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Independent control of reciprocal and lateral inhibition
at the axon terminal of retinal bipolar cells

Masashi Tanaka and Masao Tachibana

Department of Psychology, Graduate School of Humanities and Sociology, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

Key points

Neuroscience

e Two different forms of feedback inhibition, reciprocal and lateral inhibition, are ubiquitously
observed throughout the nervous system.

e In the retina, the axon terminal of bipolar cells receives reciprocal and lateral GABAergic
inhibitory inputs from amacrine cells, but how a variety of visual inputs activate each inhibition
remains largely unexplored.

e Here we show that each inhibition is independently controlled by different types of bipolar cell
outputs; reciprocal inhibition is driven by strong output from each bipolar cell, whereas lateral
inhibition is driven by outputs from multiple bipolar cells even when each output is weak.

e Composition of transmitter receptors and localization of Nat channels were different between
two inhibitory pathways, suggesting that different amacrine cells may mediate each inhibition.

e The dual feedback inhibition can cooperatively reduce bipolar cell outputs in response to
various visual inputs without deteriorating the quality of visual signals, thereby contributing
to efficient signal transmission in the visual pathway.

Abstract Bipolar cells (BCs), the second order neurons in the vertebrate retina, receive two
types of GABAergic feedback inhibition at their axon terminal: reciprocal and lateral inhibition.
It has been suggested that two types of inhibition may be mediated by different pathways.
However, how each inhibition is controlled by excitatory BC output remains to be clarified.
Here, we applied single/dual whole cell recording techniques to the axon terminal of electrically
coupled BCs in slice preparation of the goldfish retina, and found that each inhibition was
regulated independently. Activation voltage of each inhibition was different: strong output from
a single BC activated reciprocal inhibition, but could not activate lateral inhibition. Outputs from
multiple BCs were essential for activation of lateral inhibition. Pharmacological examinations
revealed that composition of transmitter receptors and localization of Na™ channels were different
between two inhibitory pathways, suggesting that different amacrine cells may mediate each
inhibition. Depending on visual inputs, each inhibition could be driven independently. Model
simulation showed that reciprocal and lateral inhibition cooperatively reduced BC outputs as
well as background noise, thereby preserving high signal-to-noise ratio. Therefore, we conclude
that excitatory BC output is efficiently regulated by the dual operating mechanisms of feedback
inhibition without deteriorating the quality of visual signals.
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Introduction

Diverse connectivity of inhibitory neurons renders neural
circuits capable of various computations. In the vertebrate
retina, two inhibitory neurons form characteristic micro-
circuits to modulate the visual signal, which is processed
successively by photoreceptors, bipolar cells (BCs) and
ganglion cells (GCs). One is the horizontal cell (HC),
which regulates signal transmission between photo-
receptors and BCs in the outer retina. The other is the
amacrine cell (AC), which controls the activity of BCs,
GCs and other ACs in the inner retina. HCs contribute
to the formation of the centre-surround antagonism of
BCs and GCs (Hirasawa et al. 2012; Thoreson & Mangel,
2012). On the other hand, ACs are involved in a variety of
computations, such as edge extraction (Roska & Werblin,
2001), detection of relative motion (Olveczky et al. 2003)
and direction selectivity (Lee et al. 2010). The source of
these elaborate computations, however, is often elusive,
partly because of the complexity of microcircuits in the
inner retina. Actually, the operating condition of feed-
back inhibition from ACs to BCs, which should affect all
the subsequent computations in the inner retina, remains
largely unexplored.

Feedback inhibition from ACs to BCs can take
various forms (Eggers & Lukasiewicz, 2011), but it
is usually dichotomized into reciprocal and lateral
inhibition (Grimes, 2012). Ultrastructural studies have
found their probable morphological correlates: reciprocal
and non-reciprocal synapses (Marc & Liu, 2000).
Pharmacological studies have characterized their different
synaptic compositions (Vigh & von Gersdorff, 2005;
Chévez et al. 2006, 2010; Vigh etal. 2011). Underpinned by
these pathways, feedback inhibition plays important roles
in signal transmission from BCs to postsynaptic neurons:
enhancing temporal contrast (Dong & Werblin, 1998),
limiting spill-over (Matsui ef al. 2001; Sagdullaev et al.
2006) and promoting correlated release (Freed et al. 2003).
Nevertheless, the contribution of reciprocal and lateral
inhibition to such roles has been often ambiguous, and
their dynamic behaviour in response to a variety of visual
inputs remains to be addressed.

Here, we investigate the mechanisms controlling each
inhibition by using various methods to inhibit/activate
parts of the entangled retinal circuits: physical severance of
BC axons, local puff application of drugs, Ca** uncaging
in a single BC terminal and confined light stimulation.
Results show that reciprocal inhibition is driven by strong
BC output, whereas lateral inhibition is driven by multiple
BC outputs even when each output is weak. Model
simulation based on these findings suggests that the
dual feedback inhibitory circuits can reduce BC outputs
with minimal deterioration of signal-to-noise ratio
(SNR).
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Methods
Ethical approval

Experiments were performed in accordance with “A
Manual for the Conduct of Animal Experiments in The
University of Tokyo” and “Guiding Principles for the Care
and Use of Animals in the Field of Physiological Sciences,
The Physiological Society of Japan”™.

Retinal slice preparation

Retinal slices were prepared from goldfish of either sex
(Carassius auratus; 6-10 cm) housed in a 12 h light/dark
cycle (light: 08.00-20.00h) at 23°C as described pre-
viously (Arai et al. 2010). Briefly, in the daytime, the
retina of a dark-adapted goldfish was isolated under dim
red light, cut into 150-200 pm slices (ST-20-S; Narishige
Scientific Instrument Lab., Tokyo, Japan), and used for
experiments at room temperature (~23°C). The retina
was sometimes sliced on a tilted (~10°) board to efficiently
obtain axotomized terminals.

Electrophysiology

Whole cell recordings were performed from axotomized/
intact terminals of Mbl BC (ON-type, which
evokes a depolarizing response to illumination of
the receptive-field center; Tachibana, 1999) under
visualization with IR-DIC optics (Eclipse EGO0FN; Nikon
Corp., Tokyo, Japan), an IR-CCD camera (C2400-79H;
Hamamatsu Photonics, Hamamatsu, Shizuoka, Japan),
and a TV monitor (TM-920; JVC KENWOOD, Yokohama,
Kanagawa, Japan). The recorded terminals were identified
as axotomized or intact by their characteristic membrane
properties and morphology.

In voltage clamp experiments without light stimulation,
the bath solution contained (in mMm) 117 NaCl, 2.6 KClI,
20 Hepes, 10 D-glucose, 2.5 CaCl, and 1 MgCl, (pH
7.4 with NaOH). Otherwise, the bath solution contained
(in mMm) 104 NaCl, 2.6 KCl, 28 NaHCOs, 10 p-glucose,
2.5 CaCl,, 1 MgCl, and 2 mgl™" phenol red, which was
equilibrated with 95% 0,/5% CO,. In the Ca*"-free
solution, 2.5 mM CaCl, in the bath solution containing
Hepes was replaced with 2.5mM MgCl,. In voltage
clamp experiments, the pipette solution contained (in
mM) 118 CsMeSO;, 10 TEA-CI, 10 Hepes, 0.5 EGTA,
0.05 CaCl,, 2 MgCl,, 5 ATP-Na,, 0.5 GTP-Na; and 0.08%
Lucifer yellow-2K (pH 7.4 with CsOH). In current clamp
experiments, the pipette solution contained (in mm)
128 potassium gluconate, 10 KCI, 10 Hepes, 0.5 EGTA,
0.05 CaCl,, 2 MgCl,, 5 ATP-Na,, 0.5 GTP-Na; and 0.08%
Lucifer yellow-2K (pH 7.4 with KOH). E¢; was ~—55 mV
if not specified. In experiments in which Eq was equated
to ~—70mYV, TEA-CIl or KCIl was lowered to 3 mM and
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the osmolarity was adjusted with CsMeSO5 or potassium
gluconate, respectively. In some experiments with light
stimulation, 5 mM phosphocreatine-2Na was added to the
pipette solution in place of 7mMm potassium gluconate.
The membrane potential was corrected for a junction
potential, which was measured for each combination of
pipette and bath solutions. The bath solution was supplied
at a rate of ~1.7 ml min~".

For pharmacological experiments, drugs were dissolved
in the bath solution and supplied at a rate of 2.5 ml min ™!
for >3 min before examination of their effects.
Mefloquine was bath applied for >2h. 1-2-amino-4-
phosphonobutyric acid (L-AP4) was dissolved in the
bath solution on the day for use. The bath solution
contained < 0.05% (v/v) dimethyl sulphoxide as a
solvent for mefloquine, picrotoxin and 2,3-dioxo-6-nitro-
1,2, 3,4-tetrahydrobenzo[f]quinoxaline-7-sulphonamide
(NBQX). Drugs were purchased as follows: picrotoxin,
strychnine, philanthotoxin-433 (PhTX) and mefloquine
from Sigma-Aldrich Corp. (St. Louis, MO, USA);
bicuculline (BIC), NBQX, tetrodotoxin (TTX), L-AP4

and CdCl, from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan), (1,2,5,6-tetrahydropyridin-
4-yl)  methylphosphinic ~ acid  (TPMPA) and

D-(—)-2-amino-5-phosphonopentanoic acid (D-AP5)
from Tocris Bioscience (Bristol, UK); and DM-nitrophen
from Calbiochem (La Jolla, CA, USA).

Recordings were performed with EPC 9/2 (HEKA
Elektronik, Lambrecht/Pfalz, Germany) controlled by
PATCHMASTER  (v2.52, HEKA Elektronik). Recorded
currents were low-pass filtered at 2.9 kHz and sampled at
10 kHz. Membrane capacitance was measured by sine +
DC method (sinusoidal voltage of 30 mV in peak-to-peak
amplitude at 1kHz) to axotomized terminals voltage
clamped at —70 mV. A borosilicate glass (CNC 1.5; Ken
Enterprise, Atsugi, Kanagawa, Japan) was pulled with a
horizontal puller (P97; Sutter Instrument co., Navoto, CA,
USA) and used for a recording pipette or a puff pipette
(the resistance was 7-12 M2 and 8-9 M, respectively).
Recording pipettes for the A C,;, measurement were coated
by wax (Apiezon Wax W; M & I Materials, Manchester,
UK).

Recordings were discontinued when the series resistance
was high (>60 M) or the leak current was large (>50 pA
for axotomized terminalsand > 150 pA for intact terminals
at —70mV). The reciprocal IPSC was recorded with
a ~60s interval to avoid possible synaptic depression
(Li et al. 2007). Before application of the depolarizing
pulse to a terminal, 10 hyperpolarizing pulses from
—70 to —90 mV were applied for leak subtraction and
calculation of input resistance. The data were discarded
when the peak I, evoked by depolarization of axotomized
terminal to —10 mV was small (<100 pA) or when large
fluctuations of current or voltage were spontaneously
evoked immediately before stimulation. The data with
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oscillatory spontaneous IPSCs were also excluded. In
current clamp experiments, constant current was injected
to hold the membrane potential (V,) to a desired value.
In experiments with light stimulation, we discarded data
when the maximal peak of light responses was <1 mV
or when run-down of light responses was observed
(>50%) during the recording. Axotomized terminals
usually underwent run-down of glutamate release in a
few minutes. Thus, we used only up to the first six
evoked responses for analysis, and pharmacological effects
on the reciprocal IPSC were assessed by between-cell
comparisons. Similarly, for assessment of the voltage
dependence of AC,, (Fig. 1B), an axotomized terminal
was depolarized at most twice to minimize the run-down
of exocytosis. For comparison of the effects of puff-applied
drug on the reciprocal and lateral IPSCs (Fig. 4D-I),
both IPSCs were recorded under the same condition:
the holding potential (—10 mV), the time window for
calculating Qipscs (200 ms), and the method of assessing
the pharmacological effects (within cell). To evaluate the
pharmacological effects on the reciprocal IPSC within-cell
responses, the depolarizing pulse was alternately applied
every ~1 min with and without drugs three times for each,
and the order of drug application was counter-balanced.

Puff application of drugs

For puff application of drugs, the pipette tip was located
within a few um from the recorded terminal. To examine
the pharmacological effects on lateral inhibition, drugs
were puff-applied to an axotomized terminal. The pressure
of the puff application was set to ~5-20kPa and the
stability of the pressure was carefully checked with the
DIC image on the TV monitor for each application.
The duration of puff application was determined by pre-
liminary experiments in which the localized effect of drugs
and its recovery was confirmed. Glutamate was dissolved
in the bath solution containing Hepes and puff applied
for 10 ms. Puff application of BIC (400 ms in duration)
started 600 ms before the stimulus onset. Puff application
of TTX or a mixture of BIC and TPMPA (600 ms in
duration) started 650 ms before the stimulus onset. Puff
application of a mixture of NBQX and D-AP5 (200 ms in
duration) started 250 ms before the stimulus onset. When
the pharmacological effect of glutamate-evoked reciprocal
IPSC was examined, the puff-applied solution included
both glutamate and drugs. These careful procedures of puff
application confirmed the localized effects of puff-applied
drugs: lateral shift (~20 um) of a puff pipette from the
target terminal caused a steep reduction in the drug effect
(see Fig. 1F).

Light stimulation

Retinal slice preparation was illuminated by a white
light bar projected from a computer-controlled LCD
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monitor (LCT-V6MFO0; Toei Electronics co., Ltd., Tokyo,
Japan) through a condenser lens of the upright micro-
scope (Eclipse E600FN). The light bar was centred
on the recorded terminal and its orientation was
perpendicular to the retinal layers. At the focal plane,
the resolution was 9.8 um per pixel. The light intensity
of the arbitrary unit (a.u.) of 100 (corresponding to
1.95 x 10* photon um~2s7') was used if not specified.
In experiments with light stimulation, the bicarbonate
buffer solution was used because the Hepes buffer solution
tended to reduce spontaneous/evoked IPSCs.

Ca?* uncaging

In Ca*" uncaging experiments, the recording pipette
solution contained 5 mm DM-nitrophen and 4 mm CaCl,,
and Lucifer yellow was excluded. The osmolarity was
adjusted with CsMeSOj;. The intact terminal filled with
DM-nitrophen was stimulated through a 60 x objective
lens by a 365 nm flash (N, pulsed laser through a laser dye
BPBD 365; MicroPoint PIJ-3010; Andor Technology plc.,
Belfast, UK).

Analysis

For figures and quantitative analyses, three or more
responses were averaged, if not specified. Amplitude of
the peak response was measured from the mean resting
potential for 200 ms just before the stimulus onset to
the peak potential appeared in the first 200 ms during
stimulation. Qpsc was calculated by integrating the
evoked current for an arbitrary time window (200-800 ms
from the stimulus onset; shown as [Qpsc/200 ms, . . .,
Qipsc/800 ms]) relative to the mode of the resting current
(for 200 or 500 ms just before the stimulus onset). Our
conclusions were not affected by changing the time
window in this range.
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Figs 1C and D and 3F, where P<0.05 was further
corrected by the Bonferroni method. The two-way
ANOVA was used in Figs 4D-I and 6A-F. In
Fig. 6, multiple comparisons were performed with Ryan’s
method. A significance level of P < 0.05 was accepted
throughout. Results were expressed as means =+ S.E.M., if
not specified. Error bars denote s.e.M. and parenthesized
numbers represent the number of recordings. Correlation
was assessed by Pearson’s r.

Model simulation

Using Igor Pro 6 (WaveMetrics, Inc., Lake Oswego, OR,
USA), we constructed the model of an array of 40 x 40 BC
units (25 um/pixel) with reciprocal and lateral inhibition,
where each BC unit was electrically coupled to the
neighbouring four BC units. In this model, an intact
Mb1 BC with dendrites, soma, axon and axon terminal
was regarded as an equipotential unit (BC unit) because
using a realistic Mb1 BC array model (Arai et al. 2010) we
confirmed that the voltage change in an Mb1 BC terminal
propagates to its dendrites with little decay. The membrane
potential of each BC unit V (i, j, t) was initially set to
—50 mV, which was dynamically changed by input I(3, j,
t) and input through gap junctions G(3, j, t) with the time
constant of 5ms (7,) and 10 ms (z), respectively:

V(i,j, 1) = —0.050 + I(i, j, (1 — ")
+GG,j,0(1—e 7).

I(i, j, t) consisted of the visual signal S(j, j, t), intrinsic
noise N(i, j, ) (used in Fig. 8), reciprocal inhibitory input
R(3, j, t) and lateral inhibitory input L(3, j, t):
1(i,j,8) =S8(,j, ) + NG, j, ) + R(i,j, ) + L(3, ], 1).

G(i, j, t) was calculated as follows:

G(i,j,t)=g<

Cross-correlogram C(7) of 5 s current traces (I; and I,)
was calculated as follows:

LN (L -1)) h(t+1) - L)
Clr) = —* ,

01,07,

where 7 is the time shift (<£600 ms; 1 ms bin width),
the bar on a variable represents the sample mean of the
variable, N is the sample number of the current traces and
o is the standard deviation of each current trace.
Statistical analysis was performed using paired two-
tailed ¢ test if not specified. Welch’s ¢ test was used in

V(i’j7 t— 1)) s

where g was 5.0 to satisfy the voltage ratio of ~0.3 between
neighbouring BC units (Arai et al. 2010). The output from
each BC unit O(i,j,¢) was described as a Hill function of
V(i j t):

(V(i,j, )+ 0.1)"

O '7 ‘7t = . .
G J D) = G 01" T (<0035 1 0.1)0

to satisfy the voltage-AC,, plot in Fig. 1B (see Fig. 7B).
R(3, j, t) was calculated as O(3, j, t) convolved with an alpha
function ag(1):

R(i,j,)=(V(i,j,t—1) —ECI)/ O(i, j, t— t)ar(1)dr,

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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where

t _t
an(t) = —Ag—e' 7,

R

in which Ag was 3.0 x 10™* and Tz was 20 ms. L(4,j,t) was
calculated as the exponentially weighted sum of Oy (3, j,
t) with a length constant (A1) of 100 wm, which was then
convolved with an alpha function ay (#):

L(Z’]’t):(V(Z’]7t_l)_ECI)/ZZ€ iy
x oy

x Op(x,y, t— 1) oy (7)dr,

where

t _
ar () =—Ag T—e(l ’L),
L

in which A; was 3.0 x 107° and 71 was 20 ms. Oy (4, j, t)
was described as a Hill function of V(3 j, ):

(V(i,j, 1) 4+0.1)*
(V(i, 7, 1) +0.1)2 + (—0.044 + 0.1)2

OL(iaj7 t) -

to satisfy the voltage-lateral Qppsc plot in Fig. 3C (see
Fig. 7Band C).

N(i, j, t) was Gaussian noise (low-pass filtered
at 20Hz) and scaled such that the resulting V (i, j,
t) in the model satisfies experimental data (standard
deviation = ~1 mV). Input intensity of S(i, j, ¢) in Figs
7 and 8 was presented as V/Ry, where V was the voltage
response to a local input of the intensity in the model
without any inhibition, and Ry was 300 M€, the typical
input resistance of intact Mb1 BCs. Analyses were confined
to the central region (500 x 500 um) of the array to
exclude the artefacts originated from the edge region of
the array. Inputs were limited to the range where O(j, j,
t) in the model without any inhibition did not saturate
(<0.9). Simulation was performed with the time step of
1 ms.

Results

Quantitative analysis of reciprocal inhibition

To characterize the properties of inhibitory inputs to BC
terminals, we used a goldfish retinal slice preparation
and performed whole cell recordings from the axon
terminal of axotomized Mb1 BCs, which receives almost
exclusively GABAergic inhibitory inputs from ACs (Vigh
& von Gersdorff, 2005; Palmer, 2006). Depolarization of
an axotomized terminal from —70 to —10mV elicited
L-type inward calcium current (I¢,) that was immediately
truncated by an outward IPSC, reflecting reciprocal
inhibition from ACs (Fig. 1A). First, we examined the
activation range of reciprocal inhibition by depolarizing
an axotomized terminal to various membrane potentials
(Fig. 1B). The amount of reciprocal inhibition was closely
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correlated with the charge of Ic, (Qcy; r=10.76, n=38,
P <0.001) and the capacitance jump associated with
exocytosis (A Cy,; 7 = 0.75,n =34, P < 0.001). These three
values peaked at —10mV, and declined at >—10mV,
where the driving force for Ca’* decreased.

Next, we applied various pharmacological blockers
to identify the transmitter receptors and ion channels
involved in reciprocal inhibition (Fig. 1C and D). The
reciprocal IPSC (see Fig. 1A; Qupsc, the charge of IPSC:
12.39+1.22 pC, n=47) was not reduced by glycine
receptor blocker (1 uM strychnine; Qpsc: 125 £ 32% of
control, n=>5, P =0.665), whereas it was abolished by
GABA receptor (GABAR) blocker (200 uM picrotoxin;
6+3%, n=>5, P<0.001) or by a mixture of GABA,
receptor (GABA,R) blocker (100 um BIC) and GABAc
receptor (GABACR) blocker (200 um TPMPA) (2 4 4%,
n==6, P <0.001). TPMPA alone was not sufficient to
abolish the reciprocal IPSC (30 £ 9%, n=>5, P =0.001),
indicating that both GABA,Rs and GABARs mediate
reciprocal inhibition (Vigh & von Gersdorff, 2005).
Nevertheless, BIC alone did not reduce the reciprocal
IPSC (115429%, n=10, P=0.848), which may be
ascribed to suppression of the serial inhibition among
ACs (Watanabe et al. 2000; Eggers & Lukasiewicz, 2009)
and/or of the presynaptic inhibition at other BC terminals.
To circumvent the possible effect of disinhibition, BIC was
puff applied locally to the recorded axotomized terminal,
which resulted in reduction of the reciprocal IPSC by
~46% (54 £9%, n=13, P =0.014). Thus, bath-applied
BIC would have disinhibited the GABACR component of
the reciprocal IPSC by ~113%.

Reciprocal inhibition is mediated by activation of
glutamate receptors in ACs. Actually, a mixture of
AMPA/KA receptor (AMPA/KAR) blocker (20 M NBQX)
and NMDA receptor (NMDAR) blocker (50 um D-AP5)
abolished the reciprocal IPSC (Fig. 1D; Qpsc: 7 £ 7%
of control, n=6, P <0.001). The reciprocal IPSC was
partially reduced either by NBQX alone (39 =+ 10%,
n=11, P=0.002) or by D-AP5 alone (43 + 10%, n=29,
P =0.010). Puff application of BIC in the presence of
bath-applied D-AP5 strongly suppressed the reciprocal
IPSC (18 5%, n=7, P < 0.001), which confirmed the
previous report showing that the GABA,R component
of reciprocal inhibition is driven by AMPAR-mediated
activation of ACs (Vigh & von Gersdorff, 2005).

It has been shown that reciprocal inhibition at rod
BC terminals in the rat retina is evoked by Ca**
influx through Ca?*-permeable AMPARs in A17 ACs
(Chévez et al. 2006). In goldfish Mbl BC terminals,
however, the reciprocal IPSC was not reduced by
Ca’"-permeable AMPAR blocker (1 umM PhTX; Qppsc:
106 £23% of control, n=3, P=0.925). Moreover, a
mixture of PhTX and D-AP5 reduced but did not
abolish the reciprocal IPSC (33 & 12%, n =6, P = 0.008).
These results indicate that neither Ca** influx through
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Figure 1. Properties of reciprocal inhibition

A, quantification of reciprocal inhibition. An axotomized terminal was depolarized from —70 to —10 mV for
200 ms. The charge of reciprocal IPSC (reciprocal Qppsc) was calculated by integrating the difference between the
averaged current trace (black) of three responses (grey) and the peak normalized /c, template (broken line; see also
Fig. S1A). The Ic, template was obtained as the average of responses recorded from 11 axotomized terminals which
were depolarized from —70 to —10 mV for 200 ms in the presence of bath-applied 200 M picrotoxin and 10 um
strychnine. Twenty mm Hepes was included in the bath solution to suppress the proton feedback on /¢, (Palmer
et al. 2003). The equilibrium potential for CI~ (Ec;) was —55 mV. The inset shows the expanded traces. B, voltage
dependence of Qc, (light grey; n = 4-11), ACy, (dark grey; n = 4-7), and reciprocal inhibition (black; n = 4-11).
Axotomized terminals were depolarized from —70 mV to various membrane potentials (V) for 200 ms (Fig. S1B).
Qca was the charge of the current response during the 200 ms pulse in the presence of puff-applied BIC and TPMPA.
Capacitance jump ACy, was determined as the difference between the averaged capacitance before the stimulus
onset (from —220 to —20 ms) and that after the stimulus offset (from 500 to 700 ms). The amount of reciprocal
inhibition was quantified as Qipsc/(Vm—Ec|), Where Qppsc is the charge of the reciprocal IPSC obtained as the
difference between the current responses before and during puff application of 100 wm BIC and 800 M TPMPA.
Data are shown as the ratio to the value at —10 mV. £Ec; was —70 mV. C and D, effects of various pharmacological
blockers on the reciprocal Qpsc obtained as in A. The asterisk indicates significant difference between the control
and each blocker (+) condition by Welch's t test with Bonferroni correction. E, glutamate (5 mm) was puff applied
for 10 ms (arrowhead) to an axotomized terminal voltage clamped at —10 mV in the absence (black) or presence
of bath-applied 200 M Cd2™ (grey). F, the glutamate-evoked Qjpsc/800 ms (see Methods) became smaller as the
puff pipette was laterally shifted from the recorded terminal (n = 10). Data were fitted to a single exponential
function and the length constant (1) was 8.5 um. BIC, bicuculline; p-AP5, p-(-)-2-amino-5-phosphonopentanoic
acid; NBQX, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulphonamide; PhTX, philanthotoxin-433;
TPMPA, (1,2,5,6-tetrahydropyridin-4-yl) methylphosphinic acid; TTX, tetrodotoxin.
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Ca*"-permeable AMPARs nor NMDARSs may be essential
for reciprocal inhibition, though we cannot exclude
the contribution of PhTX-insensitive Ca’"-permeable
AMPARs (Bowie, 2012). It is known that Cd** blocks
voltage-gated Ca*" (Cay) channels (Chavez et al. 2010)
but does not block either Ca*"-permeable AMPARSs
(Rossi et al. 2008) or NMDARs (Chen et al. 2000).
Thus, we examined whether Cay channels in ACs are
required for reciprocal inhibition. To evoke reciprocal
IPSC by directly stimulating ACs without activating
L-type Ca*" channels in BC terminals, glutamate was
puff applied to an axotomized terminal. The evoked IPSC
(Fig. 1E; Qipsc/800 ms: 26.74 £7.90 pC, n=10) could
be eliminated by picrotoxin (Qpsc/800 ms: 5=+ 3% of
control, n=3, P <0.001). Puff-applied glutamate was
spatially confined to the vicinity of the recorded terminal;
the glutamate-evoked IPSC decreased when the puff
pipette was laterally shifted > ~10 um from the terminal
(Fig. 1F). The glutamate-evoked reciprocal IPSC was
abolished by bath application of 200 um Cd** (Fig. 1E;
44+ 1%, n=5, P<0.001) or in the Ca’*-free solution
(Qrpsc: 5+ 3% of control, n=23, P < 0.001). Therefore,
Ca** influx through Cay channels in ACs seems to be
essential for reciprocal inhibition.

The reciprocal IPSC was reduced by bath application
of voltage-gated Na™ (Nay) channel blocker (1 um TTX;
Qipsc: 56 7% of control, n= 18, P = 0.006), suggesting
that Nay channels in ACs would contribute to boosting of
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reciprocal inhibition (Fig. 1D). Interestingly, puff-applied
TTX also reduced the reciprocal IPSC (Qypsc: 36 £ 9%
of control, n=7, P <0.001), indicating that the Nay
channels would be expressed near the GABA-releasing
sites of ACs in the reciprocal inhibitory pathway. Larger
effectiveness of puft-applied TTX than bath-applied TTX
may suggest that bath-applied TTX had disinhibited the
reciprocal IPSC by ~56%.

Narrow spread of inhibition evoked by activation of a
single axotomized bipolar cell terminal

Puff-applied glutamate elicited IPSC in an axotomized
terminal only when the puff pipette was positioned close
to the terminal (Fig. 1F). However, it has been shown that
BC terminals receive not only reciprocal inhibitory inputs
but also lateral inhibitory inputs from ACs (Chévez et al.
20105 Vigh et al. 2011). One may wonder why puff-applied
glutamate at remote sites failed to evoke lateral inhibition.

To examine the range of lateral spread of inhibition,
we recorded simultaneously from a pair of axotomized
terminals. Depolarization of an axotomized terminal to
—10 mV, which elicited maximal I,, evoked the reciprocal
IPSC in itself but did not induce a detectable response
in the counterpart of the pair (Fig. 2A). Similar results
were obtained in the bicarbonate buffer solution (data
not shown). The Qppsc recorded from the unstimulated
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Figure 2. Paired recordings from axotomized Mb1 bipolar cell terminals

A, depolarization of an axotomized terminal (axotomized 1) from —70 to —10 mV for 200 ms elicited the reciprocal
IPSC in itself, but no response was observed in a neighbouring axotomized terminal (axotomized 2; 19.2 um apart)
voltage clamped at —90 mV (left). Depolarization of the axotomized terminal 2 elicited the reciprocal IPSC in itself
but failed to evoke detectable response in the axotomized terminal 1 (right). Ec; was —55 mV. B, the relationship
between the Qjpsc/200 ms in the unstimulated terminal voltage clamped at —90 mV and the inter-terminal distance
of the pairs as in A (circles; n = 16 pairs). The grey circle indicates the value calculated from the pair shown in A.
Data were fitted to a single exponential function (A =27.5 um). C, spontaneous IPSCs recorded from a pair of
axotomized terminals voltage clamped at —10 mV (axotomized 1 and 2; 92.5 um apart). Arrows indicate nearly
synchronized IPSCs. D, cross-correlograms calculated from eighteen 5 s segments of current traces simultaneously
recorded from the pair shown in C (grey). The peak of the averaged cross-correlogram (black) was at the time shift
of ~0 ms, reflecting the synchronized spontaneous IPSCs. See also Fig. S2. E, the relationship between the peak
value of cross-correlograms and the inter-terminal distance of pairs as in C (n = 14). Data were fitted to a single
exponential function (A = 178.8 um). The grey circle indicates the value calculated from the pair shown in C.
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counterparts during the 200 ms pulse (0.18 +0.05 pC,
n =8 pairs, <40 um apart; see also Fig. 3F) was almost
indistinguishable from the charge of spontaneous IPSCs
(Qipsc/200 ms: 0.12 £ 0.03 pC, n =26, P =0.279, Welch’s
t test). Although the Qpsc in the unstimulated counter-
parts showed a significant negative correlation with the
inter-terminal distance of the pairs (Fig. 2B; r = —0.42,
P =0.037), the lateral spread of IPSC was limited only to
neighbouring terminals (<30 um).

Nevertheless, spontaneous IPSCs recorded
simultaneously from a pair of distant axotomized
terminals sometimes occurred in synchrony (Fig. 2C).
Cross-correlation analysis revealed a peak at 0 time shift
(Fig. 2D). Shuffled traces recorded from the pair showed
no correlation (Fig. S2A). The peak correlation—distance
plot revealed a long range lateral interaction (>150 um)
(Fig. 2E; see also Fig. S2B-D), suggesting that distant
Mb1 BC terminals may receive common inhibitory inputs
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from ACs, presumably through the lateral inhibitory
pathway.

Requirement of multiple Mb1 bipolar cell activation
for lateral inhibition

Spontaneous activity of retinal neurons often occurs in
synchrony (Neuenschwander et al. 1999; Trong & Rieke,
2008). Thus, synchronous activation of multiple Mb1 BCs
may be involved in activation of the lateral inhibitory
pathway in Fig. 2C. It has been demonstrated that Mbl1
BCs are electrically coupled through gap junctions at their
dendrites in the outer retina (Arai et al. 2010), and thus,
depolarization of an intact Mb1 BC can activate multiple
Mb1 BCs.

We simultaneously recorded pairs of an intact terminal
and an axotomized terminal. Strikingly, depolarization
of the intact terminal to —10 mV elicited a conspicuous
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Figure 3. Properties of lateral inhibition

A, depolarization of an intact terminal from —70 to —10 mV for 200 ms evoked the lateral IPSC in a neighbouring
(26.0 um apart) axotomized terminal voltage clamped at —90 mV (left). Depolarization of the axotomized terminal
elicited the reciprocal IPSC in itself, but failed to induce a detectable response in the intact terminal voltage
clamped at —90 mV (right). Ec; was —55 mV. B, the relationship between the lateral Qjpsc/200 ms at —90 mV and
the inter-terminal distance (circles; n = 64 pairs). Data were fitted to a single exponential function (A = 62.1 um).
The grey circle indicates the lateral Qjpsc shown in A. C, voltage dependence of lateral inhibition (n = 4-8 pairs).
An intact terminal was depolarized from —70 mV to various membrane potentials for 200 ms, and the lateral
Qipsc/400 ms was obtained from a nearby (<60 pm) axotomized terminal voltage clamped at —90 mV. The lateral
Qppsc is normalized to the value at —10 mV in each recording. D, after bath application of 10 um mefloquine
for 2 h, depolarization of an intact terminal (intact 1) from —70 to —10 mV for 200 ms evoked the reciprocal
IPSC, but failed to elicit the lateral IPSC in a nearby intact terminal (intact 2; 34.0 um apart) voltage clamped at
—90 mV. E, Ca?* uncaging experiment. Paired recordings were performed from an intact terminal filled with 5 mwm
DM-nitrophen and a nearby (57.8 um apart) axotomized terminal voltage clamped at —90 mV. Depolarization
of the intact terminal from —70 to —10 mV for 200 ms elicited the lateral IPSC in the axotomized terminal
(left). UV laser flash applied to the intact terminal voltage clamped at —90 mV evoked the reciprocal IPSC in
the terminal but failed to evoke the lateral IPSC in the axotomized terminal (right). The bath solution contained
100 M L-2-amino-4-phosphonobutyric acid (.-AP4) to reduce artefacts of the UV flash. IPSC was obtained as the
difference between the current responses before and during bath application of 200 um picrotoxin (grey traces).
The reduction of the resting current by picrotoxin was not included for calculation of the IPSCs. F, summary
of Qipsc/400 ms in unstimulated terminals in paired recordings (<60 um apart). Stimulated terminals were 16
axotomized terminals (P < 0.001), 52 intact terminals, eight mefloquine-treated intact terminals (P < 0.001), and
five Ca?* uncaged intact terminals (P < 0.001). P-values are calculated by Welch’s t test with Bonferroni correction.
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inward current in the axotomized terminal voltage
clamped at —90mV (Fig. 3A). This laterally evoked
current was GABAergic IPSC because it reversed polarity
at Eq (~—55mV) and it was abolished by picrotoxin
(n=4). Depolarization of the axotomized terminal did
not induce a detectable response in the intact terminal,
similar to the data shown in Fig. 2A. The lateral IPSC
could be evoked in all the nearby pairs examined
(the lateral Qpsc/200 ms: 2.61 +0.15 pC, n=30 pairs;
<40 pm apart), indicating that the synapses and processes
responsible for lateral inhibition were sufficiently pre-
served in our slice preparation. The lateral Qppsc became
smaller as the inter-terminal distance of the pair was
increased (Fig. 3B; r=—0.31, n=30 pairs, P=0.016)
with the length constant of ~60 um (Fig. 3B).

Depolarization of an intact terminal to various voltages
further yielded interesting results (Fig. 3C). First, the
lateral IPSC could be evoked by smaller depolarization
than the reciprocal IPSC (the lateral Qpsc at —40 mV/the
lateral Qpsc at —10mV =0.52+0.08, n=5 pairs vs.
the reciprocal Qpsc at —40 mV/the reciprocal Qppsc at
—10mV =0.29 +0.11, n=11, P=10.003, Welch’s ¢ test;
the half activation voltage of a Hill function fitted to the
data of <—10mV was at —39.9 mV and —33.9mV for
the lateral and reciprocal Qppscs, respectively), suggesting
that some mechanisms could boost weak BC outputs in
the lateral inhibitory pathway (see also Fig. 6A and B).
Second, the lateral IPSC was increased as an intact terminal
was depolarized over —10 mV, where the driving force for
Ca’* was reduced (see Fig. 1B). This result indicates that
activation of electrically coupled neighbouring Mb1 BCs
may contribute to the lateral IPSC.

Bath application of gap junction (connexin 36/50)
blocker (10 um mefloquine) for 2h severely reduced
the gap junction conductance between simultaneously
recorded nearby intact terminals (Fig. S3C; <40 um
apart; control: 1225.8+139.7 pS, n=23 pairs;
mefloquine: 51.8+12.0pS, n=4 pairs, P <0.001,
Welch’s ttest). Under this condition, depolarization of
an intact terminal hardly evoked the lateral IPSC in the
unstimulated counterpart (Fig. 3D and F; Qpsc/400 ms:
0.88£0.12 pC, n=4 pairs, <40 um apart, P < 0.001).
The reciprocal IPSC observed in the depolarized terminal
(Qipsc: 7.20£3.02 pC, n=28) was not significantly
different from that under the control condition (Qpsc:
12.39+1.22 pC, n=47, P=0.101, Welch’s ftest),
suggesting that the non-specific effect of mefloquine
would be negligible. Therefore, depolarization of an intact
Mb1 BC terminal elicited the lateral IPSC through outputs
from electrically coupled multiple Mb1 BCs.

Further evidence was obtained by Ca*" uncaging
experiments (Fig. 3E). Ca’* uncaging in an intact terminal
induced the reciprocal IPSC in itself (Qpsc/400 ms:
7.42 £ 3.14 pC; n=>5), but failed to evoke a detectable
response in a nearby axotomized terminal (Fig. 3E and F;
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Qipsc/400 ms: 0.05 £ 0.08 pC; n = 5 pairs, <60 pwm apart).
These results consistently support the hypothesis that
activation of multiple Mb1 BCs is required for generation
of lateral inhibition.

It is known that a tonic GABAergic IPSC is
spontaneously induced in Mbl BCs through various
unknown sources (Jones & Palmer, 2009). In axotomized
terminals, the total conductance of the tonic GABAergic
current was 189.3 £42.5 pS (Fig. S3A; n=38). Inter-
estingly, hyperpolarization of an intact terminal from —70
to —90 mV reduced the tonic GABAergic conductance in
a nearby axotomized terminal by 24.3 6.3 pS (Fig. S3B,
n =15 pairs, <40 um apart). Therefore, at least 12.8% of
the tonic GABAergic current in Mb1 BC terminals seems
to be ascribed to continuously driven lateral inhibition,
which would account for synchronized spontaneous IPSCs
observed in pairs of axotomized terminals (Fig. 2C).
This is consistent with the boosting mechanism in the
lateral inhibitory pathway, which allows integration of
spontaneously induced weak Mb1 BC outputs.

Different pathways for reciprocal and lateral
inhibition

Lateral and reciprocal inhibition may be mediated by
different pathways because the lateral IPSC was induced
by weaker depolarization than the reciprocal IPSC
(Fig. 3C). To identify the transmitter receptors and
ion channels that mediate lateral inhibition, we applied
various pharmacological blockers (Fig. 4A and B). The
lateral IPSC was eliminated by picrotoxin (Qppsc: 4 £ 2%
of control, n=4, P < 0.001) and partially suppressed by
TPMPA (200 1M; 38 9%, n=>5, P=0.004) (Fig. 4A),
suggesting involvement of both GABA,Rs and GABA(¢R:s.
However, the lateral IPSC was not abolished by a mixture
of 100 um BIC and 200 um TPMPA (39 £ 15%, n=38,
P =0.027). When TPMPA was bath applied together with
BIC (Fig. 4C), 800 um TPMPA was required to sufficiently
block the lateral IPSC (9 & 4%, n = 3, P = 0.040), whereas
2 uM TPMPA was enough to suppress the reciprocal IPSC
(2+£4%, n=6, P <0.001). Similarly, puff application of
a mixture of 20 uM TPMPA and 100 uM BIC suppressed
the reciprocal IPSC more strongly than the lateral IPSC
(Fig. 4D and E; reciprocal Qpsc: 22 +6%, n=10;
lateral Qpsc: 49 +5%, n=>5 pairs, P=0.003) under
the same experimental condition (see Methods). The
resistance to TPMPA can be ascribed to the expression of
TPMPA-resistant GABAcR subunits such as p1B and p2B
(Pan et al. 2005) and/or to the release of a large amount
of GABA into the synaptic cleft, which could reduce
the potency of a competitive blocker such as TPMPA
(Ragozzino et al. 1996). Importantly, in either case,
the GABAR-mediated synapses in the lateral inhibitory
pathway may be distinct from those in the reciprocal
inhibitory pathway.
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Figure 4. Effects of pharmacological blockers on the reciprocal and lateral IPSCs

A and B, effects of various blockers on the lateral Qpsc/400 ms measured from axotomized terminals voltage
clamped at —90 mV. Values are normalized to control (before the application of blockers). The asterisk indicates
significant difference between before and during the application of blockers. C, dose (TPMPA)-dependent
suppression of the reciprocal Qpsc (black triangle, n=6-9) and the lateral Qpsc/200 ms measured from
axotomized terminals voltage clamped at —90 mV (grey diamond, n = 3-5 pairs) in the presence of 100 um
BIC. Data were fitted to Hill functions. IDsg for the reciprocal Qipsc and lateral Qpsc is 0.12 um and 76.02 um,
respectively. D and E, effects of a puff-applied mixture of BIC (100 um) and TPMPA (20 M) on the reciprocal
IPSC (above) and the lateral IPSC (below) obtained under the same condition (D, see Methods). The reciprocal
IPSC is shown as the difference between the averaged current response and the peak normalized /c, template
for clarity. The horizontal bar indicates the period of the depolarizing pulse that elicited the reciprocal or lateral
IPSC. Abscissa shows the ratio of Qipsc/200 ms under the puff application to that under control condition (£).
The asterisk indicates significant interaction between the type of IPSC and the effect of puff-applied drug.
F—I, effects of puff-applied 100 um BIC (F and G) and puff-applied 1 um TTX (H and /) on the reciprocal
and lateral IPSCs as in D and E. BIC, bicuculline; p-AP5, p-(-)-2-amino-5-phosphonopentanoic acid; NBQX,
2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulphonamide; TPMPA, (1,2,5,6-tetrahydropyridin-
4-yl) methylphosphinic acid; TTX, tetrodotoxin.
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Similar to the reciprocal IPSC (Fig. 1C), the lateral IPSC
was not reduced by bath-applied BIC (Fig. 4A; Qpsc:
215£50% of control, n=7, P=0.055), presumably
because of disinhibition. However, puff-applied BIC,
which would circumvent disinhibition, hardly reduced
the lateral IPSC (99 £ 11%, n=>5, P =0.797). Actually,
the reciprocal IPSC was more susceptible to puff-applied
BIC than the lateral IPSC (Fig. 4F and G; reciprocal
Qipsc: 51 £ 6%, n=10;lateral Qppsc: 71 £ 6%, n =5 pairs,
P =10.020), indicating that the GABA,R component is
larger in the reciprocal IPSC than in the lateral IPSC. We
did not examine the dose dependence of BIC on IPSCs
because isolation of the GABA 4R component of the lateral
IPSC required a high concentration of TPMPA, which
would also affect GABA,Rs (Ragozzino ef al. 1996).

The lateral IPSC was completely abolished by a mixture
of NBQX and D-AP5 (Fig. 4B; Qppsc: 0 4% of control,
n=7, P <0.001). The lateral IPSC was partially reduced
either by NBQX (48 £ 13%, n =9, P = 0.039) or by D-AP5
(51 £ 11%, n=_8, P =0.045), indicating the contribution
of both AMPA/KARs and NMDARs. Puff application of
BIC in the presence of bath-applied D-AP5 could not
eliminate the lateral IPSC (50 & 16%, n=3, P =0.236),
suggesting that AMPA/KARs in ACs are sufficient to
activate GABACRs in the lateral inhibitory pathway
different from the reciprocal inhibitory pathway.

The lateral IPSC was partially reduced by bath-applied
TTX (Qusc: 60 % 12% of control, n=11, P=0.008),
but it was not reduced by puff-applied TTX (94 £ 7%,
n=6, P=0.203) (Fig. 4B). These results suggest that
Nay channels in ACs mediating lateral inhibition may
be expressed at remote sites from synapses on to Mbl
BC terminals, such as the soma or proximal dendrites.
The reciprocal IPSC was more susceptible to puff-applied
TTX than the lateral IPSC (Fig. 4H and I; reciprocal
lescl 73+ 8%, n= 10, lateral QIPSC 92 + 3%, n=3_8
pairs, P=0.009). Therefore, Nay channels expressed
in reciprocal and lateral inhibitory pathway are likely
to distribute at different sites, presumably in different
ACs.

Supralinear integration of light signals in the lateral
inhibitory pathway

Depolarization of an intact terminal could drive lateral
inhibition through activation of multiple Mb1 BC outputs
(see Fig. 3F). We further examined how lateral inhibition
is driven by light stimulation. Illumination of the retinal
slice by a light bar (500 xm in width) evoked an outward
current in an axotomized terminal voltage clamped at
—10 mV (Fig. 5A; Qpsc/500 ms: 5.64 4 0.94 pC, n=10).
The current was GABAergic IPSC because it reversed
polarity at Eq (~—55mV) and it was abolished by
picrotoxin (Qrpsc/500 ms: 5+ 3%, n=3, P =0.005). As
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axotomized terminals receive inputs only from ACs, the
IPSC should be the lateral IPSC from ACs activated by
other BCs. We sometimes observed IPSCs evoked at the
light offset (Vigh er al. 2011; Vickers et al. 2012), but
we did not explore this further because of its instability
under our experimental condition. In the mammalian
retina, the contribution of glutamate transporters to lateral
inhibition has been reported (Veruki et al. 2006; Ichinose
& Lukasiewicz, 2012). However, the contribution seems to
be small at Mb1 BC terminals, because lateral inhibition
evoked either by depolarization of an intact terminal or
by light stimulation was totally abolished by picrotoxin
(Figs 3E left, and 5A).

The light-evoked lateral IPSC was severely suppressed
by group III metabotropic glutamate receptor agonist
(100 um  L-AP4;  Qpsc/500ms: 0.3 +£9.6%, n=3,
P =0.009), which blocks light responses of ON-type BCs,
including Mb1l BCs. Moreover, the light-evoked lateral
IPSC was greatly reduced when a neighbouring intact
terminal was voltage clamped at —100 mV (Fig. 5B;
Qipsc/500 ms: 17 £ 8%, n=3; P=0.008). These results
suggest that the light-evoked lateral IPSC in Mbl BCs
derives largely from activation of Mb1 BCs.

The light-evoked lateral IPSC became larger as the
light bar width was expanded up to 1000 um (Fig. 5C),
indicating that activation of multiple Mb1 BCs efficiently
evokes lateral inhibition. Note, however, that further
expansion of the light bar width reduced the light-evoked
lateral IPSC, presumably by inhibition from HCs and/or
from serially connected ACs. The light-evoked lateral IPSC
spread as far as ~245 um when a light bar (50 um in
width) was laterally shifted from the recorded axotomized
terminal (Fig. 5D, black).

After bath application of mefloquine for 2h, light
illumination of large area still evoked the lateral IPSC
(Fig. 5E, n=15). This result suggests that lateral inhibition
can be evoked by light-induced depolarization of multiple
Mb1 BCs without gap junctions, and that the integration
of multiple Mbl BC outputs may be mediated by a
wide-field AC rather than electrically coupled narrow-field
ACs. We also realized that the length constant of the
light-evoked lateral IPSC was reduced from 243.2 um
(control) to 133.3 um (mefloquine) (Fig. 5D, grey). This
result indicates that the long range propagation of the
lateral IPSC would be partly ascribed to the lateral spread
of light signals through gap junctions among photo-
receptors, Mb1 BCs and/or ACs.

We next assessed how large depolarization of Mb1 BCs
wasrequired for driving thelight-evoked lateral inhibition.
The light-evoked depolarization of an intact terminal
was often as small as a few mV in peak amplitude (see
Fig. 6A-D, black) and decreased as the light bar width was
expanded >200 um (Fig. 5F). Therefore, small outputs
from Mb1 BCs in a wide area seem to be supralinearly
integrated in the lateral inhibitory pathway.
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Independent activation of reciprocal
and lateral inhibition

Lateral inhibition could be driven by small depolarization
of multiple Mbl BCs through the pathway different
from reciprocal inhibition, suggesting independent
operation of each inhibition in visual signal processing.
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Figure 5. Properties of light-evoked lateral inhibition
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To examine whether reciprocal and lateral inhibition
could be differently driven by light stimulation,
we pharmacologically separated each inhibition. The
reciprocal IPSC could be selectively suppressed by puff
application of NBQX and D-AP5 (Fig. S4A; reciprocal
Qupsc was reduced to —9+8% of control, n=3_,
P < 0.001, Welch’s t test; lateral Qpsc/200 ms at —10 mV
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A, light-evoked lateral IPSC in an axotomized terminal voltage clamped at —10 mV in the absence (black) and
presence of bath-applied 200 wm picrotoxin (grey). The light bar (white bar) was 500 um in width. Ec; was —55 mV.
B, light-evoked lateral IPSC in an axotomized terminal voltage clamped at —10 mV with a neighbouring (19.5 um)
intact terminal current-clamped at 0 pA (black, Vy: ~—50 mV) or voltage clamped at —100 mV (grey; the grey
bar indicates the period). The intact terminal was located at the centre of the light bar (30 wm in width; white bar).
C, the relationship between the light-evoked lateral Qjpsc/500 ms at —10 mV and the light bar width (n = 10).
The Qpsc was normalized to the maximum response in each recording. D, the light-evoked lateral Qpsc/500 ms
at —10 mV became smaller as the light bar (50 um in width) was laterally shifted from the recorded terminal in
control (individual data: closed circle; mean: black diamond, n = 3-6) and in the presence of bath-applied 10 um
mefloquine (individual data: open circle; mean: grey triangle, n = 3). The Qjpsc was normalized to the response
evoked by central illumination (at O um). Data were fitted to a single exponential function (A = 243.2 um and
133.3 um under control and mefloquine, respectively). E, light-evoked lateral IPSC recorded from an axotomized
terminal voltage clamped at —10 mV in the presence of bath-applied 10 um mefloquine. The light bar (white bar)
was 500 um in width. F, the relationship between the peak depolarization of an intact terminal (Vp,: ~—55 mV;
current-clamped condition) and the light bar width (n = 13). The peak response was normalized to the maximum

response in each recording. Ec; was —70 mV.
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was reduced to 93 +4%, n=3 pairs, P=0.259). On
the other hand, both reciprocal and lateral IPSCs could
be strongly suppressed by puff application of BIC and
TPMPA in addition to NBQX and D-AP5 (Fig. S4B;
reciprocal Qppsc: 11 4= 8%, n =6, P < 0.001, Welch’s ¢ test;
lateral Qpsc/200 ms at —10 mV: 12 +21%, n=3 pairs,
P =0.054).

We first examined the activation range of each
inhibition. As the intensity of a light bar (500 um in
width) was increased, light-evoked depolarization of an
intact terminal became larger in amplitude (Fig. 6A
and B, black). Selective blockage of reciprocal inhibition
increased the light-evoked depolarization especially for
strong light intensities (yellow), indicating that strong
light efficiently drives reciprocal inhibition. In contrast,
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additional blockage of lateral inhibition revealed that weak
light was sufficient to drive lateral inhibition (red), which
supports the idea that the lateral inhibitory pathway can
supralinearly integrate multiple weak inputs.

The different operating range of reciprocal and lateral
inhibition suggests that they may be independently driven
under certain conditions. For instance, light illumination
of a wide area would be suitable for driving lateral
inhibition (see Fig. 5C), but it would not drive reciprocal
inhibition without sufficient depolarization of Mbl
BCs. Actually, when a hyperpolarizing constant current
was injected into an intact terminal to prevent large
depolarization, light illumination of a wide area activated
lateral inhibition but failed to activate reciprocal inhibition
(Fig. 6C and D). On the other hand, local injection of a
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Figure 6. Pharmacological separation of reciprocal and lateral inhibition

A, effects of light intensity. Voltage responses in an intact terminal (V:

~—50 mV; current-clamped condition)

to various intensities of light (yellow bar; 500 xm in width) were recorded in control (black), in the presence of
puff-applied 10 M NBQX and 20 M p-AP5 (yellow; selective suppression of reciprocal inhibition), and in the pre-
sence of puff-applied 100 M BIC and 800 M TPMPA in addition to NBQX and p-AP5 (red; suppression of reciprocal
and lateral inhibition). Ec was —70 mV. B, the relationship between the peak response amplitude and light intensity
in each condition as shown in A (left; n = 9). Activation of reciprocal (dark yellow) and lateral inhibition (dark red)
was estimated as the difference between responses in each condition (right). C and D, effects of light bar width as
in Aand B(n = 10-12 in D). Voltage responses in an intact terminal (Vm: ~—55 mV; current-clamped condition) to
various widths of light (yellow bar; intensity of 100 a.u.) were recorded in each condition as shown in A (C). Ec| was
—70 mV. E and F, effects of current injection as in A and B (n = 8-11 in F). Voltage responses to current injection

(black bar) were recorded from an intact terminal (Vy:

~—55 mV,; current-clamped condition)in each condition as

shown in A (E). Ec; was —70 mV. BIC, bicuculline; p-AP5, p-(-)-2-amino-5-phosphonopentanoic acid; NBQX,

2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulphonamide;

4-yl) methylphosphinic acid.
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depolarizing current pulse into an intact terminal activated
only reciprocal inhibition (Fig. 6E and F), showing that
local depolarization of Mb1 BCs is not suitable for driving
lateral inhibition. One may argue that this result contra-
dicts the previous finding that lateral inhibition could be
evoked by depolarization of an intact terminal (Fig. 3A).
It should be noted, however, that the current-clamped
intact terminal with the K*-based pipette solution was
depolarized to at most ~—20 mV only for ~50 ms during
200 ms current injection in Fig. 6E and F, which would
have been insufficient to elicit enough depolarization
in neighbouring Mbl BCs. We conclude that different
features of visual inputs may drive reciprocal and lateral
inhibition independently.

Contribution of reciprocal and lateral inhibition to
signal transmission

The above results highlighted contrasting operating
mechanisms of reciprocal and lateral inhibition, which
could allow their independent activation. To examine
how visual inputs dynamically drive each inhibition to
regulate Mb1l BC outputs, we constructed a model of
an electrically coupled array of BC units (simplified Mb1
BC:s), in which reciprocal and lateral inhibition based on
the experimental results was implemented (Fig. 7A-C; see
Methods). The model satisfied the independent activation
of each inhibition (Fig. 7D-G).

When various square inputs were applied to the
model, activation of reciprocal and lateral inhibition
suppressed BC outputs to ~0.3-0.7 (Fig. 8A-C and E,
red). Removal of reciprocal inhibition (dark yellow) or
lateral inhibition (dark red) from the model increased the
outputs, suggesting cooperative suppression of BC outputs
by reciprocal and lateral inhibition. Lateral inhibition
contributed more to the suppression, especially when
inputs were applied to a wide area, whereas reciprocal
inhibition contributed more to the suppression when
a strong input was locally applied. Similar results were
obtained when inputs of different patterns were applied
to the model (Fig. S5A-C), showing that reciprocal and
lateral inhibition can cooperatively suppress BC outputs
in response to a variety of visual inputs.

Suppression of BC outputs, however, might disturb
signal transmission from BCs to postsynaptic neurons.
To assess the ‘visibility” of the contour of a square input,
SNR of the outputs in the edge region of the square input
was calculated as a measure of the quality of signal trans-
mission. Strikingly, in response to various square inputs,
SNR was little degraded in most cases, and was even
improved, especially when the input was strong (Fig. 8D
and F, red). The preservation of SNR could be ascribed to
the reduction of background noise by feedback inhibition
(Fig. S5D, red; see also Supplemental movie). Removal
of lateral inhibition from the model degraded SNR
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(Fig. 8F, dark yellow), suggesting the critical role of lateral
inhibition in improving SNR. Indeed, lateral inhibition
alone could considerably reduce background noise
(Fig. S5D, dark red), resulting in improvement of SNR in
most cases (Fig. 8F, dark red). The supralinear integration
of weak inputs in the lateral inhibitory pathway allows
reduction of background noise without driving massive
reciprocal inhibition, which could disturb signal trans-
mission. Therefore, the dual organization of feedback
inhibition seems to be suitable for reducing presynaptic
outputs with minimal degradation of the quality of signal
transmission to postsynaptic neurons.

Discussion

BC outputs are essential for elaborate retinal computations
such as non-linear spatial summation (Schwartz ef al.
2012), and encoding of luminance and contrast (Oesch &
Diamond, 2011; Odermatt et al. 2012). We show here that
Mb1 BC output is independently regulated by reciprocal
and lateral inhibition through distinct pathways. Each
Mb1 BC output drives reciprocal inhibition when the
output is strong enough. Multiple Mb1 BC outputs drive
lateral inhibition even when each output is weak. We
also show that reciprocal and lateral inhibition is driven
differently by a variety of visual inputs. Furthermore,
model simulation showed that reciprocal and lateral
inhibition cooperatively reduced BC outputs as well
as background noise, thereby preserving high SNR.
Therefore, we conclude that excitatory BC output is
efficiently regulated by the dual operating mechanisms
of feedback inhibition without deteriorating the quality of
visual signals.

Synaptic pathways for reciprocal
and lateral inhibition

Recent studies suggest that reciprocal and lateral inhibition
may be mediated by different types of ACs (Chavez et al.
2010; Vigh et al. 2011). In accord with these reports,
our pharmacological examination showed different
composition of each inhibitory pathway. Especially, puff
application of TTX suggested that Nay channels located
different sites in the reciprocal and lateral inhibitory
pathways: close to and away from the GABA-releasing sites,
respectively (Fig. 4H and I). This result strongly suggests
that each inhibition is mediated by different ACs, which
could account for independent activation of reciprocal and
lateral inhibitory pathways (Fig. 6C-F).

Depolarization of a single Mb1 BC evoked reciprocal
inhibition, but could not elicit detectable IPSCs in
neighbouring Mbl BCs even when the depolarization
activated Ic, maximally (Fig. 2A). In other words,
GABAergic synapses that mediate reciprocal inhibition in

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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an Mb1 BC terminal could be activated only by its output.
This may be enabled by narrow-field ACs that release
GABA mainly on to a single Mb1 BC terminal (Masland,
2001). Alternatively, this can result from electrotonically
isolated GABA-releasing sites in ACs such as varicosities
of A17 ACs in the mammalian retina (Grimes et al. 2010).
Curiously, reciprocal inhibition required stronger Mb1 BC
output than lateral inhibition regardless of the expression
of Nay channels near the GABA-releasing sites in the
reciprocal inhibitory pathway. Therefore, in the reciprocal
inhibitory pathway, release of GABA may be prevented

Figure 7. A model of an electrically coupled array A
of Mb1 bipolar cell (BC) terminals

A, simplified diagram of the model (see Methods). Only
three or nine BC units in the model array are illustrated
for clarity. The visual signal S(;, j, t) and intrinsic noise
NG, j, t) charges the membrane potential of electrically
coupled BC units V(i j, t), which drives reciprocal (R)
and lateral (L) inhibition through a Hill function and an
alpha function for each to regulate V(; j, t). The BC
output O, j, t) is determined by a Hill function of V(j j,
t). In the lateral inhibitory pathway, the supralinear
integration of weak inputs and the requirement of
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by some mechanisms such as BK channels in A17 ACs
(Grimes et al. 2009).

The light-evoked lateral inhibition in an Mb1 BC was
maximally activated when a light bar of 1000 ;#m in width
was applied (Fig. 5C), indicating that ACs mediating
lateral inhibition could integrate inputs from a wide area.
The propagation distance of the lateral inhibition evoked
by a light bar of 50 um in width was ~245 um (Fig. 5D,
black), suggesting that the dendritic field diameter of
the ACs would be ~490 um, or perhaps much longer
because long processes of ACs might be severed in our

population inputs are implemented by a low
voltage-dependent Hill function (grey) and by spatial
summation of exponentially weighted BC inputs

(A =100 um), respectively. B, Hill functions for
reciprocal (black) and lateral inhibition (grey) used in
the model. The Hill function for reciprocal inhibition
and BC output was determined to satisfy the voltage
dependence of reciprocal inhibition (black diamond)
and ACr, (grey triangle) shown in Fig. 1B. The Hill
function for lateral inhibition was determined to satisfy
the voltage dependence of lateral inhibition as shown
in C. C, the voltage dependence of lateral inhibition of
the model (grey). Two neighbouring BC units at the
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central region of the model array were voltage

clamped. Depolarization of one BC unit from —70 to

—10 mV for 200 ms evoked lateral IPSP in the other

voltage clamped at —90 mV. The lateral IPSP was D
integrated for 400 ms from the pulse onset and plotted
against the membrane potentials (grey), which satisfied
the experimental data in Fig. 3C (black diamond). The
IPSP was normalized to the value at —10 mV. D, the
output voltage profile of BC units in response to a bar
input (14.7 pA in intensity, 400 wm in width) at 250 ms
after the input onset. A hyperpolarizing current was
injected into the BC unit at the black square (V:
~—55mV) as in Fig. 6C and D. E, effects of input bar
width. Inputs with various bar widths were applied to
the model as in D (14.7 pA in intensity). Reciprocal IPSP
(black) and lateral IPSP (grey) in the black square region
shown in D are shown. F, the output voltage profile of
BC units in response to a local input (73.1 pA in
intensity, 25 wm in width) applied to a single BC unit
(black) at 250 ms after the input onset. A
hyperpolarizing current was injected to the BC unit
(Vm: ~=55mV) as in Fig. 6F and F. G, effects of local
input intensity. Local input of various intensities was
applied as in F. Reciprocal IPSP (black) and lateral IPSP
(grey) in the black square region shown in F are shown.
In this figure, the intrinsic noise is excluded for clarity.
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slice preparation of ~200 um thickness (see Cook et al.
1998). Note, however, that light stimulation also elicits
lateral spread of depolarization through an electrically
coupled Mb1 BC network in the outer retina. Indeed, in
the presence of mefloquine, the propagation distance of
lateral inhibition was reduced to ~135 um (Fig. 5D, grey).
Therefore, it is possible that the dendritic field diameter
of the ACs is ~270 um. None the less, the preservation
of lateral inhibition in the presence of mefloquine
(Fig. 5E) indicates that these ACs can integrate weak inputs
from multiple Mb1 BCs only by their own dendrites. Nay
channels in the soma or proximal dendrites may help the
ACs to integrate these weak inputs and to promote signal
propagation to distant GABA-releasing sites (Azuma et al.
2004). However, as bath-applied TTX did not abolish
lateral inhibition (Fig. 4B), other mechanisms such as
Ca®* spikes or NMDA spikes (Schiller et al. 2000) may
also contribute to enhancement of weak inputs.

The relevance of feedback inhibition in visual
signal processing

Reciprocal and lateral inhibition could reduce Mbl
BC outputs in response to a variety of visual inputs

C
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(Figs 8E and S5C, red). The reduction of BC outputs
may contribute to prevention of presynaptic depletion
(Sagdullaev et al. 2011) or expansion of the dynamic
range of postsynaptic responses (Sagdullaev ef al. 2006).
Moreover, the reduction of BC outputs may spare
unnecessary energy consumption in the visual pathway.
Lateral inhibition was continuously activated to induce
IPSCs in Mbl BC terminals (Figs 2C and S3B), and
thus, the spontaneous spike discharges in postsynaptic
GCs may be reduced. Because maintenance of spike
discharges requires a high energy cost, reduction of the
spontaneous and light-evoked discharges in GCs by pre-
synaptic inhibition may be relevant for efficient trans-
mission of visual information from the retina, one of the
most energy-consuming tissues (Niven & Laughlin, 2008).

Model simulation demonstrated that reduction of
Mb1 BC outputs was accompanied by noise reduction
(Fig. S5D, red), which could account for the minimal
degradation of SNR (Fig. 8 F, red). Our results also showed
that lateral inhibition was largely responsible for the noise
reduction (Fig. S5D, dark red). Under scotopic condition,
noise generated in the retinal circuitry is problematic
for the detection of photon signals reliably (Field et al.
2005). Therefore, the low threshold lateral inhibition
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Figure 8. Simulated Mb1 bipolar cell outputs in response to various inputs

A-D, model output (A) in response to a square input (14.7 pA, 400 x 400 um) at the time indicated by the grey
vertical line in C and D. The output profile of the horizontal grey line in A (B), mean of the outputs in the inner
edge region (magenta in A) (uout; €), and SNR of the outputs (SNRoyt; D) to the square input are shown for
each model: the model with both inhibition (red), that without reciprocal inhibition (dark red), that without lateral
inhibition (yellow), and that without any inhibition (black). SNR of the outputs was calculated as (ui—uo)oo,
where i and wo is mean of the outputs in the inner edge region (magenta in A) and the outer edge region (green
in A), respectively, and o is standard deviation of the outputs in the outer edge region. The yellow bar indicates
the position (B) or the period (C and D) of the applied square input. The horizontal black bar in C and D (last
250 ms of the square input) indicates the period, in which mean and SNR of the outputs are calculated in £ and F.
E and F, mean of the outputs in the inner edge region () and SNR of the outputs (F) as a function of the intensity
and side length of the applied square input (averaged values for 250 ms period shown as the black bar in C and
D). Values were normalized to that in the model w/o inh (black traces in B-D). The colour and symbols for each
model correspond to those in B-D. SNR, signal-to-noise ratio; w/o inh, without any inhibition.
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may be advantageous for the detection of photon signals
from such noise or for the retention of high acuity
under dim light. Note, however, that feedback inhibition
slightly decreased SNR especially when a weak signal was
applied to a wide area, which might partly account for
the loss of sensitivity in the retina (see Borghuis et al.
2009). Reciprocal inhibition decreased SNR in most cases
(Fig. 8F, dark vyellow), but reciprocal inhibition
contributed to noise reduction (Fig. S5D, dark yellow)
when strong noise was sparsely applied (arrows),
suggesting that reciprocal inhibition can improve SNR
under some conditions, such that spontaneous Ca** spikes
are sparsely evoked (Protti et al. 2000).

Lateral inhibition can further play an important role in
the retina: formation of the centre-surround antagonism
in BCs and GCs. Our results showed that light-evoked
depolarization of Mbl BCs was decreased by lateral
inhibitory inputs from ACs (Fig. 6C and D). Note,
however, that the centre-surround antagonism was still
observed in Mbl BCs even when lateral inhibition from
ACs was suppressed (Fig. 6D left, red). Therefore, both
ACs and HCs would contribute to the receptive field
organization of Mb1l BCs. Lateral inhibition from ACs
could be driven by dim light, suggesting that ACs and HCs
may operate at a different range of light intensity (Ichinose
& Lukasiewicz, 2005).

Dual feedback inhibition in the nervous system

We found that the composition of inhibitory pathways to
goldfish Mb1 BCs was different from that to mammalian
rod BCs: the requirement of Ca’"-permeable AMPARSs
for reciprocal inhibition and Nay channels for lateral
inhibition (Chavez et al. 2006, 2010). Nevertheless, both
BCs seem to share some functionally relevant properties.
First, output from rod BCs induces independent activation
of each varicosity in A17 ACs, resulting in local reciprocal
inhibition (Grimes et al. 2010). Second, reciprocal and
lateral inhibition in rod BCs seems to be mediated by
distinct subtypes of ACs (Chavez et al. 2010). These
similarities suggest that independent control of reciprocal
and lateral inhibition may be a common feature of feed-
back inhibition in the inner retina.

In our model simulation, parameters were determined
based on experimental results. However, modification
of some parameters (e.g. summation area of lateral
inhibition, strength of inhibition or time course of
inhibition) yielded similar results under the conditions
where core properties were preserved: the requirement of
a strong output for reciprocal inhibition and the supra-
linear integration of weak multiple outputs for lateral
inhibition. Therefore, such organization of reciprocal and
lateral inhibition could play similar roles in a variety of
neural circuits. Dual organization of reciprocal and lateral

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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inhibition is widely observed throughout nervous systems
(Windhorst, 1996; Isaacson & Strowbridge, 1998; Cohen
& Yarom, 2000). Moreover, some of their organizations
show intriguing parallelism with feedback inhibition in
Mb1 BCs: low threshold for lateral inhibition (Cohen &
Yarom, 2000) and requirement of population activity for
lateral inhibition (Arevian et al. 2008; Kapfer et al. 2007).
At Mbl BC terminals, lateral inhibition contributed to
reduction of presynaptic outputs without degrading the
quality of signal transmission to postsynaptic neurons.
A variety of microcircuits in nervous systems may
sometimes share common connectivity required for
general computations.
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