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Light-Evoked Lateral GABAergic Inhibition at Single
Bipolar Cell Synaptic Terminals Is Driven by Distinct
Retinal Microcircuits
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Inhibitory amacrine cells (ACs) filter visual signals crossing the retina by modulating the excitatory, glutamatergic output of bipolar cells
(BCs) on multiple temporal and spatial scales. Reciprocal feedback from ACs provides focal inhibition that is temporally locked to the
activity of presynaptic BC activity, whereas lateral feedback originates from ACs excited by distant BCs. These distinct feedback mecha-
nisms permit temporal and spatial computation at BC terminals. Here, we used a unique preparation to study light-evoked IPSCs
recorded from axotomized terminals of ON-type mixed rod/cone BCs (Mb) in goldfish retinal slices. In this preparation, light-evoked
IPSCs could only reach axotomized BC terminals via the lateral feedback pathway, allowing us to study lateral feedback in the absence of
overlapping reciprocal feedback components. We found that light evokes ON and OFF lateral IPSCs (L-IPSCs) in Mb terminals having
different temporal patterns and conveyed via distinct retinal pathways. The relative contribution of rods versus cones to ON and OFF
L-IPSCs was light intensity dependent. ACs presynaptic to Mb BC terminals received inputs via AMPA/KA- and NMDA-type receptors in
both the ON and OFF pathways, and used TTX-sensitive sodium channels to boost signal transfer along their processes. ON and OFF
L-IPSCs, like reciprocal feedback IPSCs, were mediated by both GABAA and GABAC receptors. However, our results suggest that lateral
and reciprocal feedback do not cross-depress each other, and are therefore mediated by distinct populations of ACs. These findings
demonstrate that retinal inhibitory circuits are highly specialized to modulate BC output at different light intensities.

Introduction
Visual signals in the retina must pass through bipolar cells (BCs)
on their way to the brain, because BCs form the sole direct excit-
atory connection between photoreceptors and ganglion cells
(GCs), whose axons form the optic nerve. In the inner plexiform
layer (IPL), BCs also excite amacrine cells (ACs) and receive in-
hibitory input from ACs. This input may be either reciprocal
inhibition, originating from ACs directly excited by a given BC,
or lateral feedback inhibition, originating from ACs excited by
other BCs. Elegant immunocytochemical studies in the rabbit
retina elucidated the complexity of this synapse; each rod bipolar
terminal is contacted by varicosities from �25 different S1-type
ACs and 50 different S2-type ACs (Zhang et al., 2002). In the
goldfish retina, a single mixed rod/cone BC (Mb) axon terminal
receives �350 inhibitory AC synapses in the IPL (Witkovsky and
Dowling, 1969), of which 50% are reciprocal and 50% are lateral
synapses (Marc and Liu, 2000). This suggests that a tremendous
amount of synaptic computation takes place at bipolar cell ter-

minals to determine the amount of glutamate that is released
onto GCs.

Reciprocal feedback is thought to make the output of BCs
more transient (Euler and Masland, 2000), tuning it to the dy-
namic range of GCs (Vigh and von Gersdorff, 2005) and prevent-
ing the rapid depletion of presynaptic vesicle pools (Singer and
Diamond, 2006). Reciprocal feedback has also been shown to
undergo use-dependent plasticity (Vigh et al., 2005; Li et al.,
2007). Lateral feedback allows for spatial integration of signals
(Cook and McReynolds, 1998), mediates center-surround or-
ganization of the receptive fields (Jacobs and Werblin, 1998;
Ichinose and Lukasiewicz, 2005; Zhang and Wu, 2009), and
contributes to GC orientation selectivity (Venkataramani and
Taylor, 2010).

It is difficult to distinguish these forms of feedback when the
retina is stimulated with its natural stimulus, light, because some
ACs might provide both lateral and reciprocal feedback to a single
BC. Here, we used a novel approach to achieve this goal to assess
and isolate the retinal pathway that mediates lateral inhibition to
an identified BC terminal. We recorded responses to full-field
illumination in axotomized BC terminals embedded in goldfish
retinal slices, in which visual information could only reach the BC
terminal via the lateral inhibitory pathway (see Fig. 1A). We
found that both rods and cones contributed to the lateral IPSCs
(L-IPSCs) targeting Mb terminals during the illumination (“ON”
inhibition), while L-IPSCs after the termination of light (“OFF”
inhibition) were mediated primarily by a cone-driven retinal cir-
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cuit. The L-IPSCs were GABAergic, involving both GABAA re-
ceptors (GABAARs) and GABAC receptors (GABACRs), much
like reciprocal feedback at Mb terminals (Vigh and von Gers-
dorff, 2005). However, we show here that the ACs that mediate
lateral IPSCs are distinct from those involved in reciprocal
feedback.

Our study suggests that, in addition to reciprocal feedback, at
least two distinct lateral circuits control the glutamate output of
Mb BCs. Furthermore, we show that these circuits operate across
a broad range of physiological light conditions.

Materials and Methods
Retinal slice preparation. Living retinal slices were prepared from the retina of
goldfish (Carassius auratus) of either sex, as described previously (Palmer et
al., 2003), except that all procedures were performed under infrared illumi-
nation with the aid of PVS-7 Night Vision Goggles and OWL Night Vision
Scopes (both from BE Meyers) mounted on Olympus SZ51 stereoscopes to
maintain the retina in a fully dark-adapted state. In some cases, parts of the
dissection were performed under dim red light. Slices (200–250 �m thick)
were superfused at 2–5 ml/min with a Ringer’s solution containing the fol-
lowing (in mM): 100 NaCl, 2.5 KCl, 1.0 MgCl2, 2.5 CaCl2, 25 NaHCO3,
0–0.2 ascorbic acid, and 12 glucose, pH 7.45 (osmolarity: 260 � 2 mOsm,
and set with NaOH). The Ringer’s solution was gassed continuously with
95% O2 and 5% CO2. Drugs were bath applied in the perfusing medium.
NBQX, CNQX, (S)-(�)-a-amino-4-carboxy-2-methylbenzeneacetic acid
(LY367385), 6-imino-3-(4-methoxyphenyl)-1(6 H)-pyridazinebutanoic
acid (SR95531), 3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic
acid [(R)-CPP], and D-AP5 were obtained from Tocris Bioscience. Tetrodo-
toxin (TTX) was obtained from Alomone Laboratories. All other chemicals
and salts were obtained from Sigma.

Electrophysiology and light stimulation. Giant terminals of Mbs with
severed axons were identified in the inner plexiform layer (IPL) based on
(1) Mb-shaped (bulbous) terminal morphology, (2) single-exponential
membrane time constant, and (3) the presence of an L-type Ca 2� current
and �Cm jump in response to depolarization. Axotomized bipolar cell
terminals in retinal slices were voltage-clamped in whole-cell mode using
a HEKA Elektronik EPC-10 USB patch-clamp amplifier in conjunction
with Patchmaster software (version 2.30) or an EPC-9 double patch-
clamp amplifier controlled by Pulse software. With either amplifier, the
Sine�DC technique was used for real-time measurements of membrane
capacitance, in which a 1 kHz sinusoidal voltage command (20 –30 mV
peak to peak) was added to the holding potential of �60 mV, and the
resulting current was analyzed at two orthogonal phase angles by the
lock-in amplifier (Gillis, 2000). Recordings were obtained using 6 –12
M� patch pipettes pulled from 1.5-mm-diameter thick-walled borosili-
cate glass (World Precision Instruments) on a horizontal puller (model
P-97, Sutter), coated with dental wax (Cavex) to reduce pipette capaci-
tance, and filled with solution containing the following (in mM): 95 Cs-
gluconate, 25 HEPES, 10 TEA-Cl, 3 Mg-ATP, 0.5 Na-GTP, and 2 EGTA,
adjusted to pH 7.2 with CsOH. In addition, methylamine HCl (10 mM)
was included to buffer vesicular pH (Cousin and Nicholls, 1997; Vigh et
al., 2005). In some cases, 10 methylamine HCl was left out and 95 Cs-
gluconate was replaced with a combination of 60 Cs-gluconate and 40
CsCl to increase the amplitude of IPSCs at the holding potential of �60
mV. Some internal solutions contained 3 mM ascorbic acid and/or 3 mM

reduced glutathione.
Voltage-clamp series resistance (Rs) errors were not electronically

compensated, and liquid junction potential was not corrected. Cells with
uncompensated Rs � 30 M� (or leak of �50 pA at a holding potential of
�60 mV) were excluded from further evaluation. Recordings were per-
formed at room temperature and in the day time (morning/afternoon) to
avoid circadian changes in transmitter release from bipolar cells (Hull et
al., 2006).

Full-field light stimulation of retinal slices was performed with white
(Allied Electronics), 505 nm (green), or 660 nm (red) LEDs (American
Bright Optoelectronics), positioned 3 cm above the preparation at a 30°
angle. The intensities of 505 and 660 nm light pulses were reliably con-

trolled by the command voltage from the EPC-10 digital-to-analog
(D/A) output with millivolt precision. In our stimulus range, the number
of emitted photons was between 6.6 � 10 9 and 1.9 � 10 12 cm �2 s �1

(� 	 505 nm) and between 8.7 � 10 8 and 2.0 � 10 12 cm �2 s �1 (� 	 660
nm) as calibrated by an Optical Meter (model 1918-C) equipped with a
low-intensity sensor (model 918D-SL-OD3) (both from Newport).

For white light stimulation, slices were stimulated with a white LED
connected via soldered wire and BNC cable to a D/A output of the HEKA
Elektronik EPC-9 patch-clamp amplifier. Full-field light flashes were
delivered by application of 400 –500 ms voltage steps from 0 to 5 V. The
full dynamic range of LED light intensity was evoked by voltage steps
between 2.5 and 5 V, which evoked photon flux between 1.06 � 10 11 and
7.32 � 10 13 photons cm �2 s �1. The timing and amplitude of voltage
steps was controlled from within the Pulse Software (HEKA Elektronik)
controlling the EPC-9 amplifier. Calibration of light flash timing (onset
and offset) was performed with a photodiode connected to the EPC-9
amplifier through an ITHACO 4302 dual 24 dB Octave Filter. Light flash
onset and offset had rise and decay time constants of 0.12 and 6.3 ms,
respectively. Onset and offset times did not vary as a function of flash
duration between 100 and 1000 ms. Calibration of white light intensity
was performed with an ILT-1700 photometer and SE033 detector from
International Light Technologies. Factory calibration determined the
photic illuminance response sensitivity of the detector to be 2.60 � 10 �8

A (square feet) (lm �1) or 2.415 � 10 �9 A (lux �1), assuming a 3215 K
color temperature.

Data analysis. Off-line data analysis was performed using IgorPro soft-
ware (version 5.03; Wavemetrics). Because light-evoked lateral feedback
responses showed a degree of variability from stimulus to stimulus, we
presented averaged traces of a minimum of five individual light responses
throughout the article, unless otherwise noted. Consecutive light stimu-
lations were applied with a stimulus interval of at least 30 s. Quantifica-
tion of light responses was performed by integrating the charge ( Q)
transfer of light-evoked, L-IPSCs for 500 ms (or 400 ms) during the
illumination (ON) and for 500 ms (or 300 ms) after the termination of
the stimulus (OFF). Reciprocal feedback was quantified by integrating
the total current during a 100 ms depolarization from �60 to �20 or 0
mV. This method provides a quick measure of the net charge transfer
associated with Ca 2� influx (ICa) plus the reciprocal GABAergic feed-
back that can be compared across subsequent depolarizations, and has
been used previously to quantify relative changes in reciprocal feedback
in the absence of ICa rundown (Vigh et al., 2005). When appropriate,
experiments were performed in the presence of LY367385 to avoid recip-
rocal feedback potentiation due to AC mGluR1 activation (Vigh et al.,
2005). Statistics were calculated using SigmaPlot (version 11; Systat Soft-
ware). Paired or unpaired two-tailed Student’s t tests were used to com-
pare datasets. Multiple sets of data were compared using ANOVA
(Holm–Sidiak method) or the Mann–Whitney U test, when appropriate.
Data were reported as mean � SEM. Statistics were performed on aver-
aged traces, unless otherwise noted.

Results
Light evokes both ON and OFF lateral IPSCs in single bipolar
cell terminals
Whole-cell voltage-clamp recordings were made from Mb termi-
nals in a goldfish retinal slice preparation. These large, bulbous
structures are located in the ON sublamina of the IPL, close to the
GC layer. It is possible to make whole-cell voltage-clamp record-
ings from a single axotomized Mb terminal (Palmer et al., 2003).
This technique offers several advantages from a biophysical
standpoint. For example, axotomized terminals allow accurate
recording of membrane capacitance increases (�Cm) associated
with exocytosis (von Gersdorff and Matthews, 1999). It also al-
lows isolation of reciprocal inhibitory feedback, which is ob-
served in different types of bipolar cells (Dong and Werblin,
1998; Protti and Llano, 1998; Hartveit, 1999; Vigh and von Gers-
dorff, 2005). In the present study, another advantage of this prep-
aration was exploited: severing the connection between the axon
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terminal and somatodendritic compartment of the BC results in
light-evoked membrane currents of the terminal being exclu-
sively mediated by the AC synapses that provide lateral feedback
inputs from ACs to the axotomized terminal (Fig. 1A).

Full-field light stimulation (� 	 505 nm, 500 ms) at increasing
intensities triggered L-IPSCs in axotomized terminals voltage-
clamped at �60 mV (Fig. 1Bi). The intensity range of the light
stimuli spanned the mesopic light levels (Krizaj, 2000); the dim-
mest green flash was just below the cone activation threshold, and
the intensity of the brightest light step was 1 log unit above rod
saturation. Light triggered L-IPSCs during the illumination
(ON), as well as after the termination of light stimulus (OFF)

(Fig. 1 Bi). Note that in this representative terminal the second
505 nm flash, which had an intensity (I 	 1.8 � 10 10) (Fig.
1 Bi) around the cone threshold (�10 10 photons cm�2 s�1)
(Busskamp et al., 2010) evoked large ON, but only tiny OFF
L-IPSCs. In the mouse retina, the rod pigment’s sensitivity to 500
nm light is nearly 2 log units higher than that of the medium-
wavelength cone pigment, and �4 log units higher than that of
the short-wavelength cone pigment (Lyubarsky et al., 1999). Al-
though the spectral sensitivity of goldfish rods and cones (Pala-
cios et al., 1998) are somewhat different from those of the mouse,
this finding suggested that in Mb terminals ON L-IPSCs received
larger rod input than OFF L-IPSCs.

A

Bi Bii Biii

Ci Cii Ciii

Figure 1. Both rod and cone signals are represented in the L-IPSCs of axotomized Mb terminals. A, Retinal pathway underlying L-IPSCs in axotomized Mb terminals. In the absence of direct visual
input from the soma, a light signal can reach axotomized Mb terminals via the lateral inhibitory pathway. R, Rod; C, cone; Gly, glycine; Glu, glutamate. Bi, Representative light-evoked signals
recorded from an axotomized Mb terminal. Averaged traces are shown (n 	 3). Light pulses (500 ms, � 	 505 nm) were delivered once every 30 s. Intensity of light pulses is given as number of
photons (cm �2 s �1), indicated at the top of each trace. Note that ON L-IPSCs first develop at much lower intensities than OFF L-IPSCs. Calibration: 10 pA (vertical), 100 ms (horizontal). Bii,
Quantification of L-IPSCs with response–intensity curve (Q/I ) for the same experiment shown in Bi. Note that our protocol consisted of flashes at 10 light intensities but only 6 are shown on Bi for
clarity. Charge transfer was calculated by integrating the area under the current trace for 500 ms during the illumination (ON), as well as for 500 ms immediately following the offset of illumination
(OFF). Charge values for each trace were plotted against the light intensity on a logarithmic scale. Biii, Summary response/intensity diagram (n 	 5) obtained with green light flashes (500 ms, �	
505 nm). R/Rmax percentage calculation was performed for each cell before averaging values across cells at any given intensity. Error bars represent �SE. Note that sizeable ON responses were
present at the lowest intensities applied in this study (in the high end of the rod sensitivity range), at intensities where OFF L-IPSCs were barely present. Also, ON L-IPSCs were nearly saturated at
rod-saturating intensities. Both of these observations support the notion that ON L-IPSCs are rod dominant, whereas OFF L-IPSCs are cone dominant. The difference between the ON and OFF datasets
was statistically significant (p 
 0.001, ANOVA, Holm–Sidak method). Ci, Representative light-evoked signals recorded from an axotomized Mb terminal. Averaged traces are shown (n 	 2– 4).
Light pulses (500 ms, �	660 nm) were delivered once every 30 s, superimposed on a steady background (�	505 nm). Intensity of light pulses is given as the number of photons (cm �2 s �1), indicated at
the top of each trace. The intensity of the green background light was 10 10 photons cm �2 s �1. Note that both ON and OFF L-IPSCs were present, and that they developed at the same bright intensities.
Calibration: 10 pA (vertical), 100 ms (horizontal). Cii, Quantification of L-IPSCs with Q/I curve for the experiment shown in Ci. Charge transfer was calculated as in Bii. Ciii, Summary response/intensity diagram
(n	5)obtainedwithredlightflashes(500ms,�	660nm)superimposedonasteadygreenbackground(�	505nm).Dataarepresentedas in Biii.Notethat inthepresenceof(rod-saturating)background
light the ON and OFF Q/I curves overlap, and there was no statistical difference between the ON and OFF datasets (p 	 0.209, ANOVA, Holm–Sidak method).
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The L-IPSCs were quantified as inhibitory Q transfer (see Ma-
terials and Methods) to generate intensity–response curves for
both the ON and OFF components (Fig. 1Bii). Importantly, the
quantification revealed that amplitudes of ON L-IPSCs appeared
to plateau at the light intensities known to saturate rods (�10 11

photons cm�2 s�1). On the other hand, the intensity–response
curve of OFF L-IPSCs did not saturate but rather increased lin-
early across the range of our (green) light intensities.

We found a large variation in the amplitude of light-evoked
L-IPSCs from terminal to terminal. This variation might be phys-
iologically relevant: it is possible that the number of lateral inputs
is different across Mb terminals. Nonetheless, we cannot exclude
the possibility that this variation was also caused by the slicing
procedure, which may have destroyed a variable portion of long,
wide-field AC processes targeting the recorded Mb terminal. De-
spite this variation, it was possible to generate cumulative inten-
sity–response curves by first normalizing L-IPSCs (Rs) evoked by
a range of light intensities from a given terminal by reference to
the largest L-IPSC amplitude (Rmax). Then, the normalized val-
ues (R/Rmax %) corresponding to each of the tested light inten-
sities were averaged across multiple cells (Fig. 1 Biii).
Statistical analysis confirmed that the differences between the
normalized ON and OFF intensity/response data were signif-
icant (ANOVA, Holm–Sidiak method, p 
 0.001).

To further examine the possible differences between rod and
cone contributions to L-IPSCs, we stimulated the retinal slices
with full-field red light flashes (� 	 660 nm, 500 ms) of increasing
intensity (between 8.7 � 10 8 and 2.0 � 10 12 cm�2 s�1), super-
imposed on a steady, rod-saturating 505 nm background (I 	
10 10 cm�2 s�1) (Sterling, 2004) that barely stimulated cones.
With this steady green background, both ON and OFF L-IPSCs
were turned on at around the cone-sensitivity threshold (�10 11

cm�2 s�1) (Fig. 1Ci,Cii). The intensity–response curves of ON
and OFF L-IPSCs triggered by red flashes on the green back-
ground ran parallel, and no responses appeared to saturate within
our intensity range (Fig. 1Cii). There was no statistical difference
(p 	 0.209, ANOVA) between the normalized ON and OFF
L-IPSC intensity–response data (Fig. 1Ciii). These results indi-
cated that under these conditions both the ON and the OFF
L-IPSCs were mediated by cone-driven components.

More importantly, statistical analysis revealed significant dif-
ference (p 
 0.001, Mann–Whitney U test) between the distribu-
tion of normalized data representing the ON L-IPSCs triggered
by a green flash intensity series on a dark background (Fig. 1Biii,
ON trace) and that of ON L-IPSCs triggered by a red flash inten-
sity series superimposed on rod-saturating green background
light (Fig. 1Ciii, ON trace), indicating that rods substantially con-
tributed to ON L-IPSCs in the mesopic intensity range. Similar
comparison of the corresponding OFF L-IPSC datasets revealed
no statistical difference (p 	 0.200, Mann–Whitney U test). Thus,
the intensity–response distribution of OFF L-IPSCs was indepen-
dent of the presence of background light. In other words, the rod-
saturating background illumination did not alter the sensitivity of
OFF L-IPSCs (despite the change in wavelength of the stimulating
light flashes) but reduced the sensitivity of ON L-IPSCs by �1 log
unit (Fig. 1, compare Biii, Ciii, cumulative ON traces).

In summary, our data suggest that both ON and OFF L-IPSCs
at Mb axon terminals receive mixed rod and cone input. How-
ever, the relative contribution of rods and cones to ON and OFF
L-IPSCs is uneven. In the mesopic light intensity range, ON
L-IPSCs receive large rod- and cone-driven input, whereas the
OFF L-IPSCs are primarily driven by cones.

Differential contribution of ON and OFF retinal pathways to
lateral feedback
The separation of light information into ON and OFF pathways,
initially encoded as photoreceptor hyperpolarization, is accom-
plished by the existence of heterogeneous glutamate receptor popu-
lations in ON and OFF BCs, which depolarize and hyperpolarize in
response to light, respectively. The retinal ON signaling pathway
begins with a group III mGluR, sensitive to L-AP4, a group III
mGluR agonist (Slaughter and Miller, 1981). Indeed, L-AP4 (10–20
�M) significantly reduced the ON L-IPSCs in Mb terminals (Fig.
2Ai,Aii) (to 23 � 3% of control; n 	 5; p 
 0.02, paired Student’s t
test, two-tailed) confirming that ON BCs provide excitatory input to
the ACs that mediate light-evoked ON L-IPSCs. L-AP4 also tended
to reduce OFF L-IPSCs (to 29 � 5% of control; n 	 5; p 
 0.13, NS,
paired Student’s t test, two-tailed) (Fig. 2Ai,Aii,D), although this
effect was not significant. The L-AP4 effect on OFF L-IPSCs might be
related to the presynaptic inhibitory effect of group III mGluRs on
OFF BCs (Awatramani and Slaughter, 2001), which would reduce
excitation of the ACs that mediate OFF L-IPSCs in Mb terminals. In
addition, L-AP4 might affect ACs via group III mGluRs directly
(Brandstätter et al., 1996; Koulen et al., 1996).

OFF BCs use ionotropic AMPA receptors (AMPARs) and KA
receptors (KARs) to detect glutamate efflux from photorecep-
tors. Application of the AMPAR/KAR antagonist NBQX (10 �M)
markedly reduced the OFF L-IPSCs (to 30 � 6% of control; n 	
10; p 
 0.0001, paired Student’s t test, two tailed). Light re-
sponses of ACs are mediated by AMPARs and NMDA receptors
(NMDARs) (Dixon and Copenhagen, 1992), with AMPARs
thought to be more critical for transient ACs (Matsui et al., 2001;
Vigh and Witkovsky, 2004). Therefore, the NBQX effect on OFF
L-IPSCs might also have been caused by inhibition the OFF
BC3AC synapse. By the same token, it was our expectation that
NBQX would eliminate or reduce light-evoked ON L-IPSCs by
blocking the ON BC3 AC synapse. Surprisingly, the opposite
was observed: NBQX increased the ON L-IPSCs (Fig. 2Bi,Bii,D)
(to 168 � 30% of control; n 	 10; p 
 0.03, paired Student’s t test,
two tailed). The fact that NBQX did not block the ON BC 3
AC synapse suggests that glutamatergic receptors other than
AMPAR/KARs, perhaps NMDARs, not only contributed to glu-
tamatergic synaptic transmission, but were also able to indepen-
dently carry the visual information after pharmacological block
of AMPARs/KARs. To test this notion, we first applied NBQX (10
�M) with the NMDAR antagonist D-AP5 (50 �M). This cocktail
markedly reduced both ON and OFF L-IPSCs [to 12 � 3% of
control (p 
 0.03) and 24 � 10% of control (p 
 0.03), respec-
tively; n 	 5] (Fig. 2D). Application of D-AP5 (50 �M) alone also
reduced both the ON and the OFF L-IPSCs [to 33 � 8% of
control (p 
 0.05) and 65 � 14% of control (p 	 0.3, NS),
respectively; n 	 4]. Similar results were obtained when we used
another selective NMDAR antagonist, (R)-CPP. When (R)-CPP
(20 �M) was applied together with NBQX (10 �M), the cocktail
reduced both the ON and OFF L-IPSCs [to 6 � 2% of control
(p 
 0.04) and 15 � 8% of control (p 
 0.04), respectively, n 	 6]
(Fig. 2Ci,Cii,D). Like D-AP5, (R)-CPP (20 �M) alone reduced
both the ON and the OFF L-IPSCs [to 55 � 18% of control (p 	
0.1, NS) and 47 � 8% of control (p 
 0.03), respectively; n 	 4].
These results indicated that NMDARs contribute significantly to
synaptic transmission between BCs and ACs that mediate lateral
inhibition to Mb terminals (Fig. 2D). The partial inhibition of
L-IPSCs by D-AP5 alone also suggests that AMPARs/KARs are
present at both the ON BC3 AC and OFF BC3 AC synapses.

It is tempting to speculate that NBQX-evoked enhancement
of ON L-IPSCs in Mb terminals might be mediated by horizontal
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cells (HCs) in the outer retina. For example, an AMPAR/KAR
antagonist will hyperpolarize HCs (Krizaj et al., 1994), removing
the HC feedback to photoreceptors (Hirasawa and Kaneko, 2003;
Fahrenfort et al., 2005, 2009; Tatsukawa et al., 2005; Davenport et
al., 2008; Thoreson et al., 2008) and, if present in the goldfish
retina, the GABAergic feedforward inhibition from HCs to ON
BCs (Duebel et al., 2006). The resulting disinhibition would in-
crease the light-evoked excitation of ACs by ON BCs via
NMDARs, leading to larger ON L-IPSCs at the Mb terminals.

GABAergic amacrine cells mediate lateral inhibition to
Mb terminals
GABAARs and GABACRs are expressed to different degrees in
different types of bipolar cells (Wässle et al., 1998; McCall et al.,
2002). In previous studies, we found that reciprocal feedback at
Mb terminals is mediated by both ionotropic GABAA and
GABAC receptors, with GABAC receptors responsible for sus-
tained inhibition (Vigh and von Gersdorff, 2005). In retinas of
other species, GABACRs, also located primarily on ON BCs, pri-
marily influence the ON pathway (Zhang and Slaughter, 1995;
Eggers and Lukasiewicz, 2006). Lateral inhibition to rod BCs in
the rat retina, triggered by focal pharmacological activation of
ON BCs, was also mediated by GABACRs (Chávez et al., 2010).
We found that light-evoked lateral feedback IPSCs were reduced
by the GABACR antagonist 1,2,5,6-tetrahydropyridin-4-yl-methyl-
phosphonic acid (TPMPA) [100–150 �M, ON: to 42 � 10% of
control response (p 
 0.04); OFF: to 68 � 8% of control response
(p 
 0.02); n 	 5] (Fig. 3Ai,Aii,C).

The specific GABAAR antagonist SR95531 (25 �M) markedly
increased both components of lateral feedback (ON: to 174 �
15% of control response, p 
 0.02; OFF: to 233 � 41% of control
response, p 
 0.05; n 	 7) (Fig. 3Bi,Bii,C). Similar effects have
been described in the inner retina, in that GABAAR blockers, such
as the SR95531, not only block the GABAARs on the (Mb) BC
axon terminals, but also eliminate GABAAR-mediated serial in-
hibition between ACs (Zhang et al., 1997; Eggers and Lukasie-
wicz, 2010). This effect on serial inhibition is especially
pronounced following full-field illumination. As a result, the pre-
synaptic ACs providing lateral IPSCs (in this case to the Mb ter-
minals) are disinhibited. Subsequent light-evoked excitation of
ACs by BCs causes larger GABA release, which in turn acts on
GABACRs of BCs. In our hands, however, TPMPA (up to 300
�M) reduced but did not completely block SR95531-elevated
L-IPSCs (Fig. 3Biii, blue trace). Subsequent application of picro-
toxin (PTX; 100 �M), a strong blocker of both GABAARs and
GABACRs in the goldfish retina (Vigh et al., 2005), eliminated the
remaining lateral feedback IPSCs (Fig. 3Biii, green trace). This
finding raised the possibility that light-evoked lateral feedback
IPSCs might have a glycinergic component, as PTX also inhibits
ionotropic glycine receptors in the retina at the concentration we
applied (100 �M) (Li and Slaughter, 2007). However, strychnine
(1 �M), a specific antagonist of ionotropic glycine receptors in the
retina at these low concentrations (Protti et al., 1997), had no
significant effect on ON or OFF L-IPSCs [control ON: 2.69 �

Ai Aii

Bi Bii

Ci Cii

D

Figure 2. ON and OFF retinal pathways contribute to light-evoked lateral feedback at Mb
bipolar terminals. Ai, Both the ON and the OFF portions of light-evoked (� 	 505 nm, I 	
1.95 � 10 12 photons cm �2 s �1, 500 ms) L-IPSCs were reduced by the group III mGluR agonist
L-AP4 (10 –20 �M, red trace). Average traces are shown for each condition (n 	 5). Aii, Quan-
tification of the effect of L-AP4 on the ON and OFF L-IPSC charge transfers. L-AP4 significantly
reduced ON L-IPSC charge (*p 
 0.02, paired Student’s t test, two tailed), but the reduction of
OFF L-IPSCs was not significant (p 
 0.13, paired Student’s t test, two tailed). Measurements,
analysis, and presentation of drug effects on L-IPSCs are performed this way throughout the
article. Bi, The AMPAR/KAR antagonist NBQX (10 �M, red trace) substantially reduced the OFF
L-IPSCs evoked by bright white light (400 ms, I 	 7.32 � 10 13 photons cm �2 s �1), but
markedly increased the ON L-IPSCs. Bii, Quantification of the NBQX effect on ON and OFF
L-IPSC charge transfers. NBQX significantly reduced the OFF L-IPSCs (**p 
 0.0001, paired
Student’s t test, two-tailed), and significantly enhanced the ON L-IPSCs (*p 
 0.03, paired
Student’s t test, two-tailed). Ci, L-IPSCs were essentially eliminated by the combination of

4

ionotropic glutamate receptor antagonists NBQX (AMPAR/KAR, 10 �M) and (R)-CPP (NMDAR,
20 �M) (red trace). Cii, Quantification of the effect of combined ionotropic glutamate receptor
antagonists [NBQX �(R)-CPP, N�C) on the ON and OFF L-IPSCs. (R)-CPP�NBQX significantly
reduced both the ON and OFF components of the red light (� 	 660 nm, 500 ms, I 	 2.02 �
10 12 photons cm �2 s �1) evoked the L-IPSC charge (*p 
 0.05, paired Student’s t test). D,
Summary diagram of normalized effects of pharmacological agents affecting retinal glutama-
tergic signaling on light-evoked L-IPSCs. Data are presented as mean � SE.
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0.40 pC; strychnine ON: 3.34 � 0.52 pC (p 	 0.38, n 	 3); control
OFF: 1.36 � 0.09 pC; strychnine OFF: 1.44 � 0.10 pC (p 	 0.71,
n 	 3); data not shown], consistent with the finding that sponta-
neous IPSCs recorded from Mb terminals were eliminated by
TPMPA and SR95531 (Vigh et al., 2005). Therefore, it is most
likely that the incomplete block of L-IPSCs by TPMPA in the
presence of SR95531 resulted from an abnormally high synaptic
GABA concentration. In other words, it is likely that full-field
stimulation of the entire disinhibited AC network released large
amounts of GABA, and that the competitive antagonist TPMPA
was unable to block all GABACRs.

GABAergic lateral inhibition is TTX sensitive
TTX-sensitive voltage-gated sodium (NaV) channels are known
to mediate long-range dendritic signaling of wide-field ACs
(Cook and McReynolds, 1998; Shields and Lukasiewicz, 2003),
which are GABAergic (Masland and Raviola, 2000). TTX-
sensitive, wide-field GABAergic ACs were found to contribute to
surround responses of some ganglion cells (Taylor, 1999; Flores-
Herr et al., 2001) and to mediate lateral feedback to rod BCs
(Chávez et al., 2010). TTX-sensitive Nav channels are also present
in the somatodendritic compartment of a subpopulation of cone
BCs in the goldfish retina, producing a small, rapidly inactivating
current (Zenisek et al., 2001).

In our experiments, TTX (1–2 �M) consistently reduced the
OFF lateral IPSCs in each cell (to 44 � 10% of control response,
p 
 0.03, n 	 6). These data suggest that Nav channels in OFF
cone BCs in the goldfish retina could be functionally significant
and/or that TTX-sensitive Nav channels are capable of boosting
OFF lateral inhibition in OFF ACs presynaptic to Mb terminals.

However, TTX effects on the ON lateral IPSCs were mixed,
with inhibition in three of six cells and enhancement in three of
six cells (Fig. 4Ai,Aii). The TTX-evoked enhancement of ON
L-IPSCs is interesting, because it suggests that the ON GABAergic

Ai Aii

Bi Bii

Biii Biv

C

Figure 3. Light-evoked lateral feedback at Mb bipolar terminals is GABAergic. Ai, Both the
ON and the OFF portions of the light-evoked (� 	 505 nm, I 	 1.95 � 10 12 photons cm �2

s �1, 500 ms) L-IPSCs were inhibited by the GABACR antagonist TPMPA (150 �M, red trace).
Average traces are shown for each condition (n 	 5). Aii, Quantification of the effect of TPMPA
on ON and OFF charge transfers of L-IPSCs. Means are shown as filled circles connected with solid
black lines. Error bars represent �SE. TPMPA significantly reduced the charge of both ON and
OFF L-IPSCs (*p 
 0.05, **p 
 0.02, paired Student’s t test, two tailed). Bi, SR95531 (25 �M,
SR, red trace) a GABAAR antagonist markedly increased L-IPSCs, indicating that ACs providing
GABAergic feedback to Mb terminals receive serial inhibition via GABAA receptors. Bii, Quanti-
fication of the effect of SR95531 on ON and OFF charge transfers of L-IPSCs. SR95531 signifi-
cantly increased the charge of both ON and OFF L-IPSCs (*p 
 0.05, **p 
 0.02, paired
Student’s t test, two tailed). Biii, Same cell as in Bi; traces obtained by consecutive treatments
are divided into two panels for increased visibility. The SR95531-elevated L-IPSCs (SR, red trace)
were reduced by TPMPA (here 300 �M shown, blue trace) but were not eliminated completely.
Complete L-IPSC block of SR95531-elevated L-IPSCs could be achieved upon addition of PTX

4

(100 �M, green trace). Biv, Quantification of PTX effect on the ON and OFF charge transfer of
L-IPSCs. PTX significantly decreased the charge of both ON and OFF L-IPSCs (*p 
 0.05, **p 

0.02, paired Student’s t test, two tailed). C, Summary diagram of normalized GABAergic drug
effects on light-evoked L-IPSCs. Data are presented as mean � SE.

Ai Aii

Figure 4. The propagation of GABAergic lateral feedback signals targeting Mb bipolar ter-
minals involves TTX-sensitive mechanisms. Ai, Both the ON and OFF portions of the light-evoked
(�	 505 nm, I 	 1.95 � 10 12 photons cm �2 s �1, 500 ms) L-IPSCs are affected by TTX, albeit
differently. The example shown here depicts a cell in which the ON L-IPSCs were increased,
whereas the OFF L-IPSCs were suppressed by TTX (2 �M, red trace). Average traces are shown for
each condition (n 	 5). Aii, Quantification of the TTX effect on the ON and OFF L-IPSC charge
transfer (n 	 6). TTX significantly reduced the charge of OFF L-IPSCs (*p 
 0.03, paired Stu-
dent’s t test), but the effect of TTX on ON L-IPSCs was not significant (p 
 0.72, paired Student’s
t test). Note that TTX reduced ON L-IPSCs in three of six cells tested, and increased ON L-IPSCs in
the other three of six cells.
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ACs presynaptic to the Mb terminals may receive serial GABAe-
rgic inhibition (Zhang et al., 1997; Eggers and Lukasiewicz, 2010)
that is, at least partially, NaV channel dependent. This effect was
not present all the time, which might be related to the observation
that the NaV channel-possessing ACs are typically large wide-field
cells that might have been severed during slice preparation. If
these connections are absent, the net TTX effect is inhibitory,
implying that TTX-sensitive NaV channels are capable of boost-
ing the lateral inhibition of ACs presynaptic to the Mb terminals.

Lateral and reciprocal feedback are mediated by separate sets
of amacrine cells
Our data demonstrate that lateral feedback inhibition of Mb ter-
minals is accomplished via GABAARs and GABACRs, in a manner
similar to that of reciprocal feedback inhibition (Vigh and von
Gersdorff, 2005; Vigh et al., 2005). Reconstructions of synaptic
connections to and around Mb axon terminals, based on electron
micrographs of ultrathin sections, led to the conclusion that
reciprocal BC3AC synapses are physically distinct from AC3BC
lateral feedback synapses (Marc and Liu, 2000). However, this sys-
tematic morphological study was unable to determine whether or
not the same ACs give rise to both types of GABAergic feedback
synapses.

The in situ axotomized Mb terminal offers the ideal prepara-
tion for addressing this question with a physiological approach.
First, depolarization of a single Mb terminal will trigger primarily
local, reciprocal feedback. This will cause GABA to be released
from depolarized AC processes back onto GABAA and GABAC

receptors on the Mb terminal (Fig. 5A). If light-evoked L-IPSCs
and reciprocal IPSCs are mediated by the same population of AC
processes, activation of reciprocal feedback immediately follow-
ing light-evoked L-IPSCs, or vice versa, should result in depressed
reciprocal (or lateral) inhibition, due to synaptic vesicle pool
depletion in ACs and/or desensitization of GABAARs. Depolar-
ization of Mb terminals from a holding potential of �60 to 0 mV,
in the presence of a Cs�-based internal solution (see Materials
and Methods), evoked a sustained inward current, associated
with ICa, and triggered glutamate release, as evidenced by �Cm.
Reciprocal GABAergic feedback to the presynaptic terminal was
evident as outward IPSCs superimposed on ICa (Fig. 5Bi, black

trace, arrow). In the presence of the mGluR1 antagonist
LY367385 (100 �M), which has been shown to block progressive
potentiation of reciprocal feedback inhibition (Vigh et al., 2005),
consecutive depolarizations of presynaptic Mb terminals need to
be applied at least 1 min apart to avoid short-term depression
(Fig. 5Bi, compare black and red traces). Such short-term depres-
sion has been previously shown to be due to depletion of synaptic
vesicle pools in the GABAergic ACs that mediate reciprocal feed-
back (Li et al., 2007).

Application of bright light stimulation to evoke L-IPSCs
immediately before the triggering of reciprocal feedback, in an
alternating stimulation protocol with triggering of control re-
ciprocal feedback with an intertrace interval of 60 s, did not alter
the charge transferred by reciprocal feedback IPSCs (103 � 7% of
control, p 
 0.5, NS, n 	 6) (Fig. 5Bii). With reverse-order stim-
ulation, L-IPSCs in Mb terminals were evoked by bright full-field
light stimulations 1 min apart, with the second light stimulus in
each pair preceded by depolarization to trigger reciprocal feed-
back (Fig. 5C). The results of light stimulation following depo-
larization were consistent with the results of depolarization
following light stimulation, in that activation of reciprocal inhib-
itory synapses did not decrease the charge transfer of light-evoked
lateral IPSCs (ON: 111 � 12% of control, p 	 0.62, n 	 3; OFF:
105 � 7% of control, p 	 0.83, n 	 3; unpaired Student’s t test,
two tailed). The results of these experiments strongly support the
idea that light-evoked lateral and reciprocal feedback IPSCs at
Mb terminals are mediated by separate populations of ACs.

Discussion
The present investigation dissected the reciprocal and lateral
IPSCs that target Mb axon terminals, and studied the light-
evoked, lateral IPSCs. The use of various light stimulation inten-
sities, combined using pharmacological tools, allowed us to infer
the retinal circuitry underlying L-IPSCs (Fig. 6). The major find-
ings of our investigation were as follows: (1) both rods and cones
drive lateral feedback to the Mb terminals, albeit with different tem-
poral properties, and, depending on light intensity, both rods and
cones contribute substantially to ON L-IPSCs, whereas OFF L-IPSCs
are mediated primarily by cone-driven circuits; (2) different popu-
lationsofGABAergicACsmediateONandOFFL-IPSCs; (3)GABA-

A Bi Bii C

Figure 5. GABAergic lateral and reciprocal feedback to Mb axon terminals are mediated by separate populations of ACs. A, Diagram depicting exclusive triggering of reciprocal feedback by direct step
depolarizationofanaxotomizedMbterminal.Bi,DepolarizationofanaxotomizedMbterminalfromtheholdingpotential (HP)of�60to0mVfor100msactivatedcalciuminfluxthroughvoltage-gatedcalcium
channels (ICa), which triggered glutamate release, as evidenced by a jump in �Cm. The protocol used is shown in the bottom trace. The fast voltage sinewave used to measure Cm was not delivered during the
depolarization. The inhibitory feedback to the presynaptic terminal is expressed as a flurry of outward IPSCs superimposed on ICa (arrow). Experiments were performed in the presence of LY367385 (100 �M) to
block mGluR1-dependent potentiation of reciprocal feedback. Under these conditions, consecutive depolarizations of the presynaptic terminal 1 min apart produced reciprocal feedback with similar magnitudes.
There was no evidence of short-term depression (red trace). The resting Cm for this terminal was 5.5 pF. Bii: Same cell as in Bi. A light stimulus was applied (�	505 nm, I	1.95�10 12 photons cm �2 s �1,
100 ms) to evoke pure lateral feedback between two reciprocal feedback steps (1 min apart), such that the light-evoked L-IPSCs preceded the second presynaptic depolarizations by 500 ms. However, the
amplitude of reciprocal feedback did not decrease. C, The reverse of the experiment depicted in Bii. Consecutive, bright white light-evoked (I	7.32�10 13 photons cm �2 s �1) L-IPSCs were triggered 1 min
apart, but a 100 ms depolarization from �60 to 0 mV was delivered to the Mb terminal 300 ms before the second light pulse (red trace). No differences in the light-evoked L-IPSCs were noted.
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ergic ACs that mediate TTX-sensitive lateral inhibition receive serial
GABAergic inhibition from other ACs; (4) GABAARs and GABACRs
contribute to both ON and OFF L-IPSCs; and (5) lateral and recip-
rocal feedback inhibition to Mbs are mediated by separate popula-
tions of GABAergic ACs.

Rod signals are modulated by inner retinal
inhibitory feedback
In the mammalian retina under low-scotopic conditions, the ma-
jority of rod signals are processed by a dedicated circuitry: the rod
3 rod BC3AII AC3 cone BC3GC pathway (Bloomfield and
Dacheux, 2001) is intersected at rod BC terminals by GABAergic
reciprocal feedback inhibition from GABAergic A17 ACs (Hart-
veit, 1999; Zhang et al., 2002; Chávez et al., 2006). The long pro-
cesses of A17 could potentially carry inhibitory signals over tens
to hundreds of micrometers (Menger and Wässle, 2000) and me-
diate lateral feedback inhibition of distant rod BCs. Nonetheless,
the A17 appears to be specialized to provide reciprocal inhibition
in a parallel fashion to many rod BCs independently along its
processes, instead of participating in spatial (lateral) signaling
(Grimes et al., 2010). Rod BCs in the mammalian retina receive
lateral inhibition from an as yet unidentified population of
GABAergic ACs, which use TTX-sensitive (NaV) conductances
to transfer the signal (Bloomfield and Völgyi, 2007; Chávez et al.,
2010). It is not known whether scotopic signals are subject to
further modulation by lateral and/or reciprocal feedback inhibi-
tion at cone BC terminals, which are the last step on the way
toward GCs (DeVries and Baylor, 1995; Field and Chichilnisky,
2007; Gauthier et al., 2009).

In the goldfish retina, Mb BCs carry mixed rod-cone signals
(Wong et al., 2005; Joselevitch and Kamermans, 2007) and make
direct synapses onto GCs (Arai et al., 2010; Palmer, 2010). Regardless
of this fundamental difference between the circuits that mediate sco-
topic vision in goldfish and mammals, Mb axon terminals are very

similar to mammalian rod BCs in that they
also receive robust GABAergic reciprocal
feedback (Vigh and von Gersdorff, 2005)
and, as demonstrated in the present study,
lateral feedback. Importantly, the origin of
lateral feedback IPSCs that arrive at the Mb
axon terminal is consistent with the known
inputs to Mb BC dendrites, as both rod- and
cone-driven components were found to
contribute to light-evoked L-IPSCs (Fig.
1Biii,Ciii).

ON and OFF pathways interact to
mediate lateral feedback, but do
not overlap
In the rabbit retina, L-AP4 sensitive, lateral
inhibitory (“cancelling”) feedback currents
in rod BCs, which turn on at the onset of
light stimulation, originate from neighbor-
ing ON BCs (Molnar and Werblin, 2007).
Likewise, lateral feedback IPSCs to rod BCs
in the rat retina could be more effectively
triggered by pharmacological stimulation of
ON BCs than by stimulation of OFF BCs
(Chávez et al., 2010). We also recorded
L-AP4 sensitive ON L-IPSCs in Mb BCs
(Fig. 2Ai). The axotomized Mb terminals
we recorded from were physically separated
from their dendritic trees, where BCs receive

excitatory inputs from photoreceptors. Thus, the onset of ON
L-IPSCs relative to that of excitatory inputs could not be determined.
Cancelling L-IPSCs could contribute to the surround of the Mb
receptive field (Saito et al., 1981). If the timing of ON L-IPSCs were
slightly delayed relative to light-evoked excitation (“delayed cancel-
ling”), its function would be similar to that of reciprocal feedback,
which shortens sustained responses and inhibits low-frequency sig-
nal transfer, thereby enhancing propagation of high-frequency or
transient stimuli (Molnar and Werblin, 2007). Future experiments
involving recordings of light-evoked responses in intact Mb BCs will
be needed to clarify these functionally important issues for the ver-
tebrate retina.

We found that L-IPSCs in Mb BCs also have a strong, inde-
pendent OFF component. Thus, Mb BCs are subject to “ON/OFF
crossover inhibition,” (Molnar et al., 2009) a configuration in
which ACs with OFF responses deliver inhibitory inputs to ON
cells, and vice versa. ON/OFF crossover inhibition has been dem-
onstrated at synapses from ACs to GCs (Pang et al., 2007), ACs to
ACs (Hsueh et al., 2008), and ACs to BCs (Molnar and Werblin,
2007; Zhang and Wu, 2009).

Glutamatergic EPSCs in GCs following depolarization of presyn-
aptic Mbs are much longer than might be expected based on the
duration of presynaptic depolarization, due to the spread of
depolarization in the network of presynaptic Mbs coupled by
gap junctions (Arai et al., 2010). As this coupling is strongest
in the light-adapted retina (Arai et al., 2010), it is tempting to
speculate that cone-dominant OFF L-IPSCs (Fig. 1Bi) might
serve to terminate presynaptic release from Mbs to temporally
restrict the glutamate output to the period of light stimulation
under photopic conditions.

In this study, we did not fully identify the ACs that evoked
L-IPSCs in Mbs. We did, however, identify their GABAergic nature
(Fig. 3) and show that they receive serial GABAergic inhibition from
other ACs (Dowling and Werblin, 1969) via GABAARs (Zhang et al.,

Figure 6. A proposed model for circuitry mediating lateral feedback to the Mb bipolar axon terminal. Light-evoked L-IPSCs in Mb
terminals are triggered by at least two distinct retinal circuits, providing inhibition of Mb glutamate release with very different temporal
characteristics under scotopic and photopic light conditions. R, Rod; C, cone; RED arrow, glutamatergic synapse; BLUE arrow, GABAergic
synapse.
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1997; Watanabe et al., 2000; Eggers and Lukasiewicz, 2010). Due to
the fact that ON and OFF L-IPSCs were differentially modulated by
TTX (i.e., ON L-IPSCs were either reduced or enhanced, while OFF
L-IPSCs were reduced, as shown in Fig. 4Ai), it is unlikely that a
single population of ACs receiving inputs from both ON and OFF
BCs mediates all L-IPSCs in Mb BCs. To the contrary, we propose
that ON and OFF L-IPSCs may be mediated by two functionally
distinct sets of wide-field GABAergic ACs (Fig. 6).

Lateral and reciprocal feedback IPSCs at Mb terminals are
mediated by distinct ACs
There are many similarities between the synaptic events that under-
lie lateral and reciprocal feedback to Mbs (Vigh and von Gersdorff,
2005). The first similarity is that GABAergic ACs receive excitatory
glutamatergic input from BCs via AMPA/KA and NMDA receptors
in both cases. Interestingly, as seen at the Mb reciprocal feedback
synapse, NMDAR activation can trigger L-IPSCs onto Mb terminals
without AMPAR/KAR “priming” to remove the Mg2� block (i.e., in
the presence of an AMPAR/KAR antagonist) (Fig. 2B). This prop-
erty of GABAergic feedback to Mbs is remarkably different from
what has been reported in the mammalian retina, where NMDARs
have not been found to contribute to either lateral or reciprocal
GABAergic feedback (Chávez et al., 2006, 2010). Nonetheless,
NMDARs have been shown to play a critical, direct role in releasing
glycine from ACs in the mammalian retina (Chávez and Diamond,
2008).

Here, we have shown that GABAergic lateral feedback is medi-
ated both by GABAARs and GABAcRs. Nonetheless, we were unable
to describe a temporal difference between the contributions of these
two receptor classes to L-IPSCs that matched that of reciprocal feed-
back events (i.e., GABAARs mediate fast and transient events, while
GABAcRs activate more slowly and mediate sustained inhibition).
Before this study, it was not known whether the same population of
ACs could provide both lateral and reciprocal feedback inhibition to
Mb terminals, depending on the spatial parameters of stimulation.
However, when tested, we could not cross-deplete the GABAergic
synaptic vesicle pools, or cross-desensitize the GABAergic synapses,
that mediate reciprocal feedback by selectively activating lateral feed-
back inhibition with light stimulation (Fig. 5Bii), or vice versa (Fig.
5C). This suggests that different sets of GABAergic ACs are involved
in reciprocal and lateral feedback inhibition in the goldfish retina, as
has been previously suggested for rod BCs in rat retina (Chávez et al.,
2010).

The vertebrate retina can be viewed as a spatiotemporal prefilter
that channels different aspects of the visual scene to the brain for final
processing (Meister and Berry, 1999; Field and Chililnisky, 2007;
Joselevitch and Kamermans, 2009; Gollisch and Meister, 2010).
Morphologically and physiologically diverse BCs play fundamental
roles in this prefiltering process at the first retinal synapse, providing
distinct postsynaptic processing of the photoreceptor signal (DeVr-
ies, 2000; DeVries et al., 2006). Here we have shown that three dif-
ferent populations of ACs filter the output of a given BC in the inner
retina (i.e., ACs providing reciprocal, lateral ON, and lateral OFF
feedback) under different light conditions. This exemplifies the idea
that inhibitory interactions in the IPL are highly specialized for the
task of shaping BC output to GCs (Roska and Werblin, 2001). Such
complexity ensures that the temporal properties of BC output are
highly regulated in a way that is likely critical for proper control of
GC spike latencies, which are thought to be a key component of GC
information coding in the retina (Gollisch and Meister, 2008).
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