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Abstract

In the central nervous system (CNS), the inhibitory transmitter GABA interacts with three
subtypes of GABA receptors, type A, type B, and type C. Historically, GABA receptors have been
classified as either the inotropic GABA , receptors or the metabotropic GABAj receptors. Over
the past 10 yr, studies have shown that a third class, called the GABA( receptor, also exists.
GABA_ receptors are found primarily in the vertebrate retina and to some extent in other parts of
the CNS. Although GABA , and GABA - receptors both gate chloride channels, they are pharma-
cologically, molecularly, and functionally distinct. The p subunit of the GABA receptor, which has
about 35% amino acid homology to GABA , receptor subunits, was cloned from the retina and,
when expressed in Xenopus oocytes, has properties similar to retinal GABA( receptors. There are
probably distinct roles for GABA receptors in the retina, because they are found on only a subset
of neurons, whereas GABA , receptors are ubiquitous. This article reviews recent electrophysi-
ological and molecular studies that have characterized the unique properties of GABA( receptors
and describes the roles that these receptors may play in visual information processing in the retina.

Index Entries: GABA; GABA_- receptor; retina; p1 receptor; p2 receptor; horizontal cells; bipolar

cells; bicuculline-insensitive.

Introduction

GABA is the major inhibitory transmitter in
the central nervous system (CNS). It is present
in high abundance in the brain and in the
retina. GABA receptors have been traditionally
classified as either GABA , or GABAg receptors
(1). GABA, receptors are heteromeric ligand-
gated ion channels composed of different
polypeptide subunits (e.g., o, B, y, 8, with sev-
eral isoforms in each class). Like other mem-
bers of ligand-gated ion-channel superfamily,
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GABA receptors probably exist as pentomers
(2). The ionotropic GABA, receptors are
antagonized by bicuculline and picrotoxin and
their responses are potentiated by barbiturates
and benzodiazepines. In different parts of the
CNS, GABA , receptors exhibit different phar-
macological sensitivities, suggesting that there
are different subtypes of GABA , receptors (3).
Molecular cloning experiments have revealed
many polypeptide subunits for GABA , recep-
tors, also indicating that there may be a variety
of GABA , receptors (3,4). In situ hybridization
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Table 1
GABA Receptor Selectivity
GABA, GABAgy GABA(

Agonists

GABA X X X

Muscimol X X

Baclofen X

TACA X X X

CACA X (weak) X
Antagonists

Bicuculline X

SR95531 X

Picrotoxin X X

[4AA Weak agonist X

3-APA Agonist X

3-APMPA Agonist X

experiments demonstrate that the GABA
receptor subunits are differentially distributed
in various brain regions (3,4), reinforcing the
notion that there are regional GABA , receptor
differences. The metabotropic GABAg recep-
tors are pharmacologically, molecularly, and
functionally distinct from GABA, receptors.
The GABAg receptors activate G-proteins, are
sensitive to the agonist baclofen, but are insen-
sitive to bicuculline blockade. Additional stud-
ies have shown that a third class of GABA
receptors exists that is insensitive to both the
GABA , antagonist bicuculline and the GABAg
agonist baclofen (5). This third class of GABA
receptor, the subject of this article, was termed
the GABA - receptor (6). The selectivity of vari-
ous ligands for the different GABA receptor
types is summarized in Table 1.

GABA( Receptors

The first suggestion of GABA( receptors
comes from binding studies that identified a
GABA binding site on rat cerebellum synaptic
membranes that was insensitive to both baclofen
and bicuculline (5). However, earlier indica-
tions of GABA receptors come from studies
with cis- (CACA) and trans-4-aminocrotonic
acid (TACA), folded and extended analogs of
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GABA, respectively. TACA, which was equal
in potency to GABA, inhibited spinal cord firing
in a bicuculline-sensitive manner, but CACA,
which was about a quarter of the potency of
GABA, depressed firing in a bicuculline-insen-
sitive manner (7). CACA probably did not act
at a GABAg receptor to reduce firing, because
unlike TACA, it did not inhibit the binding of
[*Hlbaclofen (5). Subsequent work in other
parts of the CNS showed that the bicuculline-
insensitive action of CACA was mediated by
GABA( receptors (8-10). GABA( receptor-
mediated responses have been described in the
retina (9,10), the frog tectum (8,11), the guinea
pig superior colliculus (12), and the develop-
ing rat hippocampus (13). These studies
showed that GABA( receptors gate chloride
channels and are insensitive to bicuculline
antagonism or baclofen activation.

Another CACA-sensitive, GABA receptor
subtype has been described that modulates cal-
cium currents (14). This receptor is also insen-
sitive to both bicuculline and baclofen, but it is
functionally distinct from the GABA receptor
because it does not activate a chloride channel.
Thus, there are multiple CACA-sensitive
receptors, making it difficult to characterize
GABA_ receptors on the basis of binding stud-
ies (5) or extracellular recording studies (7).
The receptors characterized by Johnston et al.
(15) may be different from retinal GABA_
receptors in the retina, because unlike retinal
GABAC( receptors, they are more sensitive to
CACA than TACA.

In vertebrates, GABA receptors are found
primarily in the retina and, to a lesser extent,
in other parts of the brain. The first indication
of that GABA( receptors were abundant in the
retina was revealed by molecular biological
studies. A GABA -like receptor subunit prima-
rily expressed in the retina was discovered by
Cutting and colleagues (16) and was called the
pl subunit. The pl subunit displays 30-38%
amino acid similarity to the a, B, v, and 3
GABA, receptor subunits. Comparison of
amino add (16) or DNA information (2) indi-
cates that the p1 subunit is most closely related
to the p GABA, receptor subunits. Using
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Northern hybridization, Cutting et al. (16)
showed that p1 subunit expression was higher
in the retina than in the cerebellum, and there
was no expression in other regions of brain and
spinal cord.

When mRNA from mammalian retina or
cerebral cortex was expressed in Xenopus
oocytes, only oocytes injected with retinal
mRNA produced GABA currents with a
unique GABA-like pharmacology (17). Oocytes
injected with cortical mRNA produced cur-
rents with a GABA ,-like pharmacology. The
GABA currents measured in the oocytes
injected with retinal mRNA exhibited two
components: a major GABA - or p-like compo-
nent and a minor GABA ,-like component.
Oocytes injected with p1 mRNA also produced
GABA-like currents (18). The GABA responses
in both retinal mMRNA- and p1 mRNA-injected
oocytes were insensitive to bicuculline block-
ade and to barbiturate and benzodiazepine
enhancement, but were blocked by picrotoxin.
Interestingly, picrotoxin was about 30 times
more effective in reducing GABA-evoked cur-
rents in oocytes injected with cortical mRNA
compared to those injected with retinal mRNA
(19). Unlike GABA , receptor subunits, which
function optimally when they form heteromeric
channels (20,21), the p1 subunits form func-
tional homomeric receptors when expressed in
Xenopus oocytes (18) or COS cells (mor key kidney
cells, transformed by SV40) (22) (see Fig. 1A).
Coexpression of the pl subunit with either the
al or f1 GABA, receptor subunits did not
change the p1 bicuculline or barbiturate insen-
sitivity (18), suggesting that either these
GABA , receptor subunits do not form hetero-
meric assemblies with the pl subunit or that
the p1 phenotype is dominant.

GABA receptors are found on almost all reti-
nal neurons. There are five fundamental classes
of retinal neurons: photoreceptors, horizontal
cells, bipolar cells, amacrine cells, and ganglion
cells, as shown in Fig. 2. The retina is a highly
organized, layered structure that is part of the
CNS and is an outpost of the brain. It has simi-
lar embryological origins to the brain, being
derived from neuroectoderm. The somas of
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these neurons are located in three different
nuclear layers: photoreceptors in the outer
nuclear layer (ONL), amacrine, bipolar, and
horizontal cells in the inner nuclear layer
(INL), and ganglion and amacrine cells in the
ganglion cell layer (GCL). All synaptic interac-
tions occur in two layers, the outer plexiform
layer (OPL) between the ONL and INL and the
inner plexiform layer (IPL) between the INL
and GCL.

Although GABA, receptors are located on
all types of retinal neurons, electrophysiologi-
cal results show that in many species, GABA.
receptors are located primarily on horizontal
and bipolar cells in many species. In the turtle
(24) and salamander (25) ganglion cells, the small
component of their GABA-evoked responses
that remained in the presence of competitive
GABA , receptor antagonists may be mediated
by GABA( receptors. However, others (26,27)
do not see evidence for GABA( receptors on
salamander ganglion cells, suggesting that the
putative GABA- component might be the
result of incomplete blockade of GABA , recep-
tors. GABAj receptors are also found on sub-
sets of retinal neurons. Their function has been
studied primarily in salamander retina, in which
they are located on some amacrine and ganglion
cells (28), as well as a subtype of bipolar cell (29).

Qian and Dowling (10) recorded GABA
receptor-mediated currents in cultured teleost
fish horizontal cells with properties similar to
the currents measured in retinal mRNA- and
pl mRNA-injected oocytes. The horizontal cell
GABA currents are mediated by chloride, are
insensitive to bicuculline blockade, are not
enhanced by barbiturates or benzodiazpine,
but are antagonized by picrotoxin. Baclofen, the
GABAg agonist, did not elicit currents in these
horizontal cells. GABA receptors with similar
properties were also found on goldfish (30), rat
(9), and salamander bipolar cells (27). The
properties of GABA and GABA , receptors are
summarized in Table 2. However, the GABA
receptors on rat bipolar cells were found to have
a different pharmacological property compared
to those described in other species (9,31). The rat
GABA receptor was relatively insensitive to
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Fig. 1. Different views of the putative structure of
the GABA - receptor. (A) View of the presumed
pentomeric structure or GABA receptor looking
down onto the cell surface. The receptor is com-
posed of five subunits; an example of the subunit
structure is shown in (B). The opening within the five
subunits is thought to be the channel of the receptor.
The GABA( receptor may be a homomeric receptor
with five identical p1 subunits (22). However,
heteromeric GABA receptors may also exist, as sug-
gested by the expression of rat heteromeric p1/p2
receptors in Xenopus oocytes (23). (B) Each subunit
is composed of four membrane-spanning domains.
A large extracellular N-terminal domain is attached
to the first membrane-spanning domain. The second
membrane-spanning domains line the channel of the
receptor. A large intracellular domain exists between
the third and fourth transmembrane domains. (C)
Crosssectional view of single subunit in the plane of
the membrane. The subunits are separated for clar-
ity. The labeled circles indicate relative positions on
the subunit structure where point mutations were
made as described in the text. The cysteine loop
formed by the disulfide bond S—S is indicated as a
marker for the relative positions of (a) and (b). Muta-
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antagonism by picrotoxin, suggesting that
there are multiple forms of GABA receptors.

Invertebrate GABA-Like Receptors

Bicuculline- and baclofen-insensitive GABA
receptors are also present on nerves, muscles,
and cardiovascular tissue of invertebrates
(32-34). The pharmacology of these receptors
is similar to the homo-oligomeric p receptor
expressed in Xenopus oocytes and to the retinal
GABA receptor. For example, a GABA recep-
tor in Limulus heart muscle is not antagonized
by bicuculline or picrotoxin, nor was its
response enhanced by barbiturates or benzo-
diazepines (33). Bicuculline-insensitive GABA
receptor subunits with properties similar to
GABA - receptors were cloned from Drosophila
(35) and the mollusk, Lymnea (36,37). The
Lymnea subunit was somewhat similar to
vertebrate GABA , receptor B subunits and
GABA( receptor p subunits, exhibiting approx
50 and 45% amino acid identity, respectively.
The Drosophila GABA receptor subunit, Rdl,
was found to have no greater amino acid
sequence similarity to pl subunits than to any
of the other GABA , receptor subunits, suggest-
ing that despite many similar properties, the
vertebrate p subunits and the Drosophila Rdl
subunit are not closely related.

GABA( Receptor
Agonists and Antagonists

Although highly selective GABA( receptor
agonists and antagonists are not currently
available, a number of GABA, and GABAyg
receptor ligands do interact with these receptors
(see Table 1). The GABA( receptors on retinal

tions at position 156 (a) affect zinc inhibition of p1
receptors. Mutations at positions 198, 200,241,244,
and 247 (b) affect agonist binding to p1 receptors.
Mutations at positions 309 (c) and 314 (d) affect
picrotoxin inhibition (see text for details).
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Fig. 2. Cross-section view of layers and cell types in the vertebrate retina illustrating GABAergic synapses.
(A) Schematic view of retinal nuclear and plexiform layers. Photoreceptor (rods and cones) somata are located
in the ONL; bipolar, amacrine, and horizontal cell somata are located in the INL; and ganglion and amacrine
cells are located in the GCL. GABAergic neurons are indicated in black. At the OPL, synaptic interactions
occur among photoreceptors (PR), bipolar cells (BC), and horizontal cells (HC). The synapses within the box in
the QPL are detailed in (B). At the IPL, synaptic interactions occur among bipolar, amacrine, and ganglion cells.
The synapses within the box in the IPL are detailed in (C). See text for more details. (B) Diagram showing a
highly magnified view of PR, BC, and HC processes at the OPL. The black, HC process is GABAergic. The
squares represent GABA(- receptors and the triangles represent GABA , receptors. Photoreceptors have GABA
receptors on their terminals, whereas horizontal cells have both GABA: and GABA, receptors. GABA recep-
tors are not shown on bipolar cell dendrites because in many species they have no (or weak) GABA sensitivity.
(C) Diagram showing a highly magnified view of AC, BC, and GC processes at the [PL. The black, AC process
is GABAergic. Bipolar cell terminals have both GABA- and GABA, receptors, whereas ganglion cell dendrites
have just GABA, receptors.

neurons are activated by some GABA, ago-
nists. The rank order of potency at both mam-
malian and cold-blooded vertebrate types of
retinal GABA receptor was GABA = TACA >
muscimol > CACA (9,10,26). When p1 or reti-
nal mRNA was expressed in Xenopus oocytes,
the order of potency was somewhat different,
TACA > GABA > muscimol > CACA. In con-
trast, for the similarly expressed GABA, sub-
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units a5p1 (22) or cortical mRNA (38), the
order of potency was muscimol > GABA >
TACA >> CACA.

Picrotoxin, as stated above, is an effective
antagonist of GABA( receptor-mediated
responses of retinal neurons in cold-blooded
vertebrates, but not in rat. Extensive pharmaco-
logical studies of GABA - receptors on fish hori-
zontal cells were made by Qian and Dowling (39)
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Table 2
Properties of GABA_and GABA, Receptors

Property GABAc GABA,
Relative GABA affinity High affinity Low affinity
Gate chloride channels Yes Yes
Response time-course Sustained Transient
Response onset Slow Fast
Enhancement by barbiturates

or benzodiazepines No Yes
Antagonism by bicuculline No Yes

Retinal location

Slow potential neurons

Slow potential and spiking neurons

to identify additional antagonists. They showed
that imidazole-4-acetic acid [4AA), a low-affin-
ity GABA , receptor agonist, potently and com-
petitively inhibited GABA( receptor-mediated
GABA responses. Studies with pl receptors
expressed in Xenopus oocytes show that [4AA
is a partial agonist that effectively acts as a com-
petitive inhibitor of GABA-elicited currents,
because its maximum agonist response is only
3% GABA’s maximum (22). The GABA recep-
tor agonists 3-aminopropylphosphonic acid
(3-APA) and 3-aminopropyl[methyl]phosphonic
acid (3-APMPA) have been shown to act as a
competitive antagonists at p-like receptors
expressed in oocytes injected with retinal
mRNA, with 3-APMPA being more potent (38).
At both fish horizontal cells (39) and rat bipolar
cells (31), these GABAg receptor agonists also
acted as selective GABA receptor antagonists.
Hence, in neurons that lack GABAg receptors
(e.g., fish horizontal cells and rat bipolar cells)
3-APA and 3-APMPA can be used as GABA,
receptor antagonists. However, for I4AA to be
employed as a GABA( receptor antagonist, it
must be used in combination with bicuculline
to counter its GABA , receptor agonist actions.

Molecular Studies
of p Subunits from Retina

Molecular cloning experiments have shown
that there are several types of p subunits. Two
types of human p subunits have been cloned, the
pl and p2 subunits. The human p2 subunit is
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very similar to the pl subunit. They share 74%
amino acid sequence identity and form homo-
oligomeric GABA receptors when individually
expressed in Xenopus oocytes that are insensi-
tive to bicuculline, barbiturates, and benzodi-
azepines, but are sensitive to blockade by
picrotoxin and zinc (40). However, the magni-
tude of currents generated by p2 subunits was
always smaller than that generated by p1 sub-
units. The genes encoding the two p subunits
map to the same region of chromosome 6, sug-
gesting that one p gene arose from duplication
of the other (41).

Human pl and p2 subunits expressed in
Xenopus oocytes, as well as many native
GABA_ receptors, are very sensitive to antago-
nism by picrotoxin. The human p2 subunit is
approx 10 times more sensitive to picrotoxin
than its pl counterpart (42). However, the
GABA receptor on rat bipolar cells is rela-
tively insensitive to picrotoxin blockade (9,31).
Zhang and colleagues (23) showed that the
cloned rat p2 subunit, which has a 91% shared
amino acid identity with the same length of
human p2, was responsible for picrotoxin resis-
tance in rat GABA( receptors. When p2 mRNA
was injected into Xenopus oocytes, functional
channels were not formed. However, hetero-
meric rat pl/p2 subunits were expressed in
Xenopus oocytes and were picrotoxin-resistant,
whereas similarly expressed homomeric rat p1
subunits were picrotoxin-sensitive. The degree
of picrotoxin resistance was shown to be pro-
portional to the amount of p2 mRNA coinjected
with p1 mRNA. Site-directed mutagenesis
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demonstrated that a single amino-acid residue
in the second membrane-spanning region
(position 314; d in Fig. 1C), the putative chan-
nel-spanning zone, is critical for picrotoxin sen-
sitivity of rat p subunits (23). A methionine that
is present in the native p2 subunit confers
picrotoxin insensitivity; when threonine was
substituted for methionine, the p2 subunit
exhibited picrotoxin sensitivity.

Picrotoxin shows both competitive and non-
competitive antagonism of retinal GABA-
receptors (39). Mutagenesis studies of the
human p1 subunit revealed the molecular basis
of picrotoxin inhibition. Substitution of serine
for the proline at position 309 in the second
transmembrane region (c in Fig. 1C) was found
to increase the sensitivity to picrotoxin of pl
subunits expressed in Xenopus oocytes (42).
However, when the same point mutation was
made in pl subunits transfected into human
embryonic kidney cells, the picrotoxin sensi-
tivity was decreased (43). The p2 subunit has
a serine residue at position 309 and, as stated
above, the p2 subunits are more sensitive to
picrotoxin than the pl subunits when
expressed in Xenopus oocytes (42). In addition,
the competitive component of picrotoxin
inhibition of the p1 subunit was eliminated by
the substitution of serine for proline at posi-
tion 309 (42).

Both native GABA( receptors (44) and
expressed p subunits (40,45,46) are sensitive to
zinc inhibition. Some expressed GABA , recep-
tors are sensitive to zinc, but the zinc sensitiv-
ity depends on their subunit composition.
Heteromeric o/ subunits are sensitive to zinc,
but inclusion of y subunits produces receptors
that are insensitive to zinc (47). The zinc inhi-
bition of p1 subunit-mediated responses was
susceptible to changes in external pH over a
range to which only histidine (and not other
amino acids) was sensitive, indicating that his-
tidine residues might be important for zinc
interactions (42). Site-directed mutagenesis of
a histidine to a tyrosine in a putative extracellu-
lar domain (position 156, a in Fig. 1C) abolished
zinc sensitivity without affecting any of the
other properties of the expressed subunit (42).
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What is the molecular basis for the unique
pharmacological properties of p subunits com-
pared to GABA , receptor subunits? Amin and
Weiss (48) set out to determine if these differ-
ences were the result of distinct putative ago-
nist binding domains on the p subunits. They
identified five amino acid residues between the
N-terminal, extracellular, cysteine loop and the
tirst transmembrane domain that are critical
for GABA activation of the p subunits (b in Fig.
1C). A site-directed mutation at any of these
residues significantly reduced GABA sensitiv-
ity. Three of these residues correspond to
amino acids important for GABA binding on
the B2 subunit of GABA, receptors, but the
other two did not. It has been suggested by
Amin and Weiss (48) that the differences in
GABA binding domains between p1 and B2
subunits could account for the distinct pharma-
cological properties of expressed p1 channels.

In situ hybridization studies showed that
both p1 and p2 mRNA transcripts are present
in the inner nuclear layer of rat retina (49). The
labeling was strongest in the outer half of the
inner nuclear layer, suggesting that bipolar and
horizontal cells express p1 and p2 mRNA. The
patterns of labeling of p1 and p2 mRNA were
not significantly different, suggesting that both
p subunits may be expressed in the same cells.
It was also demonstrated that both p1 and p2
subunits were present in isolated rat bipolar
cells (49). These data suggest that the picrotoxin
insensitivity observed in rat bipolar cells is
probably the result of the presence of both p1
and p2 subunits, since in Xenopus oocytes
picrotoxin insensitivity was only seen when
both subunits were expressed (23). There was
no localization of either p subunit mRNA in
photoreceptors, amacrine cells, and ganglion
cells, consistent with electrophysiological find-
ings described below. In chicken retina, both p1
and p2 transcripts were found almost exclu-
sively in the inner nuclear layer, but the two
transcripts were differentially distributed (50).
The p1 RNA transcript was found predomi-
nantly in bipolar cells, whereas the p2 RNA
transcript was found in amacrine and horizon-
tal cells. The presence of the p transcript in
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amacrine cells is inconsistent with the physi-
ological findings in other species that indicate
a lack of GABA( receptors on these retinal
neurons (9,26,27). Additional studies on
chicken amacrine cells are needed to deter-
mine whether the p2 transcripts are translated
into protein and whether p2 subunits have a
functional role.

GABA Receptors in Retinal Circuits

As shown in Fig. 2, the most direct pathway
for visual information to pass from the envi-
ronment to the brain consists of the vertical,
three neuron pathway (indicated in gray) com-
posed of photoreceptors, bipolar cells, and
ganglion cells. Horizontal cells (indicated in
black) mediate lateral signals at the outer plexi-
form layer and modulate the synaptic interac-
tions between photoreceptors and bipolar cells.
Amacrine cells (indicated in black) mediate lat-
eral signals at the inner plexiform layer and
modulate signals between bipolar and gan-
glion cells.

Many horizontal cells in lower vertebrates
and amacrine cells in all vertebrates are known
to be GABAergic (51). Horizontal cells make
synaptic contacts onto photoreceptor termi-
nals, bipolar dendrites, and other horizontal
cells, whereas amacrine cells make synaptic
contacts onto bipolar cell terminals, other
amacrine cells, and ganglion cells (Figs. 2B,C).
The characterization of the GABA receptor
subtypes that mediate inputs from horizontal
and amacrine cells has been the subject of
intense investigation. GABA-evoked currents
(52,53) and inhibitory synaptic inputs (564) at
photoreceptor terminals were blocked by
bicuculline, indicating that they are mediated
primarily by GABA , receptors. GABA , recep-
tors also appear to mediate most, if not all, of
the GABA-evoked chloride currents in amacrine
(9) and ganglion cells (26,27). In contrast to
other types of neurons in the retina, a major
fraction of the GABA-evoked chloride currents
in both horizontal cells (10,26,39) and bipolar
cells (9,27,30,55) is mediated by GABA recep-
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tors. In many cases, GABA- receptors coexist
with GABA , receptors on bipolar and horizon-
tal cells (9,26,27).

Why do both GABA, and GABA( receptors
exist on the same bipolar or horizontal cell if they
both gate chloride channels? The characteriza-
tion of native GABA receptors and p-receptors
expressed in Xenopus oocytes has shown that
GABA, and GABA( receptors have different
functional properties. GABA( and p receptors
are more sensitive than GABA, receptors to
GABA. When expressed in Xenopus oocytes or
COS cells, p subunits are 30~60 times more sen-
sitive to GABA than heteromeric GABA , recep-
tor subunit combinations (17,22,48). In rat
bipolar cells, GABA( receptors are about eight
times more sensitive than the GABA , receptors
to GABA when characterized on the same
bipolar cell (56). GABA - receptors on fish hori-
zontal cells were also found to be more sensi-
tive than GABA , receptors (10).

Additionally, the time-courses of GABA(
receptor-mediated responses are distinct from
those for GABA , receptor-mediated responses.
GABA, receptor-mediated currents are tran-
sient; they rapidly reach a peak and then decay
to a lower level in the maintained presence of
GABA (10). In contrast, GABA. receptor-
mediated currents are sustained, showing
minimal desensitization in response to main-
tained GABA applications (10,55). Similarly,
heteromeric GABA 4 receptor subunits expressed
in Xenopus oocytes mediated transient responses,
whereas similarly expressed pl receptors
mediated sustained responses to maintained
GABA applications (48). In addition, the p1
receptors activated and closed (deactivated)
about eight times more slowly than their
GABA , counterparts composed of 013272 sub-
units. Similarly, native GABA( receptors also
deactivate more slowly than native GABA ,
receptors (see ref. 10). This suggests that for a
given synaptic input, the component mediated
by type C receptors may be more prolonged
than the component mediated by type A recep-
tors. It should be noted that even though many
GABA , receptor-mediated responses to applied
GABA are transient, some GABA, receptor-
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mediated synaptic inputs onto ganglion cells
are sustained (57).

In the retina, GABA receptors are not as
ubiquitous as GABA, receptors are. To date,
GABA receptor-mediated currents have been
characterized only on horizontal and bipolar
cells (GABA (. receptors may play a minor role
on some ganglion cells in certain species; see
refs. 24,25). Both of these cells are slow poten-
tial neurons that do not fire action potentials,
and transmitter release from these cells is con-
tinuous and graded with membrane potential
(51). Spiking-generating retinal neurons, such
as amacrine or ganglion cells, do not utilize
GABA- receptors (9,26,27). Nondesensitizing,
high-sensitivity GABA receptors may enable
slow potential neurons to respond to tonic and
very low synaptic levels of GABA. This sug-
gests that the membrane potentials of these
neurons will be precisely modulated by levels
of GABA that would not activate GABA
receptors on either themselves or on other
types of retinal neurons (e.g., amacrine and
ganglion cells). If bipolar and horizontal cells
only possessed lower-affinity GABA, recep-
tors, then they would not be sensitive to low
synaptic concentrations of GABA. Thus, the
presence of the higher-affinity GABA recep-
tors expands the cell’s dynamic range, allow-
ing it to respond to a broader range of synaptic
GABA concentrations.

Function of GABA_
Receptors on Bipolar Cells

Bipolar cells receive inputs from photorecep-
tors and make outputs onto amacrine cells and
ganglion cells. Bipolar cells are extremely
important because all of the information that
passes through the retina must go through
them. Consequently, any modulation of bipo-
lar cell activity will have profound actions on
information flow in the visual system. GABA
receptors are found primarily on the axon ter-
minal of bipolar cells (14,27,31,52,58). In most
species, both GABA , and GABA receptors on
bipolar cell synaptic terminals mediat- GABA
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responses (see Fig. 2C) (9,27,55). GABA recep-
tors on the bipolar terminals have been shown
to reduce the amplitude of voltage-gated cal-
cium currents by shunting the terminals and
preventing the activation of these channels
(27,30,31,59). Reduction of the calcium current
results in decreased transmitter release from
isolated bipolar cells (60).

GABAergic amacrine cells have been shown
to make synaptic contacts with bipolar cell
terminals (61-64), suggesting that bipolar trans-
mitter release may be modulated by synapti-
cally released GABA. Synaptic transmission
between bipolar and ganglion cells has been
shown to be modulated by GABA( receptors
in salamander retina (59,65). Excitatory trans-
mitter release from bipolar cells was sup-
pressed by GABA. The suppression was
insensitive to the GABA 4 receptor antagonists
bicuculline or SR95531, indicating that GABA 4
receptors did not play a major role. However,
the GABA suppression was blocked by
picrotoxin, demonstrating that GABA recep-
tors were primarily responsible for modulating
transmitter release from bipolar cells in these
experiments. When GABA , and GABA - recep-
tors were blocked by picrotoxin, no additional
actions of GABA were observed, indicating
that GABAg receptors did not play a significant
role in modulating synaptic transmission
between bipolar and ganglion cells.

GABA( receptor properties may be well
suited for the proposed roles of GABA inputs
to bipolar terminals. Their high sensitivity to
GABA, plus their relatively sustained response
properties, indicate that they can exert fine con-
trol of the bipolar cell output. GABA feedback
inhibition from amacrine cells to bipolar termi-
nals might be involved in control of the bipolar
output. GABA feed-forward inhibition from
amacrine cells to ganglion cells is mediated by
GABA , receptors (and also GABAj receptors
in some species). Low synaptic concentrations
of GABA that would not activate GABA
receptors could affect the bipolar cell output
via higher-affinity GABA( receptors. Thus,
feedback inhibition may be more effective than
feed-forward inhibition when synaptic levels
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of GABA are low. Some experiments suggest
that GABA , receptors may activate more
rapidly than GABA receptors at rat bipolar cell
terminals, because bicuculline eliminates the
early phase of the GABA effect mediated by
GABA , receptors, but not late phase mediated
by GABAreceptors (31). These findings predict
that the complement of GABA , and GABA,
receptors may affect the time-course of
GABAergic inhibition at bipolar cell terminals.

Contrast sensitivity in the visual system is
owing, in part, to the center-surround recep-
tive field organization of ganglion cells. Bipo-
lar cells also have a center-surround receptive
field organization. GABA feedback from hori-
zontal cells to cone photoreceptor terminals is
responsible, in part, for the receptive field sur-
round in bipolar cells (54,66,67) and is medi-
ated by GABA, receptors (see Fig. 2B) (52,53).
However, synaptic interactions at the bipolar
terminal may also contribute to bipolar cell and
ganglion cell receptive field properties. Since
many bipolar terminals have both GABA and
GABA, receptors, they should respond to
weak as well as strong synaptic GABA signals.
Small, sustained inhibitory surround inputs
from GABAergic amacrine cells that may not
activate the low-affinity GABA 4 receptors may
still affect bipolar cell outputs by acting at
GABA_ receptors. This suggests that high-gain
components of the bipolar cell receptive field
surround may be mediated by GABA( recep-
tors on bipolar cell terminals.

Function of GABA(
Receptors on Horizontal Cells

GABA-evoked chloride currents, measured
in isolated teleost horizontal cells, are medi-
ated, in large part, by GABA( receptors
(10,26,68). In white perch retina, GABA recep-
tors are found only on rod-driven horizontal
cells (10), whereas in catfish, they are found
(with GABA , receptors) only on cone-driven
horizontal cells (see Fig. 2B). Horizontal cell
responses to visual stimuli are sustained and
show very little desensitization (51). Nonde-
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sensitizing GABA( receptors may be useful in
mediating sustained signals to these cells.
GABA( receptors may mediate regenerative
responses in horizontal cells, since many hori-
zontal cells that are GABAergic are also sensi-
tive to GABA. Because the chloride equilibrium
potential is more positive than the normal rest-
ing potential of these cells, GABA depolarizes
horizontal cells. The GABA-elicited depolariza-
tion causes more GABA release, resulting in
positive feedback. The GABA-mediated positive-
feedback loop has been proposed to enhance the
gain of GABA release as well as regulate the time-
course of horizontal cell light responses (69).
Horizontal cells have receptive fields that are
much larger than their dendritic extents, because
gap junctional connections form a syncytium of
electrically coupled horizontal cells. GABA act-
ing through high-affinity GABA( receptors
could chemically couple horizontal cells,
complementing the electrical coupling. Excita-
tion of a horizontal cell would elicit GABA
release that would excite neighboring horizon-
tal cells, whereas inhibition would decrease the
rate of GABA release, hyperpolarizing neigh-
boring cells as the result of decreased excitation.

Modulation
of Retinal GABA. Receptors

Several substances that are found in the
retina have been shown to modulate GABA
receptors on retinal neurons. Zinc is found in
synaptic terminals of photoreceptors that pro-
vide synaptic inputs to horizontal cells (70).
Horizontal cell GABA( receptor-mediated cur-
rents have been shown to be inhibited by zinc
in a competitive and noncompetitive manner
(44). Zinc inhibition is relatively potent (IC5, of
8 uM), and it is not voltage-dependent, sug-
gesting that its binding site is not within the
channel’s electric field. These results suggest
that horizontal cell GABA( receptor function
can be downmodulated by zinc that may be
released from photoreceptors. Bipolar cell
GABA - receptors have also been shown to be
modulated by zinc (55). Most studies have
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shown that bipolar GABA receptors are con-
centrated at the axon terminals located in the
inner plexiform layer (14,27,31,58,71). The cel-
lular sources of zinc in the inner plexiform
layer have not yet been identified.

Recent work has shown that GABA recep-
tor function is modulated by dopamine (59,72).
Dopamine is a versatile neuromodulator that
acts at many cellular sites in the vertebrate
retina. In the outer retina, it has been shown to
affect photoreceptor, horizontal cell, and bipo-
lar cell function. Additional effects also occur
in the inner retina at amacrine and ganglion
cells. Horizontal cell GABA( receptor-medi-
ated responses are reduced by dopamine act-
ing at a D1 receptor (72). These actions of
dopamine were mimicked by SKF38393, a D1
receptor agonist, and forskolin, an activator of
adenyl cyclase. Dopamine’s suppression of the
GABA current was blocked by the dopamine
antagonist haloperidol. Dopaminergic inter-
plexiform cells make synaptic contacts with
horizontal cells (51) and are likely sources for
dopamine’s modulatory actions on horizontal
cell GABA( receptors.

The GABA( receptor-mediated suppression
of transmitter release from bipolar cell terminals
is modulated by dopamine (59). Dopamine
relieved the GABA inhibition of bipolar cell
excitatory transmission to third-order retinal
neurons. These results suggest that dopamine
acts to fine-tune the level of GABAergic inhibi-
tion, which in turn could affect gain control
and/or the effectiveness of receptive field sur-
round inputs at the bipolar cell axon terminal.

The effects of synaptically released dopa-
mine on GABA( receptors have not been
determined in an intact retinal circuit. In many
species, it has been shown that dopamine is
released during daylight when the retina is
light-adapted. During the night, when the
retina is dark-adapted, dopamine release is
low. These findings predict that GABA( recep-
tors will be downmodulated during daylight,
but upregulated during the night.

GABA_. receptor activity may be influenced
by its level of phosphorylation. Consensus
sequences for protein kinase C (PKC) phospho-
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rylation have been identified on rat p1 and p2
subunits, suggesting that PKC may phospho-
rylate GABA_. receptors (49). Feigenspan and
Bormann (73) found that activators of PKC
enhanced the rundown of GABA( receptor-
mediated currents in rat bipolar cells, whereas
the PKC inhibitor tamoxifen reduced the rate
of rundown, suggesting that rat bipolar cell
GABA - receptor function may be downmodu-
lated by PKC-dependent phosphorylation.
Further experiments are needed to demonstrate
that this is a physiologically relevant modula-
tory pathway of GABA receptor function.

Summary

GABA - receptors are present on both bipo-
lar cells and horizontal cells in the vertebrate
retina. Both of these cell types are slow poten-
tial neurons, responding to synaptic inputs
with graded potentials. Interestingly, the
spiking retinal neurons, amacrine cells, and
ganglion cells possess few, if any, GABA(
receptors. The high-sensitivity, nondesensitiz-
ing, slow-activating GABA receptors are well
suited for modulating the outputs of slow
potential neurons. Excitatory synaptic trans-
mission between bipolar cells and ganglion
cells can be modulated by GABA( receptor
activation (59,65). The physiological roles of
GABA( receptors on horizontal cells have yet
to be determined. The demonstration that
GABA( receptors can be modulated by endog-
enous retinal substances suggests that the level
of activation of these receptors can be finely
tuned. Future work is needed to determine the
precise roles that these receptors play in the
two synaptic layers in the retina.
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