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GABAergic feedback inhibition from amacrine cells shapes visual signaling in the inner retina. Rod bipolar cells (RBCs), ON-sensitive
cells that depolarize in response to light increments, receive reciprocal GABAergic feedback from A17 amacrine cells and additional
GABAergic inputs from other amacrine cells located laterally in the inner plexiform layer. The circuitry and synaptic mechanisms
underlying lateral GABAergic inhibition of RBCs are poorly understood. A-type and �-subunit-containing (C-type) GABA receptors
(GABAARs and GABACRs) mediate both forms of inhibition, but their relative activation during synaptic transmission is unclear, and
potential interactions between adjacent reciprocal and lateral synapses have not been explored. Here, we recorded from RBCs in acute
slices of rat retina and isolated lateral GABAergic inhibition by pharmacologically ablating A17 amacrine cells. We found that amacrine
cells providing lateral GABAergic inhibition to RBCs receive excitatory synaptic input mostly from ON bipolar cells via activation of both
Ca 2�-impermeable and Ca 2�-permeable AMPA receptors (CP-AMPARs) but not NMDA receptors (NMDARs). Voltage-gated Ca 2�

(Cav ) channels mediate the majority of Ca 2� influx that triggers GABA release, although CP-AMPARs contribute a small component. The
intracellular Ca 2� signal contributing to transmitter release is amplified by Ca 2�-induced Ca 2� release from intracellular stores via
activation of ryanodine receptors. Furthermore, lateral nonreciprocal feedback is mediated primarily by GABACRs that are activated
independently from receptors mediating reciprocal feedback inhibition. These results illustrate numerous physiological differences that
distinguish GABA release at reciprocal and lateral synapses, indicating complex, pathway-specific modulation of RBC signaling.

Introduction
Visual signaling in the inner retina is modulated by feedback
inhibition from amacrine cells (Kolb and Nelson, 1981; MacNeil
and Masland, 1998). Understanding the function of this diverse
cell class is necessary to discern the signal processing performed
by the inner retinal circuitry. Distinct amacrine cell subtypes
make glycinergic and GABAergic inputs onto the axon and syn-
aptic terminals of rod bipolar cells (RBCs), thereby shaping the
receptive field properties of RBCs and other neurons down-
stream in the rod pathway (Euler and Masland, 2000; Völgyi et
al., 2002; Cui et al., 2003; Eggers and Lukasiewicz, 2006a; Ivanova
et al., 2006; Eggers et al., 2007; Chávez and Diamond, 2008), but
the physiological properties of most amacrine cells that connect
to RBCs remain poorly understood.

RBCs receive reciprocal feedback (i.e., synaptic input from
amacrine cells activated directly by the same RBC) and nonrecip-
rocal, or lateral feedback (synaptic input from amacrine cells
activated by other bipolar cells) (Dowling and Boycott, 1966;
Sterling and Lampson, 1986; Grünert and Martin, 1991). In the

rat retina, reciprocal feedback is mediated by A17 amacrine cells
(Chávez et al., 2006), but the properties of the amacrine cells
providing lateral GABAergic feedback to RBCs are mostly unex-
plored. For example, it is not known whether lateral inhibition is
driven by the ON and/or OFF pathway. In addition, it is unclear
whether GABA release at lateral feedback synapses is driven by
Ca 2� influx through Cav channels, release from intracellular
stores, influx through glutamate receptors, or some combination
of the three.

GABAergic feedback onto RBC terminals is mediated by
GABAA receptors (GABAARs) and GABACRs (Fletcher et al.,
1998; Koulen et al., 1998a; Lukasiewicz and Shields, 1998). These
receptor subtypes are not colocalized at the same synaptic sites
(Fletcher et al., 1998; Koulen et al., 1998a), suggesting that they
may be activated by distinct GABAergic amacrine cell types
(Palmer, 2006). At reciprocal synapses, GABA release from A17s
activates GABAARs (Singer and Diamond, 2003; Chávez et al.,
2006), but enhancing GABA release can recruit GABACR activa-
tion (Hartveit, 1999; Singer and Diamond, 2003; Vigh and von
Gersdorff, 2005). It is unclear whether this emergent GABACR-
mediated component results from receptor activation within re-
ciprocal synapses (Fletcher et al., 1998) or spillover activation of
GABACRs at nonreciprocal synapses.

Here, we recorded lateral GABAergic feedback IPSCs from
RBCs in rat retinal slices. We found that GABAergic amacrine
cells mediating lateral feedback onto RBCs receive excitatory in-
put mostly from ON bipolar cells via Ca 2�-permeable AMPA
receptors (CP-AMPARs) and Ca 2�-impermeable AMPARs and
use voltage-gated Na� (Nav) channels to enhance input– output
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coupling. GABA release from these amacrine cells is triggered by
Ca 2� influx through both Cav channels and CP-AMPARs and is
enhanced by ryanodine receptor (RyR)-mediated Ca 2�-induced
Ca 2� release (CICR). Lateral inhibitory synapses activate primar-
ily GABACRs independently of those GABACRs activated by re-
ciprocal GABA release from A17s, suggesting that reciprocal and
lateral inputs target distinct postsynaptic GABACR populations
on RBC terminals. These results demonstrate that fundamental
physiological differences distinguish reciprocal and lateral
GABAergic feedback inhibition to RBCs and suggest that these
differences likely underlie the distinct roles they play in the rod
pathway.

Materials and Methods
Rat retinal slices (210 �m thick) were prepared from Sprague Dawley rats
(postnatal days 17–24) using previously described methods (Chávez et
al., 2006; Chávez and Diamond, 2008). Briefly, retinas were isolated and
sliced in standard artificial CSF (ACSF) continuously bubbled with 95%
O2/5% CO2 and containing the following (in mM): 119 NaCl, 26
NaHCO3, 1.25 Na2HPO4, 2.5 KCl, 2.5 CaCl2, 1.5 MgSO4, 10 glucose, 2
Na �-pyruvate, and 4 Na �-lactate. Infrared– differential interference
contrast video microscopy was used to target RBCs with the patch elec-
trode. RBCs were first identified by their goblet-shaped somata located in
the inner nuclear layer, directly adjacent to the outer plexiform layer
(OPL), and were further revealed by fluorescent visualization, using in-
ternal solution that included Alexa 488 hydrazide (50 �M) (for details, see
Chávez and Diamond, 2008).

Once in the microscope recording chamber, retinal slices were contin-
uously superfused with ACSF at a rate of 1–2 ml/min. Patch electrodes
(8 –11 M�) contained the following (in mM): 100 Cs-methanesulfonate,
20 TEA (tetraethylammonium)-Cl, 10 HEPES, 1.5 BAPTA, 10 Na-
phosphocreatine, 4 Mg-ATP, 0.4 Na-GTP, 10 glutamic acid, pH 7.4.
RBCs generally exhibited high input resistance (�1 G�) (Singer and
Diamond, 2003; Chávez and Diamond, 2008). All experiments, except
where noted, were performed at room temperature using ACSF that was
supplemented with strychnine (3 �M), to block glycinergic feedback (Cui
et al., 2003; Chávez and Diamond, 2008), and 5,7-dihydroxytryptamine
(DHT) (50 �M), a neurotoxic serotonin analog that ablates A17 amacrine
cells and eliminates GABAergic reciprocal feedback (Dong and Hare,
2003; Chávez et al., 2006). The effects of exogenous application of phar-
macological reagents were analyzed as previously described (Chávez and
Diamond, 2008). All drugs were obtained from Sigma-Aldrich and Toc-
ris Bioscience, except TTX (Alomone Labs), Alexa 488 (Invitrogen), and
1-(4-aminophenyl)-3-methylcarbamyl-4-methyl-3,4-dihydro-7,8-methy-
lenedioxy-5H-2,3-benzodiazepine [GYKI 53655 (GYKI)] (a gift from
Dr. John Isaac, Bethesda, MD).

Unless otherwise indicated, RBCs were voltage clamped at 0 mV (the
reversal potential for excitatory inputs) and puff application of
L-glutamate (50 �M; 25 ms; 1 bar) in the innermost part of the inner
plexiform layer (IPL) was used to elicit synaptic release from amacrine
cells onto RBCs. In addition, (RS)-�-cyclopropyl-4-phosphonophenylglyicne
(CPPG) (600 �M; 300 ms; 1.5 bar) or kainic acid (kainate) (100 �M;
350 – 400 ms; 1.5 bar) was puffed into the OPL (�80 –100 �m laterally
from the recorded RBC) to activate ON and OFF bipolar cells, respec-
tively (Chávez and Diamond, 2008). In these experiments, a group III
mGluR agonist (L-AP-4) (10 �M) was included in the ACSF. All puffed
agents were applied using a Picospritzer II (General Valve) connected to
a patch pipette (resistance, �8 –10 M�). The puffing solution was sim-
ilar to control ACSF but also contained the stimulating agent (e.g., glu-
tamate) and was pH-buffered with HEPES (10 mM). Puff application of
HEPES-buffered ACSF did not evoke detectable responses in RBCs (data
not shown). To measure the spatial extent of lateral GABAergic inhibi-
tion to RBCs, the glutamate-containing pipette was moved laterally in
the IPL as previously described (Chávez and Diamond, 2008). Briefly,
three responses were recorded at various positions within the IPL; to
control for rundown after each series, the pipette was returned to 0 �m
and three additional responses were averaged and compared with the
initial responses obtained at the beginning of the experiment. Cells ex-

hibiting significant change (�10%) in the 0 �m response were discarded
from the analysis. Peak responses at each position were normalized to
that recorded at 0 �m in control solution and plotted as a function of
distance from the RBC terminal (see Fig. 1).

GABAergic feedback IPSCs were elicited at 14 –20 s intervals, filtered at
2 kHz, and sampled at 10 kHz by an ITC-18 analog-to-digital board
(InstruTECH) controlled by software written in Igor Pro (Wavemetrics).
Glutamate-evoked IPSC amplitudes were measured as the difference be-
tween the response peak and the baseline preceding stimulation, whereas
reciprocal feedback IPSCs were evoked by a 50 mV depolarizing step in
the RBC (vIPSC) (see Fig. 6) and the peak response was measured as
previously described (Chávez et al., 2006). The slow and sustained
GABACR-mediated IPSC component (see Fig. 6) was measured by aver-
aging the last 10 –15 ms of the current response. Unless otherwise indi-
cated, statistical comparisons were made with a paired, two-tailed
Student’s t test (Igor Pro), and significance was concluded when p � 0.05.
Within the figures, asterisks indicate the following: *p � 0.05, **p � 0.01,
and ***p � 0.001, and the number of experiments (n) is indicated in
parentheses. Data are presented as mean � SD, and illustrated traces are
averages of 3–20 responses.

Results
Lateral GABAergic inputs require Nav channels
Many amacrine cells use Nav channel-mediated action potentials
to enhance signaling within their dendrites (Cook and Werblin,
1994; Cook and McReynolds, 1998; Shields and Lukasiewicz,
2003). A17 amacrine cells supply reciprocal feedback indepen-
dently of Nav channels (Chávez et al., 2006), but longer-distance
signaling through the large (�500 �m) (Nelson and Kolb, 1985;
Raviola and Dacheux, 1987) A17 dendritic arbor could employ
action potentials (Bloomfield, 1992), enabling A17s to mediate
both reciprocal and lateral inhibition. To test this possibility, we
measured the spatial extent of GABAergic feedback by stimulat-
ing amacrine cells directly with brief puffs of exogenous gluta-
mate (50 �M; 25 ms) delivered in the IPL at different distances
laterally from the voltage-clamped RBC (Vhold � 0 mV) (Chávez
and Diamond, 2008). With glycinergic inhibition blocked by
strychnine (3 �M) in the bath solution, this stimulation protocol
elicited an outward, GABAergic IPSC in the RBC (Fig. 1) (Chávez
et al., 2006).

If A17s mediate both reciprocal and lateral inhibition, then
specific ablation of A17s by DHT, a toxic serotonin analog (Dong
and Hare, 2003; Chávez et al., 2006; Grimes et al., 2009), should
decrease feedback IPSCs across the entire range of distances
tested. Contrary to this prediction, bath application of DHT (50
�M for 10 min) reduced glutamate-evoked feedback IPSCs only
when the puff pipette was positioned directly adjacent to the
synaptic terminals of the recorded RBC (to 51 � 9% of control
response at 0 �m; p � 0.01276; n � 6) (Fig. 1A,C) but did not
significantly affect responses evoked from farther away (for 30,
50, 80, and 140 �m, values of p are 0.07558, 0.15217, 0.13210, and
0.10404, respectively) (Fig. 1A,C). The DHT-resistant compo-
nent of feedback IPSCs was abolished by subsequent application
of the Nav channel blocker TTX (0.5 �M) (Fig. 1A,C), indicating
that DHT-insensitive (non-A17) amacrine cells use Nav channel-
dependent signaling to drive inhibition of RBCs (Bloomfield and
Xin, 2000; Shields and Lukasiewicz, 2003; Chávez et al., 2006).
These results also suggest that DHT-sensitive A17 amacrine cells
make only localized reciprocal synapses onto RBC terminals.
Similar results were obtained when the order of the drug appli-
cation was reversed: TTX blocked feedback IPSCs evoked at dis-
tances �30 �m (to 7 � 4 of control response at 80 �m; p �
0.00007; n � 6) (Fig. 1B,D) ( p values for 110 and 140 �m are
0.00245 and 0.00396, respectively); the local TTX-insensitive
component (57 � 6% of control response at 0 �m) reflected
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GABA release from A17 cells, as it was
abolished by DHT (to 3 � 1% of TTX
response; p � 0.00001; n � 6) (Fig. 1B,D).
Moreover, the components remaining in
DHT (Fig. 1C) and TTX (Fig. 1D), when
added together, closely approximated
control responses at all puff distances (Fig.
1E), indicating that the two drugs acted
on independent elements contributing to
GABAergic feedback. Together, these re-
sults indicate that, in rat retina, RBCs re-
ceive local Nav channel-independent
feedback from A17 amacrine cells, and
lateral, Nav channel-dependent feedback
from other GABAergic amacrine cells. To
isolate the lateral component of the
glutamate-evoked IPSCs, all subsequent
experiments were performed in the pres-
ence of DHT (50 �M).

GABACRs mediate the majority of
lateral GABAergic input
GABAergic feedback IPSCs recorded from
RBCs comprise both GABAA- and GABACR-
mediated components (Lukasiewicz and
Shields, 1998; Hartveit, 1999; Singer and Dia-
mond, 2003; Vigh and von Gersdorff,
2005; Chávez et al., 2006; Eggers and
Lukasiewicz, 2006a,b), but the relative
contribution of the two receptor types at re-
ciprocal versus lateral inputs remains unclear.
Here, lateral feedback IPSCs were strongly re-
duced by 1,2,5,6-tetrahydropyridin-4-yl-
methylphosphonic acid (TPMPA) (50 �M; to
17 � 3% of control response; n � 7; p �
0.00004) (Fig. 1F), a specific GABACR antag-
onist. The small remaining feedback IPSC was
eliminatedbytheGABAARantagonist, 6-im-
ino-3-(4-methoxyphenyl)-1(6 H)-pyr-
idazinebutanoic acid hydrobromide
(SR95531) (10 �M; to 1.1 � 1.0% of
control; n � 7; p � 0.00002) (Fig. 1 F).
GABABRs did not contribute because
the GABABR antagonist CGP54266 (3 �M) exerted no effect
on nonreciprocal IPSCs (98 � 2% of control IPSC; n � 4; p �
0.16) (Fig. 1 F) (Koulen et al., 1998b). Furthermore, the com-
plete suppression of feedback responses by ionotropic GABA
receptor antagonists indicates that IPSCs were not contami-
nated by glutamate transporter currents (Veruki et al., 2006).
Together, this result indicates that lateral GABAergic feedback is
primarily mediated by GABACRs; this conclusion is consistent with
results from light-evoked lateral inhibition recorded from RBCs in
mouse (Eggers and Lukasiewicz, 2006a,b).

Presynaptic GABAergic amacrine
cells express AMPA and possibly kainate receptors
Amacrine cells receive glutamatergic inputs from bipolar cells and
express various subtypes of glutamate receptors (Dixon and
Copenhagen, 1992; Euler et al., 1996; Dumitrescu et al., 2006).
GABAergic A17 amacrine cells receive excitatory input via CP-
AMPARs (Chávez et al., 2006), but glycinergic amacrine cells that
contact RBCs are driven by NMDA and Ca 2�-impermeable
AMPARs (Chávez and Diamond, 2008). To identify which glu-

tamate receptors are expressed by GABAergic amacrine cells pro-
viding nonreciprocal inhibition to RBCs, the effects of receptor
antagonists were tested on glutamate-evoked feedback IPSCs
recorded in RBCs. Glutamate-evoked IPSCs were slightly, al-
beit insignificantly, affected by the NMDAR antagonist 3-(2-
carboxypiperazine-4-yl)propyl-1-phosphonic acid (CPP) (10
�M; to 96 � 5% of control; n � 11; p � 0.056) (Fig. 2A,D) but
were reduced significantly by the specific AMPAR antagonist
GYKI (50 �M; to 45 � 16% of control; n � 6; p � 0.0017) (Fig.
2B,D) and eliminated completely by subsequent application of
the AMPAR/kainate receptor (KAR) antagonist 2,3-dihydroxy-
6-nitro-7-sulfamoyl-benzo( f)quinoxaline (NBQX) (25 �M; to
1 � 1% of control; n � 6; p � 0.00044 compared with GYKI
alone) (Fig. 2B,D). The difference in GYKI and NBQX effects
suggests that both AMPARs and KARs can mediate input to
GABAergic amacrine cells. Philanthotoxin 433 (PhTx) (1 �M), a
CP-AMPAR antagonist, also partially blocked feedback IPSCs (to
52 � 10% of control; n � 12; p � 0.00002) (Fig. 2C,D). When
GYKI was then added in the continued presence of PhTx, the
IPSC was reduced further (to 25 � 7% of control; n � 6; p �

Figure 1. Spatial profile of reciprocal and lateral feedback inhibition to RBCs. A, GABAergic IPSCs evoked by glutamate puffed at
incremental distances from patched RBC (Vhold � 0 mV) were locally sensitive to DHT (50 �M) with the remaining component
blocked by TTX (0.5 �M). B, Same experiment as in A, but with reversed pharmacological application (TTX first). C, D, Summary of
pharmacological block at of GABAergic IPSCs as a function of lateral distance from the inhibited RBCs (n � 6). E, Addition of the
average TTX-sensitive and DHT-sensitive current amplitudes closely matched the average control responses indicating that sig-
naling from two, independent sources mediated the total response. F, Inset, In the presence of DHT, feedback IPSCs were strongly
reduced by application of TPMPA (50 �M), a GABACR antagonist, and eliminated by additional inclusion of SR95531 (10 �M), a
GABAAR antagonist. F, Summarized drug effects (mean � SD) on puff-evoked feedback IPSCs. All experiments were conducted in
the presence of strychnine (3 �M) to block lateral inhibition from GlyRs (Chávez and Diamond, 2008). ***p � 0.001. SR, SR95531;
CGP, CGP54266.
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0.00062, p � 0.00029 compared with PhTx alone) (Fig. 2C,D),
leaving a small component that was eliminated by subsequent
application of NBQX (25 �M) (Fig. 2C,D). Together, these results
indicate that a mixture of Ca2�-permeable and Ca2�-impermeable
AMPARs primarily mediate the excitatory activation of GABAergic
amacrine cells, with a small, but significant, contribution from
KARs.

Lateral GABAergic feedback onto RBCs is driven mostly by
the ON pathway
Exogenous agonist application (Fig. 2) may activate extrasynaptic
receptors that do not normally participate in synaptic transmis-
sion. To determine which glutamate receptors mediate synaptic ac-
tivation of GABAergic amacrine cells, feedback IPSCs were elicited
by stimulating bipolar cell dendrites in the OPL (Fig. 3). ON or
OFF bipolar cells were stimulated independently by puffing ei-
ther the mGluR antagonist CPPG (Nawy, 2004) or the AMPAR/
KAR agonist kainate (DeVries, 2000) in the OPL, respectively,
�80 �m laterally from the RBC recording (Chávez and Dia-
mond, 2008). This method stimulates synaptic circuitry in a way
that is closely analogous to the light stimulation of the ON and
OFF pathways (Kalbaugh et al., 2009). Both CPPG and kainate
elicited feedback IPSCs in RBCs that were strongly reduced by the
GABACR antagonist TPMPA (50 �M; CPPG response: to 15 �
3% of control, n � 6, p � 0.0089; kainate response: to 9 � 3% of
control, n � 6, p � 0.0052) (Fig. 3A,B,G). Subsequent applica-
tion of the GABAAR antagonist SR95531 (10 �M) eliminated the
remainder of both the CPPG- and kainate-evoked IPSCs (CPPG
response: to 3 � 1% of control, n � 6, p � 0.00091 compared
with TPMPA alone; kainate response: to 3 � 1% of control, n �
6, p � 0.00303 compared with TPMPA alone) (Fig. 3A,B,G).
Application of TTX (0.5 �M), which does not directly affect trans-
mitter release from most bipolar cells (Ichinose et al., 2005;
Chávez et al., 2006) but abolishes lateral feedback transmission
onto RBCs (Fig. 1), also eliminated both responses (CPPG: to 6 �
6% of control, n � 7, p � 0.00001; kainate: to 6 � 4% of control,
n � 5, p � 0.00014) (Fig. 3C,D,G), confirming that both ON

and/or OFF-responding GABAergic ama-
crine cells providing lateral feedback rely
heavily on Nav-dependent signaling.

As observed with glutamate stimula-
tion, CPPG- and kainate-evoked IPSCs
were not significantly affected by the
NMDAR antagonist CPP (10 �M; CPPG:
to 97 � 4% of control, n � 7, p � 0.082;
kainate: to 94 � 7% of control, n � 6, p �
0.074) (Fig. 3E–G), but both were strongly
reduced by application of the CP-AMPAR
antagonist PhTx (1 �M; CPPG: to 24 �
13% of control, n � 7, p � 0.00095; kai-
nate: to 43 � 12% of control, n � 6, p �
0.00024) (Fig. 3E–G). In both cases, the
IPSC remaining in PhTx was abolished by
NBQX (25 �M; CPPG: to 3 � 3% of con-
trol, n � 7, p � 0.00645 compared with
PhTx; kainate: to 4 � 3% of control, n �
6, p � 0.00099 compared with PhTx) (Fig.
3E–G). These results indicate that synap-
tic inputs to GABAergic amacrine cells are
mediated primarily by CP-AMPARs,
whereas Ca 2�-impermeable AMPARs
and/or KARs may be located extrasynap-
tically in amacrine cell membranes, as

they are activated more strongly by exogenous glutamate (Fig. 2)
than by synaptic glutamate release from ON and OFF bipolar
cells.

Although GABAergic IPSCs could be elicited by either CPPG
or kainate (Fig. 3), CPPG was a more effective stimulus (Fig. 4).
CPPG elicited IPSCs in every (24 of 24) cell tested, whereas kai-
nate elicited IPSCs in only 40% (16 of 40) of RBCs tested (Fig.
4A). Even in those cells that did respond to kainate, IPSC ampli-
tudes (7.4 � 1.8 pA; range, 4 –11 pA; n � 16) were smaller than
those elicited in different cells by CPPG (10.6 � 4.3 pA; range,
4 –23 pA; n � 24; p � 0.0093, unpaired t test) (Fig. 4A). To
confirm the efficacy of kainate in a subset of nonresponsive cells
(n � 18), the puffer pipette was moved to the IPL, where kainate
could stimulate amacrine cells directly, and robust IPSCs were
detected (Fig. 4B,C). Furthermore, in nonresponsive cells, IPSCs
were not detected even when the driving force on the GABAR
chloride conductance was greatly increased (Fig. 4B,C), suggest-
ing that the lack of response was not attributable to RBC insensi-
tivity. These results indicate that RBCs receive most of their
nonreciprocal GABAergic inhibition from amacrine cells acti-
vated by ON bipolar cells.

Multiple Ca 2� sources trigger lateral GABAergic feedback
Although calcium influx through CP-AMPARs at the A17–RBC
reciprocal synapse is sufficient to trigger GABA release, it seemed
unlikely that the prominent CP-AMPAR-mediated synaptic in-
put to lateral GABAergic amacrine cells (Figs. 2, 3) could do the
same, because the lateral sites of excitatory input are not colocal-
ized with the GABAergic synapses onto RBCs. Consistent with
this expectation, the strong reduction of lateral feedback IPSCs by
TTX (Figs. 1, 3) portends a prominent role for membrane
depolarization-dependent release mechanisms (i.e., Cav chan-
nels). Accordingly, bath application of cadmium (Cd 2�) (200
�M), a broad-spectrum blocker of Cav channels, strongly but
incompletely reduced glutamate-evoked IPSCs (to 13 � 4% of
control response; p � 0.0020) (Fig. 5A,B). The remaining Cd 2�-
insensitive IPSC component was eliminated by PhTx (to 3 � 2%

Figure 2. Non-NMDARs mediate excitatory inputs to lateral GABAergic amacrine cells. A, Lateral GABAergic feedback IPSCs
were insensitive to the NMDAR antagonist, CPP (10 �M). B, The responses were partially reduced by application of the AMPAR
antagonist, GYKI (50 �M), and eliminated by coapplication with NBQX (25 �M). C, The CP-AMPAR antagonist, PhTx (1 �M),
partially reduced feedback IPSCs as did GYKI; the remaining response was eliminated by additional application of NBQX (25 �M).
D, Summarized drug effects (mean � SD) on lateral GABAergic feedback IPSCs. All experiments were conducted in the presence of
strychnine (3 �M) and DHT (50 �M). ***p � 0.001.
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of control; n � 6; p � 0.00228 compared with Cd 2� alone) (Fig.
5A,B), indicating that CP-AMPARs can contribute Ca 2� influx
to trigger GABA release independently of Cav channels. Feedback
IPSCs were also eliminated when Ca 2� was removed from the
bath (Fig. 5B), confirming that nonreciprocal GABA release is an
entirely Ca 2�-dependent process and that both Cav channels and
Ca 2�-permeable AMPARs can provide the Ca 2� influx that is
required to trigger transmitter release.

Most Cav channel subtypes have been shown to be expressed
in the IPL (Kamphuis and Hendriksen, 1998; Xu et al., 2002),
and, specifically, both N- and L-type Cav channels have been
shown to mediate transmitter release from certain amacrine cells
(Gleason et al., 1994; Habermann et al., 2003; Bieda and Copen-
hagen, 2004; Vigh and Lasater, 2004; Chávez and Diamond, 2008;
Grimes et al., 2009). To explore which Cav channel subtypes con-
tribute to nonreciprocal GABA release, Ca2�-permeable AMPARs
were blocked with 1 �M PhTx and the effects of various Cav

channel antagonists on glutamate-evoked IPSCs were tested. In-
dependent application of �-conotoxin GVIA (10 nM) or isradip-
ine (10 �M), the N- and the L-type Cav channel antagonist,
respectively, exerted large effects on feedback IPSC amplitudes
(Fig. 5D), but their combined application did not suppress feed-
back IPSCs completely (to 19 � 5% of control; n � 5; p � 0.0013)
(Fig. 5C,D), suggesting that other Cav channels also may play a
role in triggering GABA release. Accordingly, feedback IPSCs also
were reduced by T- (mibefradil; 10 �M), P/Q- (agatoxin IVA; 200
nM), and T/R-type (Ni 2�; 100 �M) Cav channel antagonists (Fig.
5D). Given the nonlinear relationship between Ca 2� influx and
transmitter release (Dodge and Rahamimoff, 1967) and the lack
of highly specific Cav channel antagonists, the results presented
here imply that multiple Cav channel subtypes may act coopera-
tively to facilitate transmitter release from amacrine cells (Bieda
and Copenhagen, 2004; Chávez and Diamond, 2008).

CICR from intracellular stores contributes to Ca 2� signaling
and transmitter release from amacrine cells (Gleason et al., 1994;
Vigh and Lasater, 2003; Warrier et al., 2005; Chávez et al., 2006;
Chávez and Diamond, 2008; Grimes et al., 2009). Here, depletion
of endoplasmic reticulum Ca 2� stores with thapsigargin (1 �M)
reduced lateral feedback IPSCs (to 51 � 11% of control; n � 7;
p � 0.0055) (Fig. 5F), indicating a role for CICR at nonreciprocal
synapses. In GABAergic amacrine cells, CICR has been shown to
be mediated by RyRs and/or inositol-1,4,5-trisphosphate recep-
tors (IP3Rs) (Vigh and Lasater, 2003; Warrier et al., 2005; Chávez
et al., 2006). When RyRs were blocked with ruthenium red (RR)
(40 �M), lateral feedback IPSCs were significantly reduced (to
70 � 8% of control; n � 6; p � 0.0056) (Fig. 5E,F). In contrast,
when IP3Rs were blocked with either
2-APB (50 �M) or xestospongin C (XeC)
(3 �M), IPSCs were unaffected (2-APB: to
94 � 5% of control, n � 6, p � 0.050; XeC:
to 93 � 9% of control, n � 4, p � 0.27)
(Fig. 5F), suggesting that RyRs but not
IP3Rs trigger CICR to amplify intracellu-
lar Ca 2� signals at nonreciprocal synapses
and enhance GABA release. Consistent
with this conclusion, puff application of
the RyR agonist caffeine (15 mM) evoked
IPSCs that were eliminated by GABAR
antagonists (to 2 � 1% of control; n � 4;
p � 0.016) (Fig. 5F) or strongly reduced
by RR (to 13 � 4% of control; n � 5; p �
0.00009) (Fig. 5F). Together, these results
indicate that Cav channels, CP-AMPARs,

Figure 3. ON and OFF retinal pathways trigger lateral inhibition from GABAergic amacrine
cells. A, Feedback IPSCs elicited by activation of ON bipolar cell dendrites (puff application of the
mGluR antagonist CPPG; 600 �M) in the OPL were strongly reduced by TPMPA (50 �M) and
reduced further by SR95531 (10 �M). B, Similar results were observed when OFF bipolar cell
dendrites were activated by brief puffs of kainate (100 �M). C, D, “ON” (CPPG-evoked) (C) and
“OFF” (kainate-evoked) (D) responses were eliminated by TTX (0.5 �M). E, CPPG-evoked IPSCs
were unaffected by CPP (10 �M) but were strongly reduced by PhTx (1 �M) and eliminated by
NBQX (25 �M). F, Kainate-evoked IPSCs also were insensitive to CPP (10 �M), strongly reduced
by PhTx (1 �M), and eliminated by NBQX (25 �M). G, Summarized drug effects (mean � SD) on
feedback IPSCs evoked by CPPG (black bars) and kainate (gray bars). All experiments were
conducted in the presence of strychnine (3 �M), DHT (50 �M), and L-AP-4 (10 �M). **p � 0.01;
***p � 0.001.

Figure 4. Lateral GABAergic feedback onto RBCs is driven more strongly through the ON pathway. A, Amplitude histo-
gram comparing CPPG- and kainate-evoked feedback IPSCs (OPL puff application). B, Sometimes kainate failed to evoke
IPSCs when puffed directly into the OPL (bottom panel) despite robust responses that could be produced by placing the
same puff pipette in the IPL to activate amacrine cell dendrites directly (n � 18). C, Summarized data (mean � SD) from
experiments illustrated in B. All experiments were performed in the presence of strychnine (3 �M), DHT (50 �M), and
L-AP-4 (10 �M).
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and RyR-mediated CICR contribute to intracellular Ca 2� signals
that trigger GABA release at lateral feedback synapses onto RBCs.

GABAR activation at reciprocal and lateral feedback synapses
Lateral GABAergic feedback inhibition onto RBC terminals is
mediated mostly by GABACRs (Figs. 1F, 3A,B). Reciprocal feed-
back elicited by depolarization of a single RBC activates primarily
GABAARs (Chávez et al., 2006), but when release from A17s is

enhanced a GABACR-mediated component emerges in the recip-
rocal feedback IPSC (Hartveit, 1999; Singer and Diamond, 2003;
Vigh and von Gersdorff, 2005; Chávez et al., 2006). GABAARs
and GABACRs are clustered separately on RBC axon terminals
(Koulen et al., 1998a) and typically only GABAARs are activated
by spontaneous GABA release (Frech and Backus, 2004; Eggers
and Lukasiewicz, 2006a; Palmer, 2006), suggesting that the two
receptor types may be localized to different synapses. One possi-
bility—that GABACRs are localized to lateral synapses but can be
activated by GABA spillover from reciprocal synapses—is coun-
tered by anatomical evidence that GABACRs are expressed at
RBC–A17 contacts (Fletcher et al., 1998). Alternatively, GABACRs
may be located perisynaptically at either synapse type and be-
come activated only during enhanced release by GABA spillover
(Ichinose and Lukasiewicz, 2002; Vigh and von Gersdorff, 2005;
Eggers and Lukasiewicz, 2006b; Hull et al., 2006). It is also possi-
ble that both receptor types are localized separately at different
reciprocal and lateral synapses but that GABACRs, which bind
transmitter much more slowly (Chang and Weiss, 1999), are ac-
tivated only in response to evoked release of multiple GABA ves-
icles (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material).

To explore these possibilities, we first reexamined the contri-
bution of GABACRs to reciprocal feedback. In the presence of
TTX (0.5 �M) and in the absence of DHT, we evoked reciprocal
feedback IPSCs by depolarizing a single RBC from �60 to �10
mV. Under these conditions, reciprocal IPSCs are mediated pri-
marily by GABAARs (Singer and Diamond, 2003; Chávez et al.,
2006; Chávez and Diamond, 2008) and exhibited characteristi-
cally rapid kinetics (Fig. 6A). As shown previously (Singer and
Diamond, 2003), blocking AMPAR desensitization with cy-
clothiazide (CTZ) (50 �M) increased reciprocal GABA release
and caused a slower, GABACR-mediated component to emerge
in the reciprocal IPSC (Fig. 6A). Although CTZ has been re-
ported to antagonize both GABAAR and GABACRs (Deng and
Chen, 2003; Xie et al., 2008), in our hands CTZ reduced only
slightly GABAAR activation and exerted no effect on GABACR
activation in response to exogenous GABA puffs (supplemental
Fig. 2A–D, available at www.jneurosci.org as supplemental ma-
terial). We also observed that CTZ potentiated GABA release
from A17 amacrine cells when stimulated by exogenous gluta-
mate puffs (to 173 � 17% of control response; p � 0.00137)
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material) (Grimes et al., 2009). Application of a GABAAR
antagonist (SR95531; 10 �M) in the continued presence of CTZ
significantly reduced the fast, transient component of the step-
evoked feedback response but did not affect the slow, prolonged
component (Fig. 6A). Additional inclusion of TPMPA (50 �M)
abolished this slow component (to 2 � 1% of CTZ current; p �
0.00018; n � 8) (Fig. 6A), confirming that it was mediated by
GABACRs (Singer and Diamond, 2003; Vigh and von Gersdorff,
2005).

If, during enhanced reciprocal GABA release, GABACR acti-
vation were exclusively extrasynaptic (Vigh and von Gersdorff,
2005), one might expect that blocking GABA transporters,
thereby slowing GABA clearance, would enhance activation of
extrasynaptic GABACRs. To test this idea, step-evoked IPSCs
were recorded in the presence of CTZ (50 �M) (Fig. 6B), and then
GABA transporters (GAT-1) were blocked by 1-[2-[[(diphenylme-
thylene)imino]oxy]ethyl]-1,2,5,6-tetrahydro-3-pyridinecarboxylic
acid hydrochloride (NO-711) (10 �M). Consistent with previous
results, NO-711 applied alone (Chávez et al., 2006; Eggers and
Lukasiewicz, 2006b) or in presence of CTZ did not substantially

Figure 5. Calcium signals underlying GABA release during lateral feedback. A, Glutamate-
evoked lateral feedback IPSCs were strongly reduced by the nonselective Cav channel blocker,
Cd 2� (200 �M). The Cd 2�-insensitive component of the IPSCs was eliminated by additional
inclusion of PhTx (1 �M). B, Summarized drug effects (mean � SD) on feedback IPSCs.
C, Feedback IPSCs evoked in the presence of PhTx (to eliminate Ca 2� influx through
AMPARs; control trace) were strongly, but not completely, reduced by coapplication of
either N- or L-type Cav channel antagonists (�-conotoxin GVIA, 10 nM, or isradipine, 10
�M, respectively). D, Summarized effects of Cav channel blockers (mean � SD) on feedback
IPSCs evoked in the presence of 1 �M PhTx. E, Feedback IPSCs were reduced by bath application
of the RyR antagonist, RR (40 �M), but not the IP3R antagonist XeC (3 �M). F, Summarized data
(mean � SD) showing that RyRs, but not IP3Rs, contribute to the Ca 2� signaling underlying
lateral GABA release. All experiments were performed in the presence of strychnine (3 �M) and
DHT (50 �M). **p � 0.01; ***p � 0.001. Israd, Isradipine; Mibef, mibefradil; Aga, agatoxin
IVA; thap, thapsigargin.
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increase GABAAR-mediated step-evoked IPSCs (to 101 � 4% of
CTZ response; p � 0.70741; n � 6) (Fig. 6B). Similarly, NO-711
only slightly but insignificantly increased the slow GABACR-
mediated step-evoked IPSC (to 112 � 14% of CTZ response; n �
5; p � 0.06071) (Fig. 6 B), suggesting that GAT-1 does not
strongly regulate GABAergic transmission at reciprocal synapses.
It is unlikely that GABA transporters were saturated under these
conditions, because GABA transporters limit the activation of
GABACRs even when the entire network is activated simulta-
neously by full-field light stimulation (Eggers and Lukasiewicz,
2006b). Although this result does not exclude spillover between
reciprocal and lateral synapses, it suggests that such spillover is
not regulated by GAT-1.

If GABACR activation by GABA spillover mediated significant
interaction between reciprocal and lateral synapses, coincident
activation of both two pathways could elicit a response that was
smaller than the sum of the individual components. This predic-
tion was tested in the presence of 50 �M CTZ and 10 �M SR95531,
with TTX removed from the ACSF to allow for activation of both
reciprocal and nonreciprocal inputs. Lateral synaptic inputs were
stimulated with glutamate puffs �60 – 80 �m away from the re-
corded RBC (Fig. 6C), and reciprocal inputs were elicited by step
depolarization of the RBC (from �60 to �10 mV for 1 or 3 s)
(Fig. 6D). Lateral IPSCs were evoked before (Fig. 6C, black trace),
during (Fig. 6D, arrow), or after the depolarizing voltage step
(Fig. 6C, red trace). In all cells tested (n � 10) (Fig. 6E,F), neither
the amplitude nor the kinetics of lateral GABACR-mediated
IPSCs were affected by coincident activation of reciprocal feed-
back (Fig. 6D–F), suggesting that the two forms of feedback ac-
tivated distinct pools of GABACRs.

Discussion
The present study identifies the cellular and synaptic mechanisms
underlying lateral GABAergic feedback onto rat RBC axon termi-
nals and makes comparisons with reciprocal feedback mediated
by A17 amacrine cells. Although this electrophysiological study
does not directly identify the GABAergic amacrine cell subtypes
that mediate nonreciprocal inhibitory inputs, it does provide ev-
idence that distinct sets of amacrine cells mediate reciprocal and
lateral GABAergic feedback, highlighting the diversity of physio-
logical mechanisms that underlie inhibitory transmitter release
onto RBCs. Specializations among GABAergic amacrine cells
might reflect a necessary means to suppress distinct spatial or
temporal components of visual signaling in the rod pathway. For
example, responses at lateral feedback synapses are mostly
GABACR mediated (Figs. 1–3), suggesting that these inhibitory
inputs could be important in shaping tonic glutamate release
from RBCs by suppressing regenerative potentials at RBC termi-
nals (Ichinose and Lukasiewicz, 2002; Hull et al., 2006). In con-
trast, local reciprocal synapses, because of their fast activation
kinetics, may play a modulatory role in conferring transience to
the visual signal (Euler and Masland, 2000; Dong and Hare, 2003)
and/or preventing the rapid depletion of the readily releasable
vesicle pool in RBC terminals (Singer and Diamond, 2006). It
remains to be determined, however, whether these distinct GABA
feedback pathways independently modulate RBC outputs during
light-evoked signaling.

In addition to contacting bipolar cell terminals and ganglion
cell dendrites, amacrine cells also contact other amacrine cells
(Dowling and Boycott, 1966; Dowling and Werblin, 1969; Zhang
et al., 2004), primarily via GABAAR-mediated synapses (Zhang et
al., 1997; Fletcher et al., 1998; Wässle et al., 1998; Eggers and
Lukasiewicz, 2010). Although such “serial inhibition” (Zhang et
al., 1997) was not evident in our recordings, we cannot exclude
the possibility that amacrine–amacrine signaling may have influ-
enced the results of some pharmacological manipulations.

Distinct cell types mediate local versus lateral
GABAergic inhibition
Although some GABAergic amacrine cells can mediate both local
and lateral signaling (Cook and McReynolds, 1998) and sur-
round receptive-field organization to ganglion cells (Ichinose
and Lukasiewicz, 2005), GABAergic amacrine cells that mediate
reciprocal or lateral inhibition to RBCs use unique physiological
mechanisms and comprise distinct cell types. At reciprocal syn-
apses, GABA release can occur in the absence of Cav channel

Figure 6. GABACR populations activated at lateral and reciprocal feedback synapses are
distinct. A, Depolarizing voltage steps (50 mV) elicited reciprocal feedback IPSCs (vIPSCs) (black
trace) that were enhanced by blocking AMPAR desensitization with CTZ (50 �M; red trace).
Additional application of SR95531 (10 �M; blue trace) blocked a transient component of the
response and revealed a slow GABACR-mediated component that was eliminated by TPMPA (50
�M; gray trace). B, NO-711 (10 �M; blue trace) did not further enhance the GABACR-mediated
component of the vIPSC. Experiments shown in A and B were done in the presence of TTX and
absence of DHT. C, Example from GABACR occlusion experiments: GABACR-mediated nonrecip-
rocal puff-evoked feedback IPSCs (stimulated �60 – 80 �m from the inhibited RBC) were
elicited alone (black) or directly after (red) step-evoked reciprocal activation of GABACRs. These
experiments were conducted in the presence of CTZ (50 �M) and SR95531 (10 �M) and in the
absence of TTX and DHT. D, vIPSCs showed a slow and sustained GABACR-mediated component
IPSC (black trace) that was not occluded by concurrent puff activation of lateral GABAergic
feedback synapses (red trace; arrow indicates puff onset). E, Comparison of control puff-evoked
lateral inhibition from C and subtraction of traces in D suggest that distinct GABACR populations
are involved in reciprocal versus lateral GABAergic feedback. F, Summarized data (mean � SD)
from GABACR occlusion experiments presented in C–E. These experiments (C–E) were con-
ducted in the absence of TTX and DHT.
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activation, triggered instead by Ca 2� influx through glutamate
receptors (Chávez et al., 2006). Colocalization of excitatory and
inhibitory synapses at individual varicosities (Ellias and Stevens,
1980; Nelson and Kolb, 1985) suggests that each A17 reciprocal
synapse may operate independently. Consistent with this idea,
puff-evoked feedback inhibition from A17 amacrine cells was
highly localized to within �30 �m of the inhibited RBC (Fig. 1).
In contrast to local reciprocal inhibition from A17, lateral feed-
back likely plays an important role in spatial processing and thus
requires Nav channel activation to boost the propagation of
membrane depolarization throughout the dendritic arbor. This
type of global response/depolarization leads to the activation of
Cav channels, predominantly the L- and N-subtypes, that trigger
the release of GABA (Fig. 5). Although Cav channels could be
activated by the passive, electrotonic spread of depolarization, the
strong sensitivity to TTX (Figs. 1, 3) suggests that the dendritic
trees of “lateral” GABAergic amacrine cells possess active con-
ductances that may allow them to generate action potentials
(Miller and Dacheux, 1976; Masland, 1988; Bloomfield, 1992;
Heflin and Cook, 2007).

Synaptic AMPARs but not NMDARs mediate inputs to
GABAergic amacrine cells
Some amacrine cells express NMDARs (Dixon and Copenhagen,
1992; Boos et al., 1993; Hartveit and Veruki, 1997; Dumitrescu et
al., 2006; Chávez and Diamond, 2008), but the range of NMDAR-
positive cell types is unknown. Here, we find that NMDARs do
not contribute to the activation of GABAergic amacrine cells pro-
viding lateral feedback to RBCs, similar to previous results at
reciprocal GABAergic synapses (Hartveit, 1999; Singer and
Diamond, 2003; Chávez et al., 2006). Our pharmacological re-
sults suggest possible colocalization of Ca 2�-permeable and
Ca 2�-impermeable AMPAR subtypes on nonreciprocal ama-
crine cells (Figs. 2, 3), as observed in other retinal neurons (Zhang
et al., 1995; Huang and Liang, 2005). Although more thorough
examination of glutamate receptor expression by specific amacrine
cell subtypes is clearly required, the present results, together with
previous physiological work, suggests that GABAergic amacrine
cells in the rod pathway express primarily AMPARs (Hartveit,
1999; Singer and Diamond, 2003), whereas glycinergic amacrine
cells also express NMDARs (Hartveit and Veruki, 1997; Chávez
and Diamond, 2008). The functional consequences of such specific-
ity, which may not extend to all amacrine cell types (Dumitrescu et
al., 2006), remains to be determined.

Ca 2� signals underlying nonreciprocal GABA
transmitter release
Typically, presynaptic Ca 2� influx required to trigger transmitter
release involves activation of Cav channels (Katz and Miledi,
1967), but in some GABAergic interneurons, Ca 2� influx medi-
ated by NMDARs (Schoppa et al., 1998; Isaacson, 2001; Vigh and
von Gersdorff, 2005) or Ca 2�-permeable AMPARs (Chávez et
al., 2006) can trigger transmitter release. Colocalization of exci-
tatory receptors and GABA release machinery would be expected
for this phenomenon to occur, but we find that activation of
Ca 2�-permeable AMPARs on nonreciprocal GABAergic ama-
crine cells can trigger some GABA release (Fig. 5), although N-
and L-type Cav channels provide the majority of Ca 2� that drives
release (Fig. 5). Previous reports indicate that L-type channels
often underlie calcium signals and transmitter release at tonically
releasing ribbon synapses (Sterling and Matthews, 2005),
whereas N-type channels mediate phasic transmitter release at
other synapses (Reid et al., 2003). Having multiple CaV channel

types control nonreciprocal GABA release may enable specific
regulation of synaptic signaling and likely reflects the functional
diversity of amacrine cells.

Previous evidence indicates that CICR boosts inhibitory syn-
aptic transmission from amacrine cells (Gleason et al., 1994; Vigh
and Lasater, 2003; Warrier et al., 2005; Chávez et al., 2006; Chávez
and Diamond, 2008). In “lateral” GABAergic amacrine cells, the
enhancement of GABA release onto RBC terminals by CICR is
triggered primarily by activation of RyRs but not IP3Rs (Fig. 5),
analogous to our previous results in A17 amacrine cells (Chávez
et al., 2006). The two CICR pathways appear to be segregated to
different forms of inhibition: in some amacrine cells, IP3Rs, but
not RyRs, are activated by Ca 2� influx through NMDARs
(Chávez and Diamond, 2008) and/or intracellular signals from
metabotropic glutamate receptors (Warrier et al., 2005; Chávez
and Diamond, 2008).

RBCs receive GABAergic feedback inhibition from both ON
and OFF pathways
The dendritic arbors of wide-field GABAergic amacrine cells ex-
tend over great lengths laterally but are typically confined within
narrow strata in the IPL and are therefore likely restricted to
either the ON or OFF sublaminae (Masland, 1988; MacNeil and
Masland, 1998). Here, we find that lateral GABAergic inputs to
RBCs are driven through both the ON and the OFF pathways
(Fig. 3). Notably, however, feedback inputs to RBCs driven by the
OFF pathway are smaller in size and less frequently observed than
those supplied by the ON pathway (Fig. 4). Although it is possible
that these GABAergic inputs to RBCs are mediated by amacrine
cells that are activated purely by ON or OFF channels, combina-
tions of ON and OFF inputs cannot be ruled out (Werblin and
Dowling, 1969; Dacheux and Raviola, 1995; Bloomfield and
Völgyi, 2007). Previous work on amacrine cells that respond to
both light increments and decrements has shown that these cells
can mediate feedforward inhibition to ganglion cells (Cook and
Werblin, 1994; Taylor, 1999) or feedback inhibition onto bipolar
cells (Shields and Lukasiewicz, 2003) and possess a similar sensi-
tivity to TTX (Miller and Dacheux, 1976; Werblin, 1977; Cook
and Werblin, 1994; Miller et al., 2006; Bloomfield and Völgyi,
2007), as observed here (Fig. 3).

GABACRs are located at both reciprocal and nonreciprocal
synaptic inputs
The apparent segregation of GABAARs and GABACRs at the axon
terminals of RBCs (Fletcher et al., 1998; Koulen et al., 1998a;
Palmer, 2006) is a matter of debate. Previous evidence indicates
that GABAARs mediate most of the reciprocal synaptic inputs
(Singer and Diamond, 2003; Chávez et al., 2006), but during
increased reciprocal GABA release, GABACRs can also be re-
cruited (Hartveit, 1999; Singer and Diamond, 2003; Vigh and von
Gersdorff, 2005; Chávez et al., 2006; Eggers and Lukasiewicz,
2006a,b). Here, we find that, although GABA release from non-
reciprocal GABAergic amacrine cells activates both GABAARs
and GABACRs (Figs. 1, 3), the majority of the nonreciprocal
GABA response (�90%) is mediated by GABACRs. One interpre-
tation is that distinct GABACR populations may be responsible
for signaling at reciprocal versus nonreciprocal inputs (Palmer,
2006), but it is also possible that these receptors could be located
extrasynaptically (Vigh and von Gersdorff, 2005) and shared by
the two types of synapses. Consistent with the former possibili-
ties, we find that the activation GABACRs during nonreciprocal
GABAergic feedback does not occlude activation of GABACRs
during enhanced reciprocal feedback (Fig. 6), suggesting that the
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responding GABACRs comprise distinct, nonoverlapping popu-
lations and thus preserving the range of lateral and reciprocal
inhibition to RBCs.
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Chávez AE, Diamond JS (2008) Diverse mechanisms underlie glycinergic

feedback transmission onto rod bipolar cells in rat retina. J Neurosci
28:7919 –7928.
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Habermann CJ, O’Brien BJ, Wässle H, Protti DA (2003) AII amacrine cells
express L-type calcium channels at their output synapses. J Neurosci
23:6904 – 6913.

Hartveit E (1999) Reciprocal synaptic interactions between rod bipolar cells
and amacrine cells in the rat retina. J Neurophysiol 81:2923–2936.

Hartveit E, Veruki ML (1997) AII amacrine cells express functional NMDA
receptors. Neuroreport 8:1219 –1223.

Heflin SJ, Cook PB (2007) Narrow and wide field amacrine cells fire action
potentials in response to depolarization and light stimulation. Vis Neu-
rosci 24:197–206.

Huang SY, Liang PJ (2005) Ca 2�-permeable and Ca 2�-impermeable
AMPA receptors coexist on horizontal cells. Neuroreport 16:263–266.

Hull C, Li GL, von Gersdorff H (2006) GABA transporters regulate a stand-
ing GABAC receptor-mediated current at a retinal presynaptic terminal.
J Neurosci 26:6979 – 6984.

Ichinose T, Lukasiewicz PD (2002) GABA transporters regulate inhibition
in the retina by limiting GABAC receptor activation. J Neurosci
22:3285–3292.

Ichinose T, Lukasiewicz PD (2005) Inner and outer retinal pathways both
contribute to surround inhibition of salamander ganglion cells. J Physiol
565:517–535.

Ichinose T, Shields CR, Lukasiewicz PD (2005) Sodium channels in tran-
sient retinal bipolar cells enhance visual responses in ganglion cells. J Neu-
rosci 25:1856 –1865.

Isaacson JS (2001) Mechanisms governing dendritic gamma-aminobutyric
acid (GABA) release in the rat olfactory bulb. Proc Natl Acad Sci U S A
98:337–342.
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