 0 1994 Wdey-Liss, Inc.
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Gamma-aminobutyric acid (GABA) is the predominant
inhibitory neurotransmitter in the nervous system. Specific
Na+-and C1--dependent, high-affinity GABA transporters
are located in the plasma membrane of both GABAcontaining neurons and glial cells (Iversen and Kelly, 1975;
Schousboe, 1981; Kanner and Shuldiner, 1987; Kanner and
Bendahan, 1990; Radian et al., 1990). These transporters
have several possible functional roles. For instance, they
are likely to inactivate GABA's action in synaptic transmission by removing it from the vicinity of GABA receptors
into presynaptic terminals and glial cells (Iversen and
Kelly, 1975; Schousboe, 1981; Isaacson et al., 1993). In
O
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presynaptic terminals GABA may be recycled into synaptic
vesicles for subsequent vesicular release, whereas in glial
cells it is rapidly metabolized (Iversen and Kelly, 1975;
Schousboe, 1981). In addition, GABA transporters mediate
the electrogenic release of GABA in a Ca2+-independent,
nonvesicular manner upon membrane depolarization in
some cells (Schwartz, 1987; Kamermans and Werblin,
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1992), and this may be a general mechanism for GABA
release in the nervous system (Attwell et al., 1993).
Four cDNAs encoding plasma membrane transporters
that utilize GABA as a substrate have now been localized to
the rodent nervous system (Guastella et al., 1990; Borden
et al., 1992; Clark et al., 1992; Liu et al., 1992; L6pezCorcuera et al., 1992). GAT-1 is a high affinity GABA
transporter that has been isolated from both the rodent and
human nervous system (Guastella et al., 1990; Nelson et
al., 1990; Liu et al., 1992). The rat GAT-1 cDNA clone
encodes a predicted protein of 599 amino acids, and hydropathy analysis indicates that it is likely to have 11 or 12
membrane spanningregions (Guastella et al., 1990). Expression studies using the rat GAT-1 cDNA clone in Xenopus
oocytes and in mammalian cell lines show that this transporter is characterized by high-affinity, Na+-and C1-dependent GABA uptake. This uptake is strongly inhibited
by cis-3-aminocyclohexane carboxylic acid (ACHC), less
strongly inhibited by 2,4-diaminobutyric acid (DABA), and
not inhibited by p-alanine (Guastella et al.,1990; Clark et
al., 1992; Keynan et al., 1992). These kinetic and pharmacological properties are similar to those of high-affinity GABA
uptake systems classically described for neuronal preparations and not for glial preparations (Beart et al., 1972;
Iversen and Kelly, 1975; Bowery et al., 1976; Neal and
Bowery, 1977; Kanner and Bendahan, 1990; Mabjeesh et
al., 1992). In addition, GAT-1 mRNA is localized to neurons
in the central nervous system (Brecha et al.,1992). The
other recently cloned rat GABA transporters, GAT-2 and
GAT-3 (or GAT-B), share about 50% amino acid sequence
homology with GAT-1 (Borden et al., 1992; Clark et al.,
1992). These transporters, when expressed in heterologous
cell systems, differ significantly in their pharmacological
properties from GAT-1, with very little or no inhibition of
GABA uptake by ACHC but strong inhibition of GABA
uptake by p-alanine (Borden et al., 1992; Clark et al., 1992).
In addition, a GABA transporter called GAT-2, which is
most similar in its nucleotide sequence to a glycine betaine
transporter identified in dog kidney, has been reported in
the mouse nervous system (L6pez-Corcuera et al., 1992;
Yamauchi et al., 1992). This GABA transporter also differs
in its kinetic and pharmacological properties from rat and
mouse GAT-1 (Guastellaet al.,1990; L6pez-Corcuera et al.,
1992). These recent molecular cloning findings with earlier
kinetic and pharmacological observations (Iversen and Kelly,
1975; Wood and Sidhu, 1987; Kanner and Bendahan, 1990)
indicate a heterogeneity of GABA transporters in the
nervous system.
The mammalian retina contains Na+-dependent GABA
uptake systems (Starr and Voaden, 1972; Goodchild and
Neal, 1973; Iversen and Kelly, 1975; Neal, 1976; Redburn,
1977; see Brecha, 1983; Yazulla, 1986; for reviews), which
are associated with amacrine and interplexiform cells and
with radially oriented glial cells that are known as Muller
cells, as indicated by uptake-autoradiographicand pharmacological approaches (Neal and Iversen, 1972; Bruun and
Ehinger, 1974; Marshall and Voaden, 1974; Ehinger, 1977;
Yazulla, 1986; O'Malley et al., 1992). The kinetic and
pharmacological characteristics of these uptake systems, as
well as the cellular localization patterns of GABA and
GABA analogue uptake, support the presence of multiple
GABA transporters in the retina (Agardh and Ehinger,
1982; Goodchild and Neal, 1973; Bruun and Ehinger, 1974;
Bruun et al., 1974; Iversen and Kelly, 1975; Ehinger, 1977;
Neal and Bowery, 1977; Bauer and Ehinger, 1978; Cunning-

ham et al., 1981; Pourcho, 1981; Blanks and Roffler-Tarlov,
1982; Hendrickson et al., 1985; Yazulla, 1986).
The distribution and localization of GABA plasma membrane transporter proteins or their mRNAs in the mammalian retina are unknown, although these transporters are
presumably expressed by GABAergic neurons and Muller
cells (Yazulla, 1986). In addition, it is unknown if structurally different transporters are expressed by distinct retinal
cells and, finally, if these transporters are the same or
different from GABA plasma membrane transporters expressed elsewhere in the nervous system. The present study
provides the first direct evidence of the cellular localization
of a recently described high-affinity ACHC-sensitive GABA
transporter mRNA called GAT-1 (Guastella et al., 1990) in
the rat retina by using blot hybridization and in situ
hybridization histochemistry. A brief description of preliminary results has been presented in abstract form (Weigmann and Brecha, 1991).

MATERIALS AND METHODS
Ani ma1s
Adult albino rats (Sprague-Dawley; Harlan, San Diego,
CA), weighing 180-250 g were used in these studies. They
were fed and housed under regular conditions with a 12
hour light-dark schedule. Care and handling of animals
were approved by the Animal Research Committee of the
VAMC-West Los Angeles in accordance with all NIH
guidelines.

Northern analysis
Northern blot hybridization experiments used an antisense RNA probe, which was synthesized from a 4.2
kilobase, full-length rat GABA transporter cDNA clone
(GAT-1; Guastella et al., 1990) by using T3 RNA polymerase in the presence of ~ ~ ~ P - u r i dtriphosphate
ine
(3,000
Ci/mmol; NENiDuPont, Wilmington, DE) at a specific
activity of 8-10 x lo8 cpm/kg, as previously described
(Brecha et al., 1989; Sternini et al., 1989). Rats were
anesthetized with Halothane (Halocarbon Laboratories,
Inc; North Augusta, GA) and decapitated. The retina,
cerebellum, and liver were rapidly dissected, frozen on dry
ice, weighed, and stored at -70°C until RNA extraction.
Total RNA was extracted by a modified single step RNA
isolation (Chirgwin et al., 19791, separated by electrophoresis on a 1% agarose gel containing 6% formaldehyde, and
transferred to a Nybond-N nylon membrane (Amersham,
Arlington Heights, IL). The RNA blot was preincubated in
hybridization buffer [50% formamide, 0.1% bovine serum
albumin (BSA), 0.1% Ficoll, 0.1% polyvinylpyrrolidone
(PVP), 0.05 M Tris-C1, pH 7.5, 1 M NaCl, 3.75 mM
Na2P207,1% (vol/vol) sarcosyl, 10% (wtivol) dextran sulfate containing 100 p g of salmon sperm DNA per ml] at
65°C overnight and then incubated in the same buffer with
3 x lo6 cpm of 32P-GAT-1RNA per milliliter at 65°C for 18
hours. Blots were washed under stringent conditions in a
final wash of 0 . 1 SSPE
~
(0.18 M NaCl, 0.01 M NaH2P04,
0.001 M EDTA) with 0.1% sarcosyl at 70"C, dried, and
exposed to Kodak XAR-5 film at -70°C with intensifying
screens for 2 hours to 4 days. The relative amount of RNA
loaded onto the gel was determined by reprobing the
membrane with a human glyceraldehyde 3-phosphate dehydrogenase (G3PDH) RNA probe (Clontech, Palo Alto, CA)
as described above. The human G3PDH RNA probe hybridizes with rat GSPDH mRNA.
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In situ hybridization experiments
Rats were anesthetized with 30% chloral hydrate and
perfused through the heart with 0.01 M phosphate-buffered
saline (PBS; pH 7.4) followed by 4% paraformaldehyde (4%
PFA) in PBS. The eyes were removed, the anterior segments were cut away, and the retinas were dissec:ted and
postfixed in 4% PFA/PBS at 4°C until processing.
Antisense and sense GABA transporter RNA probes were
prepared from the GAT-1 cDNA by in vitro transcription by
using T3 or T7 polymerase and 35S-uridine triphosphate
(1,200 Ciimmol; NENiDuPont) at a specific activity of 3-5
x los cpm/pg (Brecha et al., 1989; Sternini et al., 1989).
RNA probes used for the in situ hybridization experiments
were either full length or cleaved to 400-500 nuclealtides by
limited alkaline hydrolysis (Cox et al., 1984).
The in situ hybridization protocol is similar to that
described in our previous publications (Brecha et al., 1989;
Sternini et al., 1989). Whole retinas or pieces were washed
withglycine (0.75 mg/ml)/PBS, I XSSC (0.1 M NaGl, 0.1 M
Na citrate) and incubated in proteinase K (1 pg/ml) for 30
minutes at 3YC, followed by triethanolamine, pH 8.0, plus
acetic anhydrate for 10 minutes and then were washed in
2 x SSC. Retinas were prehybridized free floating at 37°C
for 2 hours with hybridization buffer [25 mM PIF'ES, pH
6.8, 0.75 M NaC1, 25 mM EDTA, I X Denhardt's :solution
(0.02% PVP, 0.02% Ficoll, 0.02% BSA), 50% deionized
formamide, 0.2% sodium dodecyl sulfate, 100 mM: dithiothreitol, 250 pg/ml denatured salmon sperm DNA, and 250
pg/ml polyadenylic acid]. Retinas were then incubated in
the hybridization mixture with 5%dextran sulfate containing 35S-GAT-1sense or antisense RNA (0.1 ngip.1) overnight at 5265°C. Sections were then washed in 4~ SSC
containing 50 mM P-mercaptoethanol and 10 mM Na
thiosulfate, incubated in pancreatic RNase A (50 pg/ml) for
30 minutes at 37°C and washed again with SSC bsuffer at
increasing stringency to a final wash of 0.1x SSC at 60°C or
65"C, and in some experiments at 70°C. Retinas were then
washed overnight in 0 . 1 ~SSC at room temperature,
dehydrated through graded ethanols and butanol, and
embedded in diethylene glycol distearate (DGD; Polysciences; Warrington, PA; Porrello et al., 1991). Retinas
were subsequently cut at 3 pm, the DGD was removed from
the sections with a graded series of ethanols and butanol,
and the sections were then processed for autoradiography
by using Kodak NTB-2 liquid photographic emulsion diluted 1:lwith distilled water. Autoradiograms were developed in Kodak D-19 and fixed in Kodak fixer after different
exposure periods (10-60 days). Sections were then counterstained with toluidine blue, dehydrated, cleared in xylene,
and coverslipped.

Retrograde transport studies
Rats were anesthetized with Nembutal (60 mgikgg),and
bilateral stereotaxic injections of 0.5 pl of 1% Fhiorogold
(Fluorochrome, Englewood, CO) in 0.9% NaCl weire made
into the superior colliculus with a 1 p1 Hamilton syringe.
After a 4-8 day survival period, the rats were anesthetized
with 30% chloral hydrate and perfused through the heart
with PBS followed by 4% PFA in PBS. The eyes were
removed, the anterior segments were cut away, and the
retinas were dissected and postfixed in 4% PFA/P BS with
30% sucrose at 4°C until they were sectioned at 10 pm with
a cryostat. Sectioned retinas were stored at -20°C until
processing. The brain was removed, and the locatioiis of the

injection sites in the superior colliculus were verified by
both gross inspection and analysis of transverse sections
through the midbrain.
Retinal sections were processed for in situ hybridization
histochemistry as described above for the whole retinas.
The RNA probe was used at a concentration of 0.1 ng/pl,
and a total of 40 pl of hybridization buffer was applied to
each slide.

Retinal dissociation
Retinal cells were separated by a dissociation procedure
which is described in detail in previous publications (Sarthy
and Lam, 1979; Huba and Hoffman, 1988). In brief, rats
were anesthetized with Halothane and decapitated, and the
eyes were removed. The retinas were dissected in normal
Hanks balanced salt solution (Sigma, St. Louis, MO),
incubated in normal Hanks solution containing 0.1% collagenase (1,610 units/mg; Sigma) and 0.04% hyaluronidase
(760 units/mg; Sigma) for 18 minutes at 3TC, then incubated in Ca2+/Mg2+-freeHanks solution with 2 mM Lcysteine, 2.5 mM EGTA, and 0.025% papain (11unitsimg;
Sigma) for 22 minutes at 37°C. Retinal pieces were washed
in Dulbecco's modified Eagle medium and Ham's nutrient
mixture F-12 (DME; Sigma) and 0.02% DNAse (12,100
units/mg; Sigma), then triturated through a Pasteur pipette five or six times in DME. The papain digestion and
trituration were usually repeated once. The cells were
gently spun at 50g for 5 minutes and washed again in DME
and DNase, and two or three drops of the cell suspension
were placed onto poly-L-lysine-coated slides. The cells were
allowed to settle for 30 minutes and then fixed by adding
several drops of 4% PFA in PBS for 30 minutes at room
temperature. After washing in PBS, the dissociated cells
were dehydrated and stored until processing.
The dissociated cells were rehydrated and processed for
in situ hybridization histochemistry like the whole retinas,
except for a reduction of the proteinase K incubation to 7
minutes. They were incubated with 40 pl of hybridization
buffer containing 0.1 ng/p1 of the RNA probe.
To determine the specificity of hybridization, whole
retinas, retinal pieces and sections, and dissociated cell
preparations were incubated with the sense RNA probe.

Immunohistochemistry
Immunohistochemical studies used a rabbit polyclonal
antiserum directed to cellular retinaldehyde-binding protein (CRALBP; Bunt-Milam and Saari, 1983) to identify
Muller cells. Following the in situ hybridization histochemical procedure, dissociated retinal cells attached to slides
were incubated with primary antibody at 1:200 with 1%
BSA and 10%normal goat serum in 0.5% Triton X-lOO/PB
for 12-18 hours at 4°C and processed with an avidin-biotin
technique (Casini and Brecha, 1991). The dissociated cell
preparations were incubated in biotinylated goat antirabbit
IgG, washed, incubated in avidin-biotin peroxidase complex, and washed again. They were then incubated in
3',3'-diaminobenzidine (DAB; Sigma), followed by DAB
with 0.01% HzOz, washed, dehydrated, and then processed
by autoradiographic procedures (as described above).
Specificity of the immunoreactive staining was assessed
by incubating adjacent sections in nonimmune rabbit serum. However, control experiments cannot exclude the
possibility of cross-reactivity with other substances. The
terms CRALBP-immunoreactive or containing are used to
describe the staining.
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Cell counts

GABA Transporter mRNA

A semiquantitativeassessment was made of the hybridization signal in the ganglion cell layer (GCL) to estimate the
number of cells containing GAT-1 mRNA. Labeled cells
were defined as having five times the number of silver
grains over their cell bodies than a comparably sized area in
the inner plexiform layer (IPL). This arbitrary criterion
was chosen to insure that labeled cells could be clearly
distinguished from adjacent nonspecifically labeled cells.
Cells were counted from 3 pm thick sections of retinas
embedded in DGD, which were exposed for 38 days and
counterstained with Toluidine Blue. Sections measuring a
minimum of 10 mm in length were counted.

RESULTS
Northern blot analysis
The GABA transporter RNA probe (GAT-1) detected a
single band at about 4.2 kilobases in RNA extracted from
the retina and cerebellum (Fig. 1) in agreement with
previous reports (Guastellaet al., 1990; Nelson et al., 1990;
Borden et al., 1992). The density of the retinal mRNA
signal is similar to the cerebellar mRNA signal, and it is
relatively greater compared to other central nervous system
regions (Brecha and Weigmann, unpublished). The relative
amounts of RNA loaded onto the gel are comparable for the
retina and cerebellum, as determined from the density of
the G3PDH mRNA signal. G3PDH is a ubiquitously expressed “housekeeping gene” found in many tissues (Tso et
al., 1985). GABA transporter transcripts are not detected in
RNA extracted from the liver, which served as a negative
control (Fig. 1).

Distribution of GABA transporter mRNA in
retinal sections

4.2 kb

-

- 28s
- 18s

Fig. 1. Northern blot hybridization using the rat antisense GAT-1
RNA probe with retinal, cerebellar, and liver RNA. A 4.2 kilobase
transcript was identified in the retina and cerebellum. Ten micrograms
of total RNA from the retina and cerebellum and 20 b g of total RNA
from the liver were loaded in the appropriate lanes. RNA size markers
were run in a parallel lane and stained with ethidium bromide. kb,
kilobases; 18S, 18sRNA; 28S, 28s RNA.

GAT-1 mRNA is abundant in the proximal inner nuclear
layer (INL) and GCL in all retinal regions (Figs. 2, 3). to be amacrine cells, which are sometimes referred to as
Identical hybridization patterns are observed with both displaced amacrine cells or as interstitial cells.
In the GCL, there are numerous strongly labeled cells
partially digested and full-length RNA probes. Labeling is
not associated with endothelial cells lining blood vessels nor (Figs. 2,3). Most of these neurons are similar in appearance
with astrocytes, which are mainly located in the ganglion to the labeled amacrine cells observed in the proximal INL
cell axon layer (Dixon and Eng, 1981; Schnitzer, 1988). and IPL, suggesting that they are displaced amacrine cells.
Only background labeling is observed over the distal INL, A few larger cells are also labeled, and they have the
outer plexiform layer and outer nuclear layer, and in appearance of ganglion cells, Counts of the number of
labeled cell bodies (defined by having five times the grain
sections incubated with the sense RNA probe (Fig. 2B).
In all retinal regions, GAT-1 mRNA is localized to density of a comparable area in the IPL) demonstrate that
numerous small cell bodies, which are usually confined to labeled cells make up about 51% (186/365) of the total
the first two rows of cells of the proximal INL (Fig. 3). The number of cells in the GCL. This estimate is similar to an
number and distribution of labeled cells in the proximal earlier estimate of the number of displaced amacrine cells
INL suggest that they are amacrine cells. Some labeled cells in the rat retina (Perry, 1981). Together, these observaalso may be interplexiform cells, since their cell bodies are tions indicate that on the basis of cell appearance and
located in the proximal INL at the IPL border. The number, most of the labeled cells in the GCL-containing
hybridization pattern in the INL also indicates that Muller GAT-1 mRNA are displaced amacrine cells.
Numerous ganglion cells of all sizes are heavily labeled
cells, whose cell bodies are located in the middle of this layer
and are mixed with amacrine and bipolar cells, may express following the bilateral injections of Fluorogold into the
GAT-1 mRNA. However, positive identification of Muller superficial layers of the superior colliculus, confirming
cells is difficult in retinal sections due to light counterstain- earlier retrograde transport studies (Caruso et al., 1989).
ing and the destruction of cytological detail from the The double label studies employing both the retrograde
treatment of the retina with RNase A. Therefore, we transport of Fluorogold and in situ hybridization histochemconducted additional cell dissociation experiments (below) istry show that the majority of ganglion cells containing
to determine if GAT-1 mRNA is expressed by these cells. Fluorogold do not contain GAT-1 mRNA (Fig. 4). However,
Finally, some strongly labeled cells are present in the inner a few Fluorogold-labeled ganglion cells containing GAT-1
plexiform layer (IPL; Fig. 3 0 . These labeled cells are likely mRNA are observed in the GCL. These observations indi-
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Fig. 2. Darkfield photomicrograph of a 3 K r n retinal section incubated with 35S-GAT-1RNA in the antisense (A) or sense (B) orientation.
A Prominent labeling is observed in the proximal inner nuclear layer

(INL) and ganglion cell layer (GCL). B: Control section showing
background labeling. ONL, outer nuclear layer; INL, inner nuclear
layer; GCL, ganglion cell layer. Scale bar = 25 pm.

cate that the majority of cells in the GCL-containing GAT-1
mRNA are displaced amacrine cells.

cross-hybridization with other related mRNA is the lack of
specific hybridization signal in rat retinal sections incubated with a 700 base pair rabbit GAT-1 RNA probe that
has about 85% homology to the corresponding region of rat
GAT-1 mRNA (Brecha, Guastella, and Weigmann, unpublished observations). However, these experimental approaches do not completely rule out the possibility of the
existence of highly homologous transporters in the retina,
perhaps due to alternative splicing, that cross-react with
the GAT-1 probes.

Localization of GABA transporter mEtNA in
dissociated retinal cell preparatiolns
In freshly dissociated retinal cell preparations, GAT-1
mRNA is abundant in many small and medium cells (Fig.
5A). GAT-1 mRNA is also localized to all Muller cells (Fig.
5B,C).Muller cells were identified by either a dark staining
nucleus and lightly staining, thick, long proce,sses when
stained by toluidine blue or the presence of CRALBP
immunoreactivity. CRALBP is a retinoid that is localized to
Muller cells and retinal pigment epithelium cells (BuntMilam and Saari, 1983). The GAT-1 mRNA labeling associated with Muller cells is mainly located over the cell body,
and hybridization signal is rarely located over cell processes. Muller cells have a low to moderate level of GAT-1
mRNA compared to adjacent labeled neurons in the same
preparations.

DISCUSSION
These investigations demonstrate that GAT- 1 mRNA is
present in the rat retina, and it is localized to amacrine,
ganglion, and Muller cells. These findings extend biochemical, pharmacological, and uptake-autoradiographicobservations, which have indicated the presence ,of a Na+dependent, high-affinity GABA uptake system in the rat
retina (Neal and Iversen, 1972; Starr and Voaden, 1972;
Goodchild and Neal, 1973; Bruun and Ehinger, 1974;
Marshall and Voaden, 1974; Neal, 1976).
The mRNA detected in the retina is identical in size to
GAT-1 mRNA reported in the central nervous system
(Guastella et al., 1990; Nelson et al., 1990; 13recha and
Weigmann, unpublished observations). GAT-11 mRNA is
abundantly expressed by neurons and lightly to moderately
expressed by Muller cells. The expression of GAT-1 mRNA
in the retina and its localization to these cell types are
demonstrated by the single band of hybridization in the
Northern blot of the retina and the presence of specific
hybridization signal in tissue sections following high stringency wash conditions of 0.1 x SSC at 60"C, 6 5 T , and 70°C.
A further indication that GAT-1 RNA signal in the retina is
due to the presence of GAT-1 mRNA and not due to

Neuronal expression of the GAT-1 transporter
The present findings are consistent with the expression
of GAT-1 mRNA in amacrine, displaced amacrine, and
interplexiform cells. The identification of these cells is
based on their appearance and known distribution in the
proximal INL, IPL, and GCL. The double label studies
involving the retrograde transport of Fluorogold and in situ
hybridization also indicate that the majority of GAT-1
mRNA-containing cells in the GCL are displaced amacrine
cells. Further evidence that displaced amacrine cells express this GABA transporter mRNA derives from the close
match in their estimated number and the estimated number of displaced amacrine cells determined by other methods (Perry, 1981).There is a general correspondence of the
patterns of GAT- 1 mRNA hybridization, GABA immunostaining (Mosinger et al., 1986; Caruso et al., 19891, and
GABA synthetic enzyme L-glutamate decarboxy1ase67
(GAD67)mRNA hybridization and immunostaining (Brandon, 1985; Brecha et al., 1991). Together, these observations indicate that the same group of cells that expresses
GAT-1 mRNA is also likely to express GABA and GAD,,;
however, double label experiments are needed to determine
their exact relationships. Finally, the experiments utilizing
the retrograde transport of Fluorogold from the superior
colliculus demonstrate that a few ganglion cells contain
GAT-1 mRNA. The GAT-1 mRNA-containing ganglion
cells are likely to correspond to the small percentage of
GABA-immunoreactive ganglion cells that were identified
in an earlier double label retrograde transport study that
employed antibodies directed to GABA (Caruso et al.,
1989).
GAD- and GABA-immunoreactive, and
mRNAcontaining horizontal cells are a feature of some mamma-
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Fig. 3. Cellular localization of GAT-1 mRNA. Brightfield photomicrographs of thin sections (3 pm) incubated with 35S-GAT-1RNA. The
labeling pattern shown in Figure 2 and in A-C of this figure indicates
that amacrine and displaced amacrine cells, interplexiform cells, and

perhaps ganglion and Miiller cells express GAT-1 mRNA. C: A labeled
interstitial cell is indicated by the arrowhead. IPL, inner plexiform
layer. Scale bars = 20 pm in A, 10 pm in B and C.

lianretinas (Mosinger et al., 1986;Pourcho and Owczarzak,
1989; Sarthy and Fu, 1989; Wassle and Chun, 1989;
Grunert and Wassle, 1990). However, in the adult rat
retina, GABA uptake has never been reported in horizontal
cells (Neal and Iversen, 1972; Bruun and Ehinger, 1974;
Marshall and Voaden, 1974). In addition, most investigations report that horizontal cells do not contain GAD and
GABA immunoreactivity or GAD65 and GAD67 mRNAs
(Vaughn et al., 1981; Brandon, 1985; Mosinger et al.,1986;

Caruso et al., 1989; Brecha et al., 1991; Brecha, unpublished observations). GAT-1 mRNA also is not detected in
these cells, further suggesting that in the rat retina horizontal cells are not GABAergic. However, the possibility of a
very low level of expression of GAT-1 mRNA in rat horizontal cells, which cannot be detected by in situ hybridization
histochemistry, or the expression of one of the other
recently described GAEIA plasma membrane transporters
(Borden et al., 1992) by horizontal cells cannot be discounted.
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The presence of high-affinity, ACHC- and DABA-sensitive GABA uptake systems in glia cells has been suggested
by several different studies. In addition to the good evidence
for such uptake systems in Muller cells of the rodent retina,
cultured oligodendrocytes and astrocytes are reported to
have a GABA uptake system with the properties of a
neuronal GABA uptake system (Levi et al., 1983; Reynolds
and Herschkowitz, 1984). In addition, ultrastructural studies using polyclonal antibodies to a purified GABA transporter preparation (Radian et al., 19861, which is likely to
correspond to GAT-1 (Guastella et al., 19901, show glial
membrane labeling in several regions of the nervous system
(Radian et al., 1990). Together these observations indicate
that high affinity, ACHC- and DABA-sensitive GABA uptake systems are not a property that is solely associated
with neurons.

GABA uptake systems in the rat retina

Fig. 4. Localization of GAT-1 mRNA in a section from the Fluorogold retrograde transport-in situ hybridization experiments. A: Fluorescence photomicrograph showing Fluorogold-containing ganglion cells
following an injection of Fluorogold into the superficial layers of the
superior colliculus. B: Double exposed photomicrograph (fluorescence
and darkfield) of the same field as in A showing that most Fluorogoldcontaining ganglion cells do not contain GAT-1 mRNA, indicating that
most GAT-1-containing cells in the GCL are displaced amacrine cells.
However, some ganglion cells contain GAT-1 mRNA. A double labeled
ganglion cell is indicated by the arrowhead. Scale bar = 20 pm.

Glial expression of the GAT-1 transporter
Identification of Muller cells in the Nissl-stained preparations of sectioned retina proved to be difficult, since it was
not possible to distinguish them unequivocally from adjacent amacrine and bipolar cells on the basis of their
staining, size, shape, or location. Therefore, a retinal cell
dissociation approach was used to differentiate neurons
from Muller cells (Sarthy and Lam, 1979; Huba and
Hofmann, 1988). Muller cells identified on the basis of their
morphology and CRALBP immunoreactivity (Bunt-Milam
and Saari, 1983) have a low to moderate GAT-1 RNA signal
in comparison to adjacent labeled neurons. These observations are consistent with GABA uptake by Muller cells
(Neal and Iversen, 1972; Bruun and Ehinger, 1974; Marshall and Voaden, 1974), and they may explain earlier
pharmacological uptake studies showing the accumulation
of ACHC and DABA by Muller cells (Bauer and Ehinger,
1978; Cunningham et al., 19811, since the GAT-1 transporter is sensitive to these compounds (Guastella et al.,
1990; Borden et al., 1992; Clark et al., 1992). Together,
these in situ hybridization and pharmacological observations provide evidence that Muller cells contain GAT-1
mRNA or a highly homologous transporter.

The robust expression of GAT-1 mRNA by neurons, as
well as its low to moderate level of expression by Muller
cells, is in striking contrast to earlier uptake-autoradiographic pharmacological studies that show Muller cells as
the predominant cell type associated with GABA uptake
systems in the rat retina (Neal and Iversen, 1972; Bruun
and Ehinger, 1974; Marshall and Voaden, 1974; Brecha and
Weigmann, unpublished observations). The different labeling patterns are likely to be due to several factors. For
instance, there may be differences in the kinetic properties
or in the translation and stability of the GAT-1 transporter
when expressed by neurons or Muller cells. Furthermore,
since multiple types of GABA transporter mRNAs have
been recently detected in rodent nervous system (Borden et
al., 1992; Liu et al., 1993), there is a possibility that Muller
cells have a greater variety and greater total number of
GABA plasma membrane transporters than retinal neurons. Finally, the cellular location of GABA plasma membrane transporters on retinal cells may have a strong
influence on experimental observations regarding GABA
uptake patterns. That is, if high-affinity GABA uptake sites
are located on the apical processes and on the endfeet of
Muller cells, then Muller cells would be initially labeled in
either in vivo or in vitro uptake-autoradiographic experiments, since GABA must pass these cells before entering
the retina when it is applied to the retinal surface.
Many of the original biochemical and pharmacological
observations concerning GABA uptake systems in the
rodent retina (Neal and Iversen, 1972; Starr and Voaden,
1972; Goodchild and Neal, 1973; Bruun and Ehinger, 1974;
Marshall and Voaden, 1974; Blanks and Roffler-Tarlov,
1982) can be parsimoniously explained by the presence of
functional GAT-1 transporters on neurons and Muller cells.
However, a more complete accounting of previous pharmacological observations requires additional GABA plasma
membrane transporters to be expressed in the retina. For
instance, the GABA agonist muscimol, which is a weak
inhibitor of high-affinity GABA uptake in the CNS (Johnston, 19711, is accumulated by GABAergic retinal neurons,
but apparently it is not accumulated by Muller cells (Pourcho, 1981; Blanks and Roffler-Tarlov, 1982; Hendrickson et
al., 1985; Yazulla, 1986). These uptake-autoradiographic
observations, therefore, suggest the existence of two transporters, one which mediates muscimol uptake into neurons
and a second mediating GABA uptake into neurons and
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Fig. 5. Expression of GAT-1 mRNA in freshly dissociated retinal
cell preparations. Prominent labeling is observed over small and
medium-sized round cells (A). Low to moderate labeling is seen over
Muller cells (B,C). Miiller cells are identified by their characteristic
morphology and their expression of CRALBP immunoreactivity. A was

stained with toluidine blue; B and C were processed for immunohistochemistry with an antibody directed to CRALBP. The photomicrographs in A and B are focused on the silver grains overlying the neurons
and the Miiller cell, respectively. C is focused on the Miiller cell. Scale
bars = 10 km.

Miiller cells. Other pharmacological observations also support the existence of multiple GABA transporters in the rat
retina. For instance, a high-affinity, p-alanine-sensitive
GABA uptake system has been demonstrated in the retina
(Neal, 1976), and p-alanine is selectively accumulated by
Muller cells and amacrine cells (Bruun and Ehinger, 1974).
The recently described GAT-2 and GAT-3 GABA plasma
membrane transporters (Borden et al., 1992; Clark et al.,
1992), which are sensitive to p-alanine, could possibly be
associated with some of these pharmacological observations. Indeed, molecular cloning studies indicating the
presence of GAT-2 mRNA, and perhaps GAT-3 mRNA in
rat retinal extracts (Borden et al., 19921, support the
possibility that additional GABA plasma membrane transporters will be localized to amacrine and Muller cells.
In summary, these investigations have demonstrated the
presence of a high-affinity, ACHC-sensitive GABA transporter called GAT-1 in the retina using Northern blot and
in situ hybridization. This transporter mRNA is expressed

by both neurons and Miiller cells. The expression of a
high-affinity GABA transporter by these cells is consistent
with earlier general observations of GABA uptake patterns
in several mammalian retinas (Bruun and Ehinger, 1974;
Ehinger, 1977; Blanks and Roffler-Tarlov, 1982; Yazulla,
1986; O’Malley et al., 1992). In view of recent molecular
cloning experiments (Borden et al., 1992), it is likely that
other GABA transporters are localized to neurons and
Muller cells and that some retinal cells express multiple
GABA transporters. Finally, the present observations are
consistent with earlier reports showing that GABA uptake
in the inner retina is mediated by both neurons and Muller
cells, and that these two cell types share some pharmacological properties.
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