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Behavioral/Systems/Cognitive

Receptive Fields of Retinal Bipolar Cells Are Mediated by
Heterogeneous Synaptic Circuitry

Ai-Jun Zhang and Samuel M. Wu
Cullen Eye Institute, Baylor College of Medicine, Houston, Texas 77030

Center-surround antagonistic receptive field (CSARF) organization is the basic synaptic circuit that serves as elementary building blocks
for spatial information processing in the visual system. Cells with such receptive fields converge into higher-order visual neurons to form
more complex receptive fields. Retinal bipolar cells (BCs) are the first neurons along the visual pathway that exhibit CSARF organization.
BCs have been classified according to their response polarities and rod/cone inputs, and they project signals to target cells at different
sublaminae of the inner plexiform layer. On the other hand, CSARFs of various types of BCs have been assumed be organized the same
way. Here we examined center and surround responses of over 250 salamander BCs, and demonstrated that different types of BCs exhibit
different patterns of dye coupling, receptive field center size, surround response strength, and conductance changes associated with
center and surround responses. We show that BC receptive field center sizes varied with the degree of BC-BC coupling, and that surround
responses of different BCs are mediated by different combinations of five lateral synaptic pathways mediated by the horizontal cells and
amacrine cells. The finding of heterogeneous receptive field circuitry fundamentally challenges the common assumption that CSARFs of
different subtypes of visual neurons are mediated by the same synaptic pathways. BCs carrying different visual signals use different
synaptic circuits to process spatial information, allowing shape and contrast computation be differentially modulated by various lighting
and adaptation conditions.
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synapses; electrical coupling

Introduction

Bipolar cells (BCs) are central neurons of the retina which carry
light-elicited signals from photoreceptors and horizontal cells
(HCs) in the outer retina to amacrine cells (ACs) and ganglion
cells (GCs) in the inner retina (Dowling, 1987). BCs are the first
neurons along the visual pathway that exhibit center-surround
antagonistic receptive field (CSARF) organization, the basic syn-
aptic circuit for encoding spatial information. Neurons with ad-
jacent CSARFs converge into higher-order visual cells and form
more complex receptive fields (Hubel and Wiesel, 1962). BCs
may be on-center with off-surround [depolarizing BCs (DBCs)],
or off-center with on-surround [hyperpolarizing BCs (HBCs)].
In addition to dividing into DBCs and HBCs, BCs are further
classified according to their rod/cone inputs: rod (or rod-
dominated), cone (or cone-dominated), or mixed rod/cone BCs
(Wuetal., 2000; Wassle, 2004). By using whole-cell voltage clamp
technique in living retinal slices, we found in previous studies that
BCs with different rod/cone inputs exhibit different axonal mor-
phology [levels of axon terminal stratification in the inner plexi-
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form layer (IPL)] and different spontaneous and light-evoked
responses (Wu et al., 2000; Pang et al., 2004). Because of geomet-
ric limitations of the retinal slice preparation, we could not study
receptive field properties of various types of BCs, and thus many
important knowledge gaps remained unfilled. For example, it was
not clear whether the receptive field center size of different types
of BCs differ, and why the receptive field centers of most BCs were
much larger than their dendritic fields (Borges and Wilson, 1987;
Hare and Owen, 1990). Additionally, it was uncertain whether
DBCs/HBCs with different rod/cone inputs generate surround
responses through the same synaptic pathways.

In this study, we fill these knowledge gaps by systematically
investigating detailed center-surround receptive field properties
of a large number of BCs in the flat-mounted tiger salamander
retina. We examine center and surround response properties,
degree of dye coupling, and membrane resistance changes asso-
ciated with the center and surround responses in over 250 BCs.
Our study renders a comprehensive description of how center-
surround receptive fields of various types of BCs are organized,
and provides evidence that challenges the common assumption
that receptive fields of subtypes of visual neurons are mediated by
same synaptic pathways.

Materials and Methods

Flat-mounted, isolated retinas of larval tiger salamanders (Ambystoma
tigrinum) purchased from Charles E. Sullivan, CO and KON's Scientific
Company were used in this study. Animals were handled in accordance
with the policies on treatment of laboratory animals of Baylor College of
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Medicine and the National Institutes of Health. Detailed experimental
procedures were described in previous publications (Yang and Wu, 1989;
Zhang et al., 2006). Before an experiment, the animal was dark-adapted
for at least 2 h and then decapitated and dissected under infrared illumi-
nation with a dual-unit Nitemare (BE Meyers). Oxygenated Ringer’s
solution was introduced to the superfusion chamber at a rate of ~5
ml/min, so that the retina was immersed totally under solution. The
control Ringer’s solution contained 108 mm NaCl, 2.5 mm KCl, 1.2 mm
MgCl,, 2 mm CaCl,, and 5 mm HEPES (adjusted at pH 7.7). Bath applied
pharmacological agents were dissolved in Ringer’s solution, and pH was
readjusted after agents were dissolved.

Intracellular recordings were made with micropipettes drawn out on a
modified Livingstone puller or Sutter microelectrode puller with single-
barrel w dot tubing. The pipettes were filled with 2 M potassium acetate
and have resistance, measured in Ringer’s solution of 100—600 M().
Bipolar cells, amacrine cells, and ganglion cells were recorded with a
microelectrode amplifier (MEZ-8300, Nihon Kohden). For conductance
measurements, trains of constant current steps of given amplitude and
duration were generated by the internal circuit of the amplifier, and
voltage changes were monitored by the MEZ-8300 system. For cell mor-
phology and dye coupling studies, microelectrode tips were filled with
3% Neurobiotin and 1% Lucifer yellow in 50 mm Tris and backfilled with
3 M lithium chloride. After physiological experiments, dyes were injected
with positive and negative currents (1-5 nA, 3 Hz, 30 min). Then the
tissues were fixed with 4% paraformaldehyde for 2 h and were subse-
quently immunolabeled with streptavidin conjugated Cy-3. Cell mor-
phology and patterns of dye coupling were visualized with a confocal
microscope (Zeiss 510). Images were acquired by using a X25 or X40
oil-immersion objective (numerical aperture = 0.75), the 458 nm exci-
tation line of an argon laser, and a long-pass 505 nm emission filter.
Consecutive optical sections were stacked into a single image using the
Zeiss LSM-PC software, and the stacked images were further processed in
Adobe Photoshop 6.0 to improve the contrast.

A new computerized, dual-beam light stimulator with an automated
projector head, was constructed for experiments that require center and
surround light stimuli in flat-mounted retinas. Both light beams pass
through interference filters, neutral density filters and apertures of vari-
ous configurations mounted on motorized wheels controlled by the
computer. The receptive field of a given cell was mapped by a moving
light bar (100 wm wide) through the automated projector head in two
orthogonal directions, and the cell’s receptive field center was deter-
mined by the intersecting point of the maximum responses to the light
bar in the two directions. The center light spot (with various diameters)
and a concentric surround light annulus (with various inner and outer
diameters) were projected to the retina. The receptive field center diam-
eter (RFCD) is determined as the mean distance that the light bar needs
to travel from eliciting 5% of the maximum center response in one di-
rection of the center location to eliciting 5% of the maximum response in
the opposite direction. The intensity of unattenuated 500 nm light (log
I =0)is 2.05 X 107 photons/um?/s.

Results

Morphology, patterns of dye coupling and light responses of
six types of bipolar cells

BCs in the flat-mounted tiger salamander retina were recorded
with microelectrodes. When filled with Lucifer yellow and/or
neurobiotin, they were identified morphologically by their somas
located in the inner nuclear layer (INL) or in the proximal margin
of the outer nuclear layer (ONL) (displaced BCs) (Maple et al.,
2004), dendrites in the outer plexiform layer (OPL), and an axon
extended to the IPL (Pang et al., 2004). All BCs exhibited center-
surround antagonistic receptive fields. One hundred eighty-one
cells responded to a center light spot with membrane hyperpo-
larization, and to a surround light annulus with depolarization,
these are the HBCs. Seventy-three cells responded to center light
with depolarization and surround light with hyperpolarization,
and they are the DBCs.
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Figure 1a shows fluorescent micrographs of a neurobiotin-
filled, rod-dominated HBC (HBCy, column 1), a mixed rod/cone
HBC (HBC,,, column 2), a cone-dominated HBC (HBC, col-
umn 3), a cone-dominated DBC (DBC,, column 4), a mixed
rod/cone DBC (DBC,,, column 5), and a rod-dominated DBC
(DBCy, column 6) viewed with a confocal microscope at the
outer INL/OPL level (Fig. 14;), the IPL level (Fig. 1a;;), and with
z-axis rotation (Fig. 1a;;;). We list these BCs in this order based on
the levels of their axon terminal stratification in the IPL [from
distal margin (0%) to proximal margin (100%) of the IPL] (Fig.
la,;;) (Panget al., 2004). Figure 1b; shows BC voltage responses to
500 and 700 nm light steps of various intensities, and Figure 1b;;
illustrates response-intensity (V-LogI) curves of the responses to
500 and 700 nm lights. We have shown that HBCs or DBCs in the
salamander retina can be classified according to their relative
rod/cone inputs by the spectral difference method (Yang and
Wu, 1990; Pang et al., 2004). The spectral difference of a cell (AS)
is defined as S,y—Ss, (in which S, and S, are intensities of 700
and 500 nm light-eliciting responses, respectively, of the same
amplitude). Because AS for the rods is ~3.4 and that for the cones
is ~0.1 in the salamander retina (Yang and Wu, 1990), we de-
fined BCs with AS >2.0 rod-dominated BCs, BCs with AS <1.0
cone-dominated BCs, and BC with 1.0 <AS <2.0 mixed rod/
cone BCs. The ASs of the six BCs in Figure 1 are 2.13, 1.51, 0.30,
0.57, 1.45, and 2.25, suggesting that they are HBCy, HBCy,,
HBC,, DBC, HBC,,, and HBCy, respectively. These are consis-
tent with our voltage clamp data from retinal slices that BCs with
axon terminals stratified near the IPL distal margin are HBCgs,
those with axon terminals stratified progressively toward the dis-
tal IPL margin are (in progressive order) HBC,,, HBC, DBCg,
DBC,,, and DBCy, (Pang et al., 2004). We performed these exper-
iments on 173 BCs and AS values for each cell were correlated
with the levels of axon terminal stratification in the IPL as re-
vealed by Lucifer yellow or neurobiotin fluorescence. The total
cell numbers for the six BC types are given in Table 1, column 2.

With neurobiotin injections, we found that the six types of
BCs exhibit different patterns of dye coupling. The numbers of
dye-coupled somas (N, 30 min dye injection time for all cells)
in Figure 1g; are 10, 5, 2, 8, 3, and 1, respectively, for the HBCy,
HBC,,, HBC., DBC, DBC,,, and DBCp. These numbers are
consistent with N, within each type (Table 1, column 3). In each
BC type, the injected cell body and other labeled somas are lo-
cated at the same level of the INL, and their axon terminals strat-
ified at about the same level in the IPL, indicating the dye-
coupled cells are likely to be the same type. The only exception to
this rule is the DBCcs, around which we often found labeled
somas that did not bear axons projecting to the IPL. In Figure 1a;,
column 4, for example, three of the eight labeled somas (arrow-
heads) were horizontal cells. This is consistent with results from
previous studies that some wide field horizontal cells (B-type) in
the salamander and mammalian retinas are dye coupled with a
population of bipolar cells with axon terminals stratified in IPL
sublamina B (Zhang et al., 2006).

Receptive field center sizes of various types of bipolar cells

Assuming that the extent of dye coupling correlates with the
strength of electrical coupling (Zhang et al., 2006), then the re-
sults in Figure la,—a;; suggest that HBCys are strongly coupled
with one another, DBCgs are not coupled, and HBC,;s, HBCs,
DBCcs, and DBC,;s are intermediately coupled. This kind of
electrical coupling (among the same cell types) is known to in-
crease the receptive field size of the horizontal cells (Zhang et al.,
2006) and other retinal neurons (Bloomfield and Xin, 1997), and
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Figure 1. Morphology and light response characteristics of six types of bipolar cells. a, Fluorescent micrographs of a neurobiotin-filled HBC; (column 1), an HBC,, (column 2), an HBC, (column 3), a DBC,
(column 4), a DBC,, (column 5), and a DB, (column 6) viewed with a confocal microscope at the outer INL/OPL level (a), at the IPL level (a;), and with z-axis rotation (a;;). Scale bar, 100 um. b;, BC voltage
responses to 500 and 700 nm light steps of various intensities. b Response-intensity (V-Log ) curves of the responses to 500 and 700 nm lights. AS (spectral difference) of the six BCs are 2.13,1.51,0.30, 0.57,
1.45,and 2.25. ¢, Measurements of BC RFCDs by recording voltage responses to a 100- .um-wide light bar moving stepwise (with 120 pum step increments) across the receptive field. d, Voltage responses of the
six types of BCs elicited by a center light spot (300 m) and a surround light annulus (700 m inner diameter, 2000 em outer diameter). The surround light annulus was of the same intensity (700 nm, —2) for
all 6 cells whereas the intensity of the centerlight spot was adjusted so that t allowed the annulus to produce the maximum response. e, Voltage responses of the six types of BCs elicited by a center light spot and
a surround light annulus (same as in d), and by a train of —0.1nA/200 ms current pulses passed into the cell by the recording microelectrode through a bridge circuit.
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Table 1. Receptive field properties of BCs
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BCs AS (n) Npc range (n) RFCD (um) SIC,— C) (n)
HBC, AS>2.0(32) 7-12(19) 528.50 = 84.05 (23) 0.23 = 0.19 (15)
HBC,, 1<AS<2(55) 3-6(24) 396.89 =+ 55.80 (47) 0.73 = 0.43 (26)
HBC, AS<<1.0(27) 2-3(20) 353.82 = 25.24(22) 0.96 == 0.30 (21)
DBC, AS<1.0(20) 2-6(10) 357.67 = 22.03 (14) 1.15 £ 0.21(9)
DBC,, 1<AS<2(26) 1-3(11) 334.00 = 23.73 (18) 0.97 = 0.18 (13)
DBC, AS>2.0(13) 1(10) 276.36 = 24.51(10) 0.62 = 0.23 (7)

Values are the average = SD. Statistics of spectral difference (AS), number of dye-coupled cells (with 30-min neurobiotin injection) (Ny), receptive field diameter (RFCD), and relative surround response strength [S/(C, ¢l of varioustypes

of BCs are listed.

thus it should affect the receptive field center size of BCs. We
therefore examined the receptive field center diameter of each
type of BCs by recording voltage responses to a 100 wm-wide
light bar moving stepwise (with 120 wm step increments) across
the receptive field (Fig. 1c). The receptive field center diameters
(RECDs) (see Materials and Methods) of the six BCs in Figure 1
are 620,451, 383,372, 325, and 263 wm, respectively. The average
(£SD) RECDs of the six types of BCs (a total of 134) are listed in
Table 1, column 4; these correlate very well with the numbers of
dye-coupled BCs (N,¢) listed in Table 1, column 3. These results
indicate that the variation in BC receptive field center size is
mediated at least partially by electrical couplingamong BCs of the
same kind.

Distributions of RFCD of 92 HBCs (filled circles) and 42
DBCs (open triangles) as function of relative rod/cone inputs
(spectral difference AS) are shown in Figure 2a. Straight lines are
linear regressions of the data points with slopes of 96.89 um/log
unit AS for the HBCs (solid line), and —44.56 um/log unit AS for
the DBCs (dashed line), indicating that the receptive field center
size of HBCs increases progressively with AS (larger RFCD for
cells with more rod inputs), and that the receptive field size of
DBCs decreases progressively with AS (larger RFCD for cells with
more cone inputs).

Surround response strengths of bipolar cells

We next investigated whether the strength of surround responses
of HBCs and DBC:s vary with their rod/cone inputs. Figure 1d are
the voltage responses of the HBCy, HBC,,, HBC, DBC, DBC,,,
and DBCy, elicited by a center light spot and a surround light
annulus. The surround light annulus was of the same intensity for
all six cells, whereas the intensity of the center light spot was
adjusted so that it allowed the annulus to produce the maximum
response, as light annulus elicits optimal surround response in
amphibian BCs in the presence of center light of appropriate
intensity (Skrzypek and Werblin, 1983). The relative surround
response strength, S/(C, — Cs) (S, C,, and Cg are surround, tran-
sient center, and sustained rebound responses, respectively) (Fig.
2b, inset), of the six BCs in Figure 1 are 0.53, 0.67, 1.37, 1.15, 0.78,
and 0.26. The average (+SD) S/(C, — Cg) values of the six types of
BCs (atotal of 91) are listed in Table 1, column 5. Figure 2b shows
the scatter plots of the relative surround response strength [S/(C,
— Cg)] of 62 HBC:s (filled circles) and 29 DBCs (open triangles)
against relative rod/cone inputs (spectral difference AS). Linear
regression lines of the data points render slopes of —0.48/log unit
AS for the HBCs (solid line) and —0.39/log unit AS for the DBCs
(dashed line), indicating that the relative surround response
strength of both HBCs and DBCs decreases progressively with AS
(stronger surround responses for cells with more cone inputs).

Membrane resistance changes accompanying center and
surround bipolar cell responses

To study the synaptic circuitry mediating center and surround
inputs to BCs, we measured membrane resistance changes asso-
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Figure2. Scatter plots of receptive field properties of bipolar cells. a, Scatter plots of recep-
tive field diameter versus spectral difference AS of DBCs (open triangles and dashed line) and
HBCs (filled circles and solid line). Straight lines are linear regression lines of the data points. b,
Scatter plots of relative surround/center response ratio [S/(C, — C5)] versus spectral difference
ASof DBCs (open triangles and dashed line) and HBCs (filled circles and solid line). Straight lines
are linear regression lines of the data points.

ciated with voltage responses to center and surround light in
various types of BCs. Figure le shows the voltage responses of a
HBCy, a HBC,,, a HBC, a DBC, a DBC,,, and a DBCj, elicited
by a center light spot and a surround light annulus, and by a train
of —0.1 nA/200 ms current pulses passed into the cell by the
recording microelectrode through a bridge circuit. By balancing
the bridge with measurable values of resistance before and after
cell impalements, we estimated that the average input resistance
of HBCs is 36.68 = 6.03 M() (n = 46) and that for the DBCs is
52.70 = 11.68 M) (n = 31). In addition to the difference in
average input resistance between HBCs and DBCs, there is no
obvious correlation between the resistance values and HBC/DBC
subtypes. It is also worthwhile to note that the accuracy of these
resistance measurements may be affected by changes of micro-
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Table 2. Resistance measurements of BCs
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BCs Rm (MQ) AR(enter (M‘Q‘) ARSurvound (MQ) ARSurrouncl - AR(enter (M‘Q‘)
HBGy 36.68 =+ 6.03 (46) 54.99 £ 5.01(12) 37.67 = 2.96 (12) —17.32 £ 2.63(12)

HBG,, 5231 £ 8.74(15) 25.95 * 4.41(15) —26.36 = 6.21(15)

HBC, 47.15 £ 6.91(10) 12.75 = 2.47 (10) —34.40 = 4.80 (10

DBC, 52.70 = 11.68 (31) —49.32 % 13.06 (8) 37.51 = 7.80(8) 86.84 = 20.65 (8)

DBC, —51.36 = 7.26 (10) 34.22 £ 5.06 (10) 85.78 = 11.64 (10)

DBGy —59.04 = 25.97 (6) 15.95 = 11.17 (6) 74.78 = 35.87 (6)

Values are the average == SD of input resistance measured in darkness (R,,), resistance change accompanied by the center response (AR¢q,), resistance change accompanied by the surround response (AR oung), and the difference

resistance change from center response to surround response (ARsyoung — ARcenter ) Of Various types of BCs.

electrode tip resistance during cell impalement. On the other
hand, the input resistance changes associated with center and
surround voltage responses could be determined with reasonable
accuracy by the voltage deflections induced by the given current
pulses, because microelectrode tip resistance does not change
during light stimulation. For HBCs, the center response was ac-
companied by a resistance increase (indicated by the downward
voltage deflections), and the surround response accompanied by
a resistance decrease (indicated by the decrease of downward
voltage deflections). For DBCs, the center response was accom-
panied by a resistance decrease (indicated by the upward voltage
deflections), and the surround response accompanied by a resis-
tance increase (indicated by the decrease of upward voltage de-
flections or downward deflections). The average membrane re-
sistance changes (AR) associated with center and surround
responses of various types of HBCs (n = 37) and DBCs (n = 24)
are listed in Table 2.

Contribution of the HC-DBC electrical synapses to DBC
surround responses

Figure 1a and our previous HC study (Zhang et al., 2006) suggest
that DBCcs are dye coupled with wide-field HCs (type B HC
somas and axon terminals). This raises the possibility that the
electrical synapses between wide-field HCs and DBCs may con-
tribute to the DBC,. surround responses. To verify this surround
pathway, we first eliminated the contribution of the HC-cone—
DBC feedback pathway to DBC. surround responses by bath
applying L-AP4, which blocks the feedback surround signal by
saturating the cone-DBC synapses. This is a crucial step for dem-
onstrating HC-DBC, electrical synapse contribution to the
DBC¢. surround response because electrical synapse blockers
have been shown to affect the HC-cone feedback synapses (Ka-
mermans et al., 2001; Verweij et al., 2003). Figure 34, middle
trace, shows that the depolarizing center responses were abol-
ished but the hyperpolarizing surround responses maintained
(with slightly reduced amplitude) in the presence of 20 um
L-AP4. We then added 100 M meclofenamic acid (MFA), a gap
junction blocker (Pan et al., 2007), and found that it reversibly
reduced the residual surround responses (Fig. 3b). We observed
such MFA actions in 6 DBCs and all 6 cells were DBCs (based on
their AS values and axon morphology) (Fig. 1a,b). Hence it is
likely that MFA suppresses DBC. surround responses by block-
ing the electrical synapses between the wide-field HCs and DB-
Ccs, as shown in Figure 1a and our previous HC study (Zhang et
al., 2006). It is important to show that 100 um MFA did not affect
the wide-field HC responses to spot and annulus light stimuli
(Fig. 3¢,d), and the receptive field size (Fig. 3e), and thus the MFA
induced DBC, surround response suppression is caused by
blockade of the HC-DBC. gap junctions rather than by reducing
HC responses to light annuli.

Surround responses of various types of BCs are mediated by
different combinations of lateral synaptic pathways

The membrane resistance measurements in this study have several
implications in BC surround responses. First, surround light re-
sponses of all HBCs are accompanied by a resistance decrease, and
surround responses of all DBCs are accompanied by a resistance
increase. This supports the idea that surround responses of all BCs
are at least partially mediated by the HC-cone-HBC feedback cir-
cuitry (Baylor et al., 1971; Wu, 1992). Light annuli hyperpolarize
HC:s that depolarize cones in the BC receptive field center and in-
crease glutamate release from these cones, which results in a depo-
larizing surround response accompanied by a resistance decrease in
HBCs, and a hyperpolarizing surround response accompanied by a
resistance increase in DBCs. Our observation that the surround re-
sponses are stronger for HBCs and DBCs with more cone inputs
(Fig. 2b) supports the idea that the HC-cone-BC feedback pathway
plays an important role in mediating the surround responses of all
six types of BCs, and the contribution of this pathway (pathway I) to
HBCs and DBCs is illustrated in Figure 4.

The second implication is that in addition to the HC-cone-
DBC feedback pathway, DBC surround responses may be medi-
ated by the HC-DBC feedforward chemical synapses (Fig. 4,
pathway II) and/or OFF amacrine cell (ACqpr)-DBC feedback
synapses (Fig. 4, pathway IV) (Ichinose and Lukasiewicz, 2005;
Pang et al., 2007). Light annuli hyperpolarize HCs and ACqgs
and decrease inhibitory neurotransmitter release from these cells
to DBCs. Because chloride equilibrium potentials (E;) in DBCs
have been found to be more positive than the dark membrane
potential (Miller and Dacheux, 1983; Vardi et al., 2000), the
annulus-induced decrease of inhibitory neurotransmitter results
in closure of chloride channels (resistance increase) and hyper-
polarizing surround responses in DBCs.

The third implication is that in addition to the HC-cone-HBC
feedback pathway, the ON amacrine cell (ACy)-HBC feedback
synapses (Fig. 4, pathway V) may contribute to HBC surround re-
sponses. Light annuli depolarize ACs and increase inhibitory neu-
rotransmitter release from these cells to HBC axon terminals. Be-
cause chloride in HBCs has been shown to be passively distributed
(Miller and Dacheux, 1983) and center light spots hyperpolarize the
HBC from its dark potential (and E), the annulus-induced inhib-
itory neurotransmitter release from ACys opens chloride channels
(resistance decrease) in HBCs and result in a depolarizing surround
response. On the other hand, HC—HBC feedforward chemical syn-
apses should have minor (if any) contribution to HBC surround
responses, because all HCs in the salamander retina hyperpolarize to
light (Yang and Wu, 1989), and thus light annuli suppress HC neu-
rotransmitter release, resulting in a resistance increase in HBCs.

In addition to pathways L, II, and V, results described by Fig-
ure 3 support the idea that HC-DBC electrical synapses contrib-
ute to DBC. surround responses (Fig. 4, pathway III): light an-
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nuli hyperpolarize the HCs, drawing
current from DBCgs via the gap junction
channels (without resulting in resistance
changes) and hyperpolarize the DBCgs.
This is consistent with the dye coupling
data shown in Figure 1a and in our previ-
ous HC study [DBC¢s are dye coupled
with wide-field HCs (type BHC somas and
axon terminals)] (Zhang et al., 2006).

Discussion

BC receptive center size varies with
relative rod/cone inputs and degree of
BC-BC coupling

Results described in this article suggest
that the center and surround responses of
various types of BCs in the tiger
salamander retina are mediated by hetero-
geneous synaptic circuitry. The BC recep-
tive field center diameters (RFCD) vary
with the relative rod/cone input (AS):
RFCD islarger in DBCs with stronger cone
input, and it is larger in HBCs with stron-
ger rod input (Table 1). RECD also corre-
lates with the degree of dye coupling: BCs
with larger RFCD are more strongly dye
coupled with neighboring cells of the same
type, suggesting that BC-BC coupling sig-
nificantly contributes to the BC receptive
field center.

Membrane resistance measurements
show that the center voltage responses of
all HBCs are associated with a resistance
increase and those of all DBCs are accom-
panied with a resistance decrease (Table
2). This is consistent with the notion that
glutamate released from rods and cones in
darkness opens AMPA receptor-mediated
cation channels in HBCs and closes
mGluR6 receptor-mediated cation chan-
nels in DBCs (Slaughter and Miller, 1981;
Maple et al., 1999). Center light stimuli
hyperpolarize rods and cones, suppress
glutamate release, and result in a resis-
tance increase (close ion channels) in
HBCs and a resistance decrease (open
ion channels) in DBCs. There is no sig-
nificant difference in resistance changes
among BCs with different rod/cone in-
puts, indicating that rod and cone out-
put synapses cause similar postsynaptic
conductance changes in BCs.

Heterogeneous BC surround synaptic
pathways and ON/OFF crossover

lateral inhibition

In Figure 4, we illustrate the possible and
unlikely synaptic pathways underlying
surround inputs of various types of BCs.
Our results suggest that the HC-
cone—BC feedback synapses contribute
to the surround responses of all 6 type of
BCs. The negative HC-cone feedback
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Figure3. a,Effectsof 50 umL-AP4 on center (500 wm light spot) and surround (annulus, 700 wum inner diameter and 2000 um outer
diameter) responses of a DBC... L-AP4selectively abolished the center response and slightly reduced the surround response. b, The residual
surround response was blocked by 100 um MFA, suggesting that the surround response is mediated by the HC-DBC electrical synapse. c—e,
A150 pm MFA did not affect HCs center and surround responses (¢, d) and receptive field size ().
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Figure4. Center-surround antagonistic receptive field organization of bipolar cells. A, Schematic diagrams of center (green) and surround (red) synaptic pathways of HBCs (left) and DB (right).
R, rod; C, cone; HGg, B-type HCsomas; HCg,r, B-type HCaxon terminals; arrows, chemical synapses; zig-zags, electrical synapses; |-V, five surround synaptic pathways list in B. B, Variations in synaptic
pathways mediating center (green) and surround (red) responses of the HBCgs, HBCy,s, HBCcs, DBCcs, DBC,,s, and DBCgs. + -+ +, strong; + =+, intermediate; +, moderate; yes, possible; no,
unlikely. For the possible pathways, response polarities (hyp, hyperpolarization; dep, depolarization) in each neuron and the synaptic sign [(+), sign-preserving; or (—), sign-inverting] in each
synapse in the pathways are indicated [e.g., in the HBC; HC — cone — BC pathway: (hyperpolarization in HC) via a sign-inverting synapse — (depolarization in cone) via a sign-preserving synapse
—> (depolarization in BC)].

synapses (pathway I) partially “turn off” the center responses
by depolarizing the cones (Baylor et al., 1971; Skrzypek and
Werblin, 1983), because the membrane resistance changes as-
sociated with surround responses of all BCs are opposite to the
resistance changes associated with center responses (Fig. le,
Table 2).

Although all BCs sharing a common surround response path-
way (the HC-cone-BC feedback pathway), various types of BCs
use different HC and AC inputs to mediate their surround re-
sponses. It is unlikely, for example, that HBC surround responses
are directly mediated by chemical synaptic inputs from hyperpo-
larizing lateral neurons such as HCs and ACqpgs because of resis-
tance change mismatch, and thus HBCs may only receive sur-
round inputs from HC-cone-HBC and AC,-HBC synapses. On
the other hand, resistance analysis suggests that DBC surround

responses can be mediated by HC-cone-DBC, HC-DBC, and
ACqpp-DBC chemical synapses, but not the AC,-DBC syn-
apses. Moreover, dye coupling and MFA results indicate that
DBCgs receive additional surround inputs from wide-type
HCs through electrical synapses. Despite the heterogeneity, it
is interesting to point out that a ON/OFF crossover inhibition
rule applies here: cells with OFF (hyperpolarizing) responses
(HCs and ACpps) mediate surround inhibitory inputs to ON
cells (DBCs); and cells with ON (depolarizing) responses
(ACpys) mediate surround inhibitory inputs to OFF cells
(HBCs). ON/OFF crossover inhibition from amacrine cells to
ganglion cells have been reported in the salamander and mam-
malian retinas (Pang et al., 2007; Hsueh et al., 2008), and our
data here suggest that it may be a general rule for lateral inhi-
bition in the visual system.
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Heterogeneous receptive field organizations in the

visual system

Synaptic pathways mediating center and surround responses of
various types of BCs are summarized in Figure 4. Synaptic inputs
mediating center responses are analyzed based on our measure-
ments of AS values, degree of dye coupling and receptive field
center diameters. DBCs and HBCs with different rod/cone inputs
have different receptive field center diameters that closely corre-
late with the degree of homologous dye coupling (coupling with
cells of the same type). This suggests that the center response of a
given BC is not only mediated by direct photoreceptor inputs, but
also by signal spreading from adjacent BCs. It also explains why
the receptive field center diameters of BCs are generally larger
than their dendritic field diameters (Borges and Wilson, 1987;
Hare and Owen, 1990) and why different types of BCs exhibit
different receptive field center sizes despite that their dendritic
fields are of similar diameters (Wu et al., 2000).

Pathways for surround responses are derived from results on
resistance changes associated with the surround responses and
chloride equilibrium potential measurements from previous
studies (Miller and Dacheux, 1983; Vardi et al., 2000), as well as
patterns of dye coupling with HCs and actions of MFA on DBC
surround responses. Although the resistance measurements and
chloride equilibrium potentials provide qualitative supports for
possible surround pathways for each type of BCs (Fig. 4), they
cannot render a quantitative description on how much each sur-
round pathway contribute to the surround responses of these
BCs. Moreover, our analysis is unable to label the synapses me-
diating the surround responses of each type of BCs with exact
neurotransmitter or presynaptic neuronal signatures. This is be-
cause we do not have synapse-specific pharmacological tools. For
example, GABA may be involved in three of the possible path-
ways mediating BC surround responses (HC-cone feedback,
HC-BC feedforward chemical, and AC-BC feedback synapses)
(Wu, 1986; Wu, 1991; Lukasiewicz et al., 1994), and thus one
cannot conclude which of the three synapses are involved in a
given BC by blocking surround responses with GABA receptor
antagonists. Nevertheless, our analysis in this article narrows
down the likely (and unlikely) synaptic pathways responsible for
surround responses of various types of BCs, as illustrated in Fig-
ure 4.

Previous anatomical and physiological studies have suggested
that many of the aforementioned synaptic pathways (except for
the HC-DBC. electrical synapses) subserve center and surround
inputs to BCs (Werblin and Dowling, 1969; Naka, 1972;
Lukasiewicz et al., 1994; Ichinose and Lukasiewicz, 2005), and the
underlying assumption has always been that these pathways are
equally applicable to all BCs (Dowling, 1987; Wu, 1994). Results
described here fundamentally challenge this assumption by
showing that many of these pathways subserve receptive fields of
certain types of BCs but not others. The concept of heterogeneous
receptive field circuitry is not only applicable to salamander BCs,
but also to BCs in other species and higher-order visual neurons.
It has been shown, for example, that rod bipolar cells in the rabbit
retina do not exhibit surround responses whereas cone BCs do
(Bloomfield and Xin, 2000). Moreover, a recent study in the
mammalian retina showed that ON ACs predominantly inhibit
HBCs and GCqpps, and OFF ACs mainly inhibit DBCs and
GCpys (similar to pathways IV and V in this study) (Hsueh et al.,
2008). All these results are consistent with the concept of hetero-
geneous surround synaptic circuitry set forth by the present
study.

A major advantage of heterogeneous receptive field circuitry is
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that the center and surround responses of different types of BCs
can be differentially modulated. For example, under the influ-
ence of gap junction regulators (e.g., dopamine, which is released
from some amacrine cells in flicker light) (Weiler et al., 1997),
receptive fields of HBCys may be decreased where those of the
DBCpgs will remain the same, because of the differences in the
RFCD and dye coupling between these two types of BCs (Figs. 1,
2). Consequently, spatial tuning of the rod-OFF channel could be
sharpened in flicker lights where that of the rod-ON channel is
not. Moreover, because steady background light tonically hyper-
polarizes HCs, but not the transient Acs (Yang and Wu, 1989;
Pangetal., 2007), constant background illumination may reduce
the DBC surround responses more than the HBC surround re-
sponses. This is because HC-DBC chemical synapses mediates
DBC surround responses (and HC-DBC, electrical synapses
contribute to the DBC surround responses), and HC-HBC
chemical synapses do not mediate HBC surround responses.
Therefore in the presence of steady adapting illumination, con-
trast sensitivity of the ON channels should be more markedly
augmented than that of the OFF channels. It is possible that such
differential modulation of receptive fields is not limited to retinal
BCs, but also applicable for other visual neurons to compute
spatial and contrast information under different lighting and ad-
aptation conditions.
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