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GABAergic inhibition in the retina is mediated by two classes of ionotropic GABA receptor (GABAR), GABAARs and 
GABACRs. GABAARs are expressed by most retinal neurons whereas GABACRs are mainly localized to the synaptic 
terminals of bipolar cells, a non-spiking class of neuron that transfers visual information from photoreceptors to ganglion 
cells, the output cells of the retina. Bipolar cell terminals receive reciprocal and lateral feedback inhibition from amacrine 
cells that reduces bipolar cell output and modulates both the temporal and spatial properties of ganglion cell light 
responses. Both GABAARs and GABACRs mediate feedback inhibition but their responses have very different kinetics: 
GABAAR currents are rapid and transient whereas GABACR currents are slow and exhibit little desensitization. This review 
summarizes current knowledge regarding the differences between GABAAR and GABACR responses in bipolar cell 
terminals, the subunit-specific properties of GABACRs, the effect of GABAR activation on bipolar cell output, and the likely 
functions of GABAARs and GABACRs in retinal processing.  
 
  
Introduction 
 

The majority of fast synaptic inhibition in the central 
nervous system (CNS) is mediated by GABAA receptors 
(GABAARs) but an additional class of ionotropic GABAR, 
GABACRs, has been identified that displays distinct 
pharmacological and kinetic properties and has a different 
subunit composition from GABAARs (Johnston, 1996; 
Zhang et al., 2001). GABACR subunits are expressed in 
many brain regions and are particularly abundant in the 
retina (Cutting et al., 1991; Enz et al., 1995; Boue-Grabot et 
al., 1998; Wegelius et al., 1998; Enz & Cutting, 1999a), 
where the function of GABACRs has been most extensively 
studied.  

The retina comprises a layered network of five principle 
types of neuron that performs the initial stages of visual 
signal processing (Masland, 2001; Wassle, 2004). 
Following light transduction in rod and cone photo-
receptors, the visual signal is transmitted via bipolar cells to 
ganglion cells, which project as the optic nerve to visual 
areas of the brain. The light responses of bipolar and 
ganglion cells are modulated by inhibitory input from 
horizontal and amacrine cells, lateral neurons located in the 
outer plexiform layer (OPL) and inner plexiform layer (IPL), 
respectively (fig.1). Within the IPL, multiple subtypes of 
amacrine cell make feedforward inhibitory synapses with 
ganglion cells, feedback inhibitory synapses with bipolar 
cell axon terminals, and serial inhibitory synapses with 
other amacrine cells, using a variety of neurotransmitters 
including GABA (fig.1; Freed, 1992). These synaptic 
interactions set up the complex receptive field properties of 
ganglion cells (Dowling & Werblin, 1971) and are therefore 
instrumental to visual processing.  

Within the retina, GABAARs are expressed by all 
neuronal types (Yang, 2004), whereas GABACRs are most 
prominent in the IPL, specifically within the axon terminals 
of bipolar cells (Enz et al., 1996; Koulen et al., 1997; 
Koulen et al., 1998; Fletcher et al., 1998; Shields et al., 
2000; McCall et al., 2002). Bipolar cell terminals receive 

extensive GABAergic input from amacrine cells via 
conventional synapses that mediate lateral inhibition, and 
via reciprocal synapses where the amacrine cell process is 
both postsynaptic and presynaptic to the bipolar cell 
terminal (fig.1; Dowling & Werblin, 1971; Wong-Riley, 1974; 
Freed, 1992; Marc, 1992; Marc & Liu, 2000). Bipolar cells 
do not fire Na+-dependent action potentials and generally 
respond to light with graded and sustained changes in 
membrane potential (Werblin & Dowling, 1969; Kaneko, 
1970; Schwartz, 1974; Ashmore & Falk, 1980; Saito & 
Kujiraoka, 1982; Euler & Masland, 2000), although some 
bipolar cells exhibit regenerative Ca2+-dependent activity 
that originates in the axon terminal (Burrone & Lagnado, 
1997; Zenisek & Matthews, 1998; Protti et al., 2000; Ma & 
Pan, 2003; Palmer, 2006b). Bipolar cell depolarization 
activates L-type Ca2+ channels in the terminal and evokes 
glutamate release from ribbon-type synapses, a 
specialization of sensory neurons that signal via graded 
and sustained changes in membrane potential (Sterling & 
Matthews, 2005). Bipolar cell synaptic ribbons have a small 
pool of docked vesicles that can be released very rapidly, 
plus a larger pool of tethered vesicles that are released at a 
slower rate in a more sustained manner. Activation of 
ionotropic GABARs in bipolar cell terminals causes an 
increase in Cl- conductance, membrane hyperpolarization 
and reduced Ca2+ influx (Tachibana & Kaneko, 1987; 
Heidelberger & Matthews, 1991), and therefore has the 
potential to modulate the release of glutamate and 
subsequent activation of postsynaptic amacrine and 
ganglion cells.  

The specific properties of GABAARs and GABACRs and 
their functions in modulating bipolar cell output have been 
investigated using a number of approaches. The kinetic 
properties of GABAAR and GABACR currents evoked by 
exogenous and endogenous GABA have been studied in 
bipolar cells dissociated from the retina and in retinal slices 
using electrophysiological recordings, aided by the 
availability of specific pharmacological tools and the 
generation of GABACR knock-out mice (McCall et al., 



Palmer & Jones, 2010                   GABAA and GABAC Receptor Properties       2 

 

2002). GABACRs are insensitive to the GABAAR 
antagonists bicuculline and gabazine but are selectively 
blocked  by TPMPA ((1,2,5,6-tetrahydropyridine-4-yl)-
methylphosphinic acid; Ragozzino et al., 1996; Murata et 
al., 1996),  whereas both receptor subtypes are inhibited by 
picrotoxin (with the exception of rodent GABACRs; Chebib 
& Johnston, 1999; Zhang et al., 2001). The properties of 
GABACRs formed from cloned ρ subunits and the effect of 
amino-acid substitutions on those properties have been 
examined in heterologous expression systems, enabling 
comparison with native GABACRs. Finally, the roles of 
GABAARs and GABACRs in modulating bipolar cell output 
have been investigated by recording bipolar, amacrine and 
ganglion cell light responses in the absence and presence 
of receptor subtype-specific inhibition. These experiments 
have shed light on the diversity of GABAergic inhibition in 
the IPL and how this contributes to retinal processing by 
shaping the synaptic output of bipolar cells.   

 
 

GABAAR and GABACR currents in bipolar cell terminals 
 
Application of GABA to the axon terminals of bipolar 

cells evokes a Cl- current with GABAAR and GABACR-
mediated components, which differ significantly in their 
kinetics: GABAAR currents activate and deactivate rapidly 
and show pronounced desensitization, whereas GABACR 
currents have slower activation and deactivation rates and 
exhibit little desensitization (Qian & Dowling, 1993; 
Matthews et al., 1994; Lukasiewicz et al., 1994; Qian & 
Dowling, 1995; Lukasiewicz & Shields, 1998; Shields et al., 
2000; Lukasiewicz et al., 2004; Hull et al., 2006). Activation 
of bipolar cell terminal GABARs via electrical stimulation of 
amacrine cells similarly results in rapid, transient GABAAR 
currents and slower, more sustained GABACR currents 
(Lukasiewicz & Shields,  1998).  GABAAR  currents  evoked  

by light comprise a burst of rapid, discrete events, whereas 
GABACR currents exhibit a smooth, slowly rising and 
decaying waveform, and carry more charge (Lukasiewicz & 
Werblin, 1994; Eggers & Lukasiewicz, 2006a; Eggers & 
Lukasiewicz, 2006b). Consistent with these results, GABAR 
currents evoked by exogenous GABA or by light in 
GABACR knock-out mice are much smaller and more 
transient than in wild-type mice (McCall et al., 2002; 
Lukasiewicz et al., 2004; Eggers & Lukasiewicz, 2006b). 
Contributing to the difference in macroscopic current 
kinetics is a six-fold difference in mean open time between 
GABAARs (25 ms) and GABACRs (150 ms; Feigenspan et 
al., 1993). In addition to their distinct kinetics, GABAARs 
and GABACRs differ in other properties such as GABA 
affinity (GABAAR EC50 = 27.1 μM, GABACR EC50 = 4.2 μM 
in rat bipolar cells; Feigenspan & Bormann, 1994a), and 
single-channel conductance (10-30 pS for GABAARs, 4-8 
pS for GABACRs; Feigenspan et al., 1993; Feigenspan & 
Bormann, 1994a; Qian & Dowling, 1995; Palmer, 2006a). 

Direct recording from the large axon terminals of Mb-
type bipolar cells in goldfish retinal slices has enabled 
detailed study of endogenous GABAAR and GABACR 
currents. Spontaneous activity recorded from the terminal 
comprises rapid GABAAR-mediated inhibitory postsynaptic 
currents (IPSCs) plus a GABACR-mediated tonic current 
(fig.2A; Hull et al., 2006; Palmer, 2006a). Activation of 
amacrine cell reciprocal synapses by brief bipolar cell 
terminal depolarization evokes a burst of GABAAR-
mediated IPSCs and a more sustained GABACR-mediated 
feedback current (fig.2B; Vigh & von Gersdorff, 2005). 
Similarly, activation of reciprocal and non-reciprocal 
synapses by brief local application of L-glutamate evokes 
phasic GABAAR and more sustained GABACR currents 
(fig.2C). Miniature IPSCs (mIPSCs) recorded in the 
presence of GABAAR or GABACR antagonists exhibit very 
different kinetics: GABAAR mIPSCs have a bi-exponential 
decay with a predominant time-constant of 1.0 ms, whereas 
GABACR mIPSCs have a much slower mono-exponential 
decay with an average time-constant of 54 ms (fig.2D; 
Palmer, 2006a). Mouse rod bipolar cells exhibit GABAAR 
and GABACR mIPSCs with similar decay rates (Frech & 
Backus, 2004; Eggers & Lukasiewicz, 2006b).  

In addition to their kinetics, the synaptic localization of 
GABAARs and GABACRs is likely to be important for their 
function. Both GABAARs and GABACRs are predominantly 
localized at synapses in bipolar cell terminals, although 
weak extrasynaptic labeling is also observed for GABACRs 
(Enz et al., 1996; Koulen et al., 1997; Koulen et al., 1998; 
Fletcher et al., 1998). Immunolocalization data and 
pharmacological analysis of mIPSCs indicate that 
GABAARs and GABACRs are segregated to different 
synapses, enabling them to be activated independently 
(Koulen et al., 1998; Palmer, 2006a). However, the tonic 
GABACR current, which can be activated by non-vesicular 
GABA release, may be mediated by extrasynaptic 
receptors (Jones & Palmer, 2009). The tonic GABACR 
current in bipolar cell terminals resembles tonic currents in 
brain regions such as the hippocampus and cerebellum 
that are mediated by extrasynaptic GABAARs (Glykys & 
Mody, 2007; Belelli et al., 2009). Multiple forms of GABAAR 
and GABACR inhibition, mediated by distinct receptor 
populations, may therefore exist in bipolar cell terminals. 

 

Figure 1. Schematic diagram of retinal neurons and synaptic 
connections in the inner plexiform layer (IPL). Photoreceptors 
synapse with horizontal and bipolar cells in the outer plexiform 
layer (OPL). In the IPL, bipolar cells release glutamate at synapses 
with amacrine and ganglion cells. Amacrine cells make 
feedforward inhibitory synapses with ganglion cells (right), and 
lateral and reciprocal feedback synapses with bipolar cell terminals 
(middle and left). Amacrine cells also make inhibitory synapses 
with other amacrine cells (not shown).  
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Reciprocal inhibition in goldfish bipolar cell terminals is 
evoked by glutamate acting on both AMPA receptors 
(AMPARs) and NMDA receptors (NMDARs) in amacrine 
cells, with slow GABACR-mediated responses being 
particularly dependent on NMDAR activation (Vigh & von 
Gersdorff, 2005). In rat retina, rod bipolar cell 
depolarization evokes reciprocal feedback from A17 
amacrine cells that is predominantly mediated by 
GABAARs, whereas local application of glutamate evokes a 
more prominent GABACR feedback component (Hartveit, 
1999; Chavez et al., 2006). At this reciprocal synapse, 
GABA release is triggered by Ca2+ influx through Ca2+-
permeable AMPARs, amplified by Ca2+-induced Ca2+ 
release from intracellular stores (Chavez et al., 2006). As 
GABA release is not dependent on membrane 
depolarization, the multiple reciprocal synapses within A17 
dendrites can operate in parallel as independent, synapse-
specific feedback systems (Chavez et al., 2006; Grimes et 
al., 2010). In addition to reciprocal inhibition, rod bipolar cell 
terminals receive lateral inhibition from other classes of 
amacrine cell that is predominantly mediated by GABACRs. 
The GABACRs underlying lateral inhibition and reciprocal 
inhibition are activated independently, enabling pathway-
specific modulation of bipolar cell function (Chavez et al., 
2010). 

 
 

GABACR structure-function relationship 
 
Both GABAARs and GABACRs comprise pentameric 

assemblies of subunits, but whereas GABAARs are 
heteromers of α and β plus γ, δ, ε , π or θ subunits, 
GABACRs are formed exclusively from ρ subunits (Barnard 

et al., 1998; Chebib & Johnston, 1999). Up to three ρ 
subtypes (ρ1-ρ3) have been cloned from human, rat, 
mouse, chicken and white perch retinal cDNA libraries, with 
two forms of ρ1 and ρ2 (A and B) identified in white perch 
(Cutting et al., 1991; Cutting et al., 1992; Enz et al., 1995; 
Zhang et al., 1995; Albrecht & Darlison, 1995; Wegelius et 
al., 1996; Ogurusu & Shingai, 1996; Qian et al., 1997; Qian 
et al., 1998; Greka et al., 1998). Each ρ subunit has a 
similar structure to other members of the Cys-loop 
superfamily of ligand-gated ion channels, with a large 
extracellular ligand-binding N-terminal region, four trans-
membrane (TM) domains, a large intracellular loop 
between TM3 and TM4, and a small extracellular C-
terminus (Qian & Ripps, 2009). TM2 lines the pore of the 
anion channel along with the TM1-TM2 loop (Filippova et 
al., 2004), whereas the N-terminal region contains 
sequences important for subunit assembly into functional 
homomeric and heteromeric receptors (Hackam et al., 
1997; Enz & Cutting, 1999b). The TM3-TM4 cytoplasmic 
loop has several putative phosphorylation sites (Enz et al., 
1995; Zhang et al., 1995; Qian et al., 1998) and interacts 
with various intracellular proteins such as microtubule-
associated anchoring protein 1B (MAP-1B; Billups et al., 
2000) and cellular retinoic acid binding protein (CRABP; 
Song et al., 2005), consistent with a role in receptor 
localization and modulation. 

When expressed in heterologous systems, ρ subunits 
form functional receptors that exhibit similar properties to 
native GABACRs in terms of GABA affinity, current kinetics, 
channel properties and pharmacology (Johnston, 1996; 
Zhang et al., 2001). However, subunit-specific differences 
between ρ1, ρ2 and ρ3 homomeric and heteromeric 
receptors are observed. For example, ρ1 homomers have a 

Figure 2. Whole-cell patch-clamp recordings of 
GABAR currents in axon-severed bipolar cell 
terminals in goldfish retinal slices, in the 
presence of the GABAAR antagonist bicuculline 
(50 μM; right) or the GABACR antagonist TPMPA 
(100 μM; left). GABAR currents were recorded at 
a holding potential of -60 mV with CsCl-based 
intracellular solution. 
A, Spontaneous membrane currents (IM) 
comprise fast IPSCs mediated by GABAARs, and 
a GABACR-mediated slowly-fluctuating tonic 
current.  
B, GABAAR and GABACR-mediated reciprocal 
feedback currents evoked by bipolar cell terminal 
depolarization (to -10 mV for 5 ms) to stimulate 
exocytosis.  
C, GABAAR and GABACR-mediated feedback 
currents evoked by local pressure application of 
L-glutamate (glu; 100 μM, 100 ms) from a pipette 
positioned in the IPL within 50 μm of the 
recorded terminal. Both terminal depolarization 
and L-glutamate application evoke a burst of 
phasic GABAAR currents and a more sustained 
GABACR current.  
D, Average mIPSCs mediated by GABAARs and 
GABACRs, which exhibit very different decay 
kinetics. For more details, see Palmer, 2006a.  
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higher GABA sensitivity, lower single-channel conductance 
and slower deactivation rate than ρ2 homomers, with 
heteromeric ρ1-ρ2 receptors generally showing 
intermediate properties (Qian et al., 1998; Enz & Cutting, 
1999a; Pan et al., 2006; Zhu et al., 2007). These 
differences are largely determined by the amino-acid 
sequence of the pore-forming TM2 region. In particular, a 
switch in the residue at the 2’ position of TM2, from proline 
in ρ1 to serine in ρ2, underlies subunit-specific differences 
in deactivation rate, channel conductance, sensitivity to 
GABA and pharmacology (Wang et al., 1995b; Qian et al., 
1999; Carland et al., 2004; Zhu et al., 2007; Xie et al., 
2008). In addition, the picrotoxin-insensitivity of rat and 
mouse ρ2 receptors has been found to result from 
substitution of a threonine for a methionine at the 6’ 
position of TM2 (Zhang et al., 1995; Greka et al., 1998).  

Both ρ1 and ρ2 subunits, which readily form hetero-
meric receptors, are expressed in bipolar cells and it is 
likely that most native GABACRs are ρ1-ρ2 heteromers  
(Enz et al., 1995; Yeh et al., 1996; Enz & Cutting, 1999a; 
Pan et al., 2006). In rodent retina, knock-out of ρ1 
eliminates GABACR expression (McCall et al., 2002), but 
GABACRs appear to contain ρ2 due to their picrotoxin 
insensitivity (Feigenspan et al., 1993; Zhang et al., 1995). 
However, the additional expression of homomeric 
GABACRs may increase the functional diversity of 
GABAergic inhibition in the retina. For example, the 
properties of ρ1 homomers such as high GABA sensitivity 
and slow kinetics make them particularly suitable for 
mediating the tonic GABACR current in bipolar cell 
terminals. By analogy, the GABAARs mediating tonic 
currents in the brain have a distinct subunit composition 
from synaptic GABAARs, which confers high GABA 
sensitivity and reduced desensitization (Belelli et al., 2009; 
Zheleznova et al., 2009).  

In addition to forming conventional GABACRs, ρ1 
subunits can form functional receptors with GABAAR γ2 
subunits (Qian & Ripps, 1999; Pan et al., 2000). Co-
expression of ρ1B and γ2 subunits produces receptors with 
a faster deactivation rate, lower GABA affinity and altered 
pharmacology compared with ρ1B homomers, and which 
more closely match the properties of GABACRs in isolated 
teleost bipolar cells (Qian & Ripps, 1999). Furthermore, 
ρ1B and γ2 subunits co-immunoprecipitate from teleost 
retina (Pan & Qian, 2005). No synaptic co-localization of ρ 
subunits with γ2 or α/β subunits has been observed in 
rodent retina (Koulen et al., 1998; Frazao et al., 2007), but 
there is evidence for GABARs comprising GABAAR and 
GABACR subunits in rodent brain. For example, ρ1 subunits 
co-immunoprecipitate with γ2 and α1 subunits from rat 
brain tissue (Ekema et al., 2002; Milligan et al., 2004; 
Harvey et al., 2006), and ρ and γ2 subunits are co-localized 
at 10-15% of synapses in the brainstem (Frazao et al., 
2007). In addition, GABAR currents that are bicuculline-
sensitive but also partially inhibited by TPMPA have been 
recorded in the superior colliculus, brainstem, hippocampus 
and cerebellum (Boller & Schmidt, 2003; Hartmann et al., 
2004; Milligan et al., 2004; Harvey et al., 2006). Receptors 
formed from “GABAAR” and “GABACR” subunits may 
therefore extend the functional diversity of GABAergic 
inhibition in the CNS, and provide further grounds for the 
re-classification of ionotropic GABARs (Barnard et al., 
1998; Olsen & Sieghart, 2008).  

 

Effect of GABAARs and GABACRs on bipolar cell 
output and retinal processing 

 
The effect of bipolar cell terminal GABAR activation on 

light-evoked responses in postsynaptic neurons has been 
investigated in several species by recording excitatory 
postsynaptic currents (EPSCs) and voltage responses from 
individual amacrine and ganglion cells in the absence and 
presence of GABAR antagonists. The most notable effect 
of inhibition of bipolar cell terminal GABARs is an increase 
in the duration of postsynaptic light responses (Zhang et 
al., 1997; Dong & Werblin, 1998; Roska et al., 2000; Matsui 
et al., 2001; Flores-Herr et al., 2001). In tiger salamander 
retina, this effect is specific to inhibition of GABACRs 
(Zhang et al., 1997; Dong & Werblin, 1998; Roska et al., 
2000). Conversely, application of GABA or pharmacological 
activation of amacrine cells suppresses ganglion cell 
EPSCs evoked by light or by bipolar cell stimulation, via 
activation of GABACRs in bipolar cell terminals 
(Lukasiewicz & Werblin, 1994; Zhang & Slaughter, 1995; 
Shen & Slaughter, 2001). Light-evoked EPSCs in amacrine 
and ganglion cells are also suppressed when GABACR 
activation is potentiated by inhibition of GAT-1 GABA 
transporters (Ichinose & Lukasiewicz, 2002).   

Investigation of the effect of GABAARs on bipolar cell 
output is complicated by the reduction in serial inhibition 
between amacrine cells caused by GABAAR antagonists, 
which results in increased bipolar cell terminal GABACR 
activation (Zhang et al., 1997; Watanabe et al., 2000; 
Eggers & Lukasiewicz, 2006a). In the absence of GABACR-
mediated effects, blocking GABAARs slightly increases the 
amplitude of light-evoked amacrine cell EPSCs (Eggers & 
Lukasiewicz, 2006b). This contrasts with the effect of 
blocking GABACRs in the same mouse retinal preparation, 
which significantly increases the charge and slows the 
decay of light-evoked EPSCs (Eggers & Lukasiewicz, 
2006a; Eggers & Lukasiewicz, 2006b). Bipolar cell output in 
mouse retina is therefore differentially modulated by 
GABAAR and GABACR activation. 

In addition to limiting the duration of amacrine and 
ganglion cell responses, GABACR activation can determine 
the relative activation of postsynaptic glutamate receptor 
subtypes. For example, amacrine cell light-evoked EPSCs 
in mouse retina gain an NMDAR-mediated component 
when GABACRs are blocked, whereas they are mediated 
solely by AMPARs under control conditions (Matsui et al., 
2001). Similarly, ON (but not OFF) ganglion cell EPSCs 
exhibit an increased NMDAR component in the absence of 
GABACR-mediated inhibition (Sagdullaev et al., 2006). This 
is thought to result from increased multi-vesicular release 
and spillover activation of perisynaptic NMDARs (Matsui et 
al., 2001; Sagdullaev et al., 2006; Zhang & Diamond, 
2009). ON, but not OFF, ganglion cells in GABACR knock-
out mice exhibit increased spontaneous and light-evoked 
firing rates and a reduced dynamic range, suggesting that 
the limited NMDAR activation resulting from GABACR-
mediated presynaptic inhibition underlies the extended 
dynamic range of ON ganglion cells in wild-type retina 
(Sagdullaev et al., 2006). 

The effect of GABACR activation on the duration of 
evoked postsynaptic responses is likely to be mediated by 
reciprocal feedback interactions between amacrine cells 
and bipolar cell terminals, which can occur independently of 
amacrine cell action potential firing (Vigh & von Gersdorff, 



Palmer & Jones, 2010                   GABAA and GABAC Receptor Properties       5 

 

2005; Chavez et al., 2006). The effect of reciprocal 
feedback can be seen in ERG recordings of rod bipolar cell 
light responses, which are more sustained in the absence 
of GABACR-mediated inhibition or when A17 cells are 
ablated (Nakatsuka & Hamasaki, 1985; Dong & Hare, 
2003). Feedback activation of GABACRs in bipolar cell 
terminals also affects the timing of glutamate release over 
longer time-scales, by producing temporal correlations in 
spontaneous and light-evoked EPSCs and action potentials 
in amacrine and ganglion cells (Freed et al., 2003). 

In addition to influencing the temporal properties of light 
responses, activation of GABACRs in bipolar cell terminals 
greatly limits the spatial representation of visual stimuli in 
the retina (Roska et al., 2000). This can occur via reciprocal 
feedback, which has been found to produce edge 
enhancement in response patterns that are spatially 
expanding via gap junction-coupled neurons (Jacobs & 
Werblin, 1998), but generally occurs via lateral inhibitory 
inputs. Lateral inhibition in the IPL is dependent on 
amacrine cell action potential firing and contributes to the 
antagonistic centre-surround receptive field properties of 
ganglion cells (Cook & McReynolds, 1998; Taylor, 1999). In 
addition to being mediated by direct amacrine to ganglion 
cell input, lateral inhibition involves feedback inhibition of 
bipolar cell terminals, which is predominantly mediated by 
GABACRs (Roska et al., 2000; Flores-Herr et al., 2001; 
Shields & Lukasiewicz, 2003; Ichinose & Lukasiewicz, 
2005; Chavez et al., 2010). Bipolar cell terminal GABACRs 
have been shown to mediate dim surround inhibition of 
ganglion cells in tiger salamander retina, whereas 
horizontal cells and direct amacrine to ganglion cell 
pathways mediate bright surround inhibition (Ichinose & 
Lukasiewicz, 2005). GABAARs in bipolar cell terminals may 
also have a role in lateral inhibition, for example both 
GABAARs and GABACRs mediate surround inhibition of 
local edge detector ganglion cells in rabbit retina (Russell & 
Werblin, 2010).  

The activation of bipolar cell terminal GABAARs and 
GABACRs therefore depends on both the activity of that 
bipolar cell and the activity of surrounding bipolar cells, via 
reciprocal and lateral feedback respectively, and 
contributes to retinal processing by modulating the 
temporal and spatial characteristics of neuronal light 
responses. GABAergic input to bipolar cell terminals is 
further refined by serial inhibition between amacrine cells, 
mediated by GABAARs and glycine receptors, which has 
been shown to limit the spatial extent of surround inhibition 
and delay the feedback inhibition that truncates ganglion 
cell responses (Zhang et al., 1997; Roska et al., 1998; 
Marc & Liu, 2000; Watanabe et al., 2000; Eggers & 
Lukasiewicz, 2006a; Eggers & Lukasiewicz, 2010). 

 
 

Differential activation, regulation and function of 
GABAARs and GABACRs  

 
The pronounced differences in the kinetics of GABAAR 

and GABACR currents, in addition to properties such as 
GABA affinity and channel conductance, are likely to 
underlie their distinct functions in the processing of visual 
signals. At present, there is substantially more evidence for 
the role of GABACRs in modulating bipolar cell output via 
both reciprocal and lateral inhibition than for GABAARs, 
although GABAARs are known to participate in feedback 

inhibition. It is possible that the rapid and transient 
responses of GABAARs evoke more subtle effects that are 
harder to observe experimentally. By contrast, the 
sustained responses mediated by GABACRs appear well 
suited for modulating the sustained light responses of 
bipolar cells. Non-desensitizing GABACR currents have 
also been observed in certain types of fish horizontal cell 
(Qian & Dowling, 1993; Dong et al., 1994; Takahashi et al., 
1995), which similarly signal via graded and sustained 
depolarizations (Werblin & Dowling, 1969).  

The relative expression of GABAARs and GABACRs 
differs between bipolar cell subtypes and may be matched 
to the temporal properties of light responses in these cells. 
For example, the ratio of GABACR to GABAAR currents is 
greater in rod than cone bipolar cells, and varies between 
ON and OFF cone bipolar cell subtypes (Euler & Wassle, 
1998; Shields et al., 2000; Du & Yang, 2000; Eggers et al., 
2007). In addition, the expression of GABAARs and 
GABACRs in bipolar cell terminals may be matched to the 
expression of postsynaptic glutamate receptors in amacrine 
and ganglion cells. For example, at rod bipolar to A17 
amacrine cell synapses, reciprocal feedback is mediated by 
Ca2+-permeable AMPARs and GABAARs, both of which 
have fast kinetics (Chavez et al., 2006), whereas in goldfish 
bipolar cells a slow component of reciprocal feedback is 
mediated by NMDARs and GABACRs (Vigh & von 
Gersdorff, 2005). As described above, GABACRs function 
at ON bipolar to ganglion cell synapses to limit the 
activation of perisynaptic NMDARs, but this effect is not 
seen in the equivalent OFF pathway where NMDARs are 
located within the synapse (Sagdullaev et al., 2006; Zhang 
& Diamond, 2009).  

The differential activation of GABAARs and GABACRs 
may also be related to the properties of exocytosis at 
bipolar cell ribbon synapses, which release a limited pool of 
vesicles very rapidly followed by a larger pool at a much 
slower rate (Mennerick & Matthews, 1996). Both the size 
and release rate of the fast component of exocytosis are 
strongly dependent on membrane potential (Burrone & 
Lagnado, 2000; Palmer, 2010). Rapid and transient 
GABAAR-mediated reciprocal feedback may act to curtail 
the fast component of release and reduce depletion of the 
readily-releasable pool of vesicles, whereas slower 
GABACR-mediated feedback may primarily modulate 
sustained exocytosis. The strength of reciprocal feedback 
mediated by GABAARs and GABACRs is subject to both 
short and longer-term activity-dependent changes. For 
example, reciprocal inhibition in goldfish bipolar cell 
terminals undergoes short-term depression that is probably 
due to depletion of amacrine cell vesicle pools, and long-
lasting potentiation via activation of amacrine cell 
metabotropic glutamate receptors (Vigh et al., 2005; Li et 
al., 2007). These mechanisms are likely to provide an 
additional level of modulation of bipolar cell output. 

The functional diversity of retinal inhibition may be 
increased by differences in GABACR properties between 
bipolar cell subtypes and within individual bipolar cell 
terminals. For example, spontaneous GABACR IPSCs have 
a smaller amplitude and faster decay in OFF cone bipolar 
cells than in ON cone or rod bipolar cells (Eggers et al., 
2007). GABACRs mediate at least two forms of inhibition in 
goldfish bipolar cell terminals, synaptically-evoked currents 
and a tonic current, that are likely to have distinct functions 
in modulating bipolar cell output. Tonic GABAR currents 
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produce an increase in membrane conductance that, in 
bipolar cell terminals, reduces the firing of Ca2+-dependent 
action potentials (Hull et al., 2006), and in hippocampal and 
cerebellar neurons affects synaptic integration and network 
excitability (Farrant & Nusser, 2005). Tonic GABACR 
currents may therefore operate over slow time-scales to 
modulate the gain of bipolar cell terminal function, whereas 
synaptically-evoked GABACR currents operate more 
dynamically to limit bipolar cell output in an activity-
dependent manner.  

Bipolar cell terminal GABAARs and GABACRs are 
segregated to different synapses and therefore have the 
potential to be independently activated and regulated 
(Koulen et al., 1998; Palmer, 2006a; Eggers & Lukasiewicz, 
2006b). It is not currently known whether specific types of 
amacrine cell make only GABAAR or GABACR synapses, 
and how this relates to their function in retinal processing. 
However, amacrine cell subtypes mediating reciprocal and 
lateral feedback inhibition appear to activate distinct 
subpopulations of GABACRs in rod bipolar cell terminals 
(Chavez et al., 2010). The high affinity of GABACRs for 
GABA will increase their likelihood of activation by synaptic 
spillover, and this may contribute to the slow kinetics of 
GABACR currents (Eggers & Lukasiewicz, 2006b). Spillover 
activation of GABACRs is probably limited by the activity of 
GAT-1 GABA transporters, which strongly regulate 
GABACR, but not GABAAR, currents in bipolar cell terminals 
(Ichinose & Lukasiewicz, 2002; Hull et al., 2006; Palmer, 
2006a; Eggers & Lukasiewicz, 2006b).  

GABAARs and GABACRs in bipolar cell terminals are 
also regulated by a range of other synaptic and intracellular 
mechanisms. For example GABACRs specifically interact 
with MAP-1B, a protein that may be important for anchoring 
GABACRs at synapses (Hanley et al., 1999; Billups et al., 
2000). GABACR currents are strongly inhibited by protons 
and by Zn2+, both of which can be synaptically-released in 
the retina (Dong & Werblin, 1995; Qian & Dowling, 1995; 
Wang et al., 1995a; Wegelius et al., 1996; DeVries, 2001; 
Palmer et al., 2003a; Redenti et al., 2007), and are 
modulated via metabotropic receptors for dopamine, 
glutamate and 5-HT, and by protein kinases A and C (Dong 
& Werblin, 1994; Feigenspan & Bormann, 1994b; Wellis & 
Werblin, 1995; Euler & Wassle, 1998). These mechanisms 
may be used over different time-scales to differentially 
regulate the effectiveness of GABAAR and GABACR-
mediated feedback inhibition. 

Many details regarding the specific roles of GABAARs 
and GABACRs in modulating bipolar cell output during light 
responses remain to be elucidated. In addition, it is not 
currently clear how GABAergic inhibition interacts with the 
numerous other activity-dependent mechanisms that exist 
in bipolar cell terminals for regulating glutamate release. 
These include Ca2+-activated K+ and Cl- currents that will 
counteract terminal depolarization (Okada et al., 1995; 
Sakaba et al., 1997), the rapid depletion and slow 
replenishment of the readily-releasable pool of vesicles at 
ribbon synapses (Mennerick & Matthews, 1996; Singer & 
Diamond, 2003), glutamate-mediated feedback via 
metabotropic receptors and glutamate transporters 
(Awatramani & Slaughter, 2001; Palmer et al., 2003b; 
Veruki et al., 2006), and vesicular proton-mediated 
inhibition of Ca2+ influx (DeVries, 2001; Palmer et al., 
2003a). In addition, postsynaptic properties such as 
AMPAR desensitization contribute to the conversion from 

sustained to transient signaling at bipolar to ganglion cell 
synapses (Lukasiewicz et al., 1995; Maguire, 1999). 
However, at bipolar cell synapses where the postsynaptic 
response accurately reflects the amount of glutamate 
released (Matsui et al., 1998; Palmer, 2010), feedback 
inhibition will play an important role in shaping postsynaptic 
responses. The differential kinetic properties of GABAARs 
and GABACRs, combined with their differential localization, 
enable that feedback to be tailored to the response 
characteristics of individual bipolar cells, and to the 
functional properties of individual synapses within a bipolar 
cell terminal.    
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