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The receptive field (RF) of retinal ganglion cells (RGCs) consists
of an excitatory central region, the RF center, and an inhibitory
peripheral region, the RF surround. It is still unknown in detail
which inhibitory interneurons (horizontal or amacrine cells) and
which inhibitory circuits (presynaptic or postsynaptic) generate
the RF surround.

To study surround inhibition, light-evoked whole-cell currents
were recorded from RGCs of the isolated, intact rabbit retina.
The RFs were stimulated with light or dark spots of increasing
diameters and with annular light stimuli.

Direct inhibitory currents could be isolated by voltage clamp-
ing ganglion cells close to the Na1/K1 reversal potential. They
mostly represent an input from GABAergic amacrine cells that
contribute to the inhibitory surround of ganglion cells. This
direct inhibitory input and its physiological function were also

investigated by recording light-evoked action potentials of
RGCs in the current-clamp mode and by changing the intracel-
lular Cl2 concentration.

The excitatory input of the ganglion cells could be isolated by
voltage clamping ganglion cells at the Cl2 reversal potential.
Large light spots and annular light stimuli caused a strong
attenuation of the excitatory input. Both GABAA receptors and
GABAC receptors contributed to this inhibition, and picrotoxinin
was able to completely block it.

Together, these results show that the RF surround of retinal
ganglion cells is mediated by a combination of direct inhibitory
synapses and presynaptic surround inhibition.
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In the vertebrate retina, the direct pathway for light-evoked
signals involves photoreceptors synapsing onto bipolar cells,
which in turn are connected to ganglion cells. Lateral interactions
from horizontal cells and amacrine cells can modulate the light
signal in the following ways.

In the outer plexiform layer (OPL), at the photoreceptor-to-
bipolar cell synapse, horizontal cells may exert an inhibitory
action through feedback onto the photoreceptors, or by feeding
forward onto the dendrites of bipolar cells (for review, see Pic-
colino, 1995; Sterling et al., 1995).

In the inner plexiform layer (IPL), bipolar cell axons receive
many conventional synapses from amacrine cells, in which they
express different combinations of GABAA, GABAC, and glycine
receptors (Lukasiewicz and Wong, 1997; Euler and Wässle, 1998;
Koulen et al., 1998a). Ganglion cell dendrites also express mul-
tiple GABAA, GABAB, and glycine receptors but no GABAC

receptors (for review, see Feigenspan and Bormann, 1998; Wässle
et al., 1998). The multiplicity of synapses and receptors as well as
the many different types of amacrine cells (Vaney, 1990; MacNeil
and Masland, 1998) suggest multiple pathways for both the feed-
back inhibition from amacrine cells onto bipolar cell axons and
the feedforward inhibition onto ganglion cells.

Many physiological studies, mainly of nonmammalian retinas,
have demonstrated lateral or surround inhibition in both the OPL
and the IPL (for review, see Cook et al., 1997, 1998; Roska et al.,

2000; Roska and Werblin, 2001). It has been suggested that
sustained inhibition is mediated through the horizontal cell ac-
tion, whereas transient inhibition and more complex operations
such as direction selectivity are generated by amacrine cells in the
IPL (Werblin, 1991).

In the mammalian retina, lateral inhibitory interactions are well
established; however, the precise synaptic mechanisms still need
to be elaborated (Kuffler, 1953; Enroth-Cugell and Lennie, 1975;
Caldwell et al., 1978; Enroth-Cugell and Jakiela, 1980; Merwine
et al., 1995). The contribution of horizontal cells to surround
inhibition has been demonstrated by current injections into hor-
izontal cells that antagonized the center light responses of rabbit
retinal ganglion cells (Mangel and Miller, 1987; Mangel, 1991).
Recent patch-clamp recordings from bipolar cells in a rat retinal
slice preparation showed that GABAergic feedback from ama-
crine cells onto bipolar cells also contributes to surround inhibi-
tion (Protti and Llano, 1998; Hartveit, 1999; Euler and Masland,
2000). The involvement of amacrine cells in the ganglion cell
surround is further supported by two recent reports showing that
tetrodotoxin (TTX) partially blocks the surround measured in
retinal ganglion cells (Demb et al., 1999; Taylor, 1999). Light-
evoked excitation and inhibition was also observed in retinal
ganglion cells with sharp electrodes (Freed and Nelson, 1994) and
with patch-clamp electrodes (Rörig and Grantyn, 1993; Protti et
al., 1997; Cohen, 1998). However, the spatial profile of the exci-
tatory and inhibitory synaptic input that generates the receptive
field was not measured in these studies.

In the present paper, we performed whole-cell recordings from
ganglion cells in the isolated, intact rabbit retina (Taylor and
Wässle, 1995; Peters and Masland, 1996). We measured the
responses of ganglion cells to light spots of increasing diameters
projected into the receptive field center (RFC) and thus defined
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area–response functions (Barlow et al., 1957). By applying differ-
ent holding potentials and measuring the reversal potentials of
light-evoked currents, we could dissect excitatory and inhibitory
light-driven currents. Thus, it was possible to separate direct
inhibitory effects on the ganglion cells from those occurring
presynaptically. We applied specific antagonists to GABAA,
GABAC, and glycine receptors to find out what type of receptors
are essential for lateral inhibition.

MATERIALS AND METHODS
Pigmented rabbits of ;2–2.5 kg were dark adapted for .3 hr before the
experiments, and all subsequent procedures were performed using infra-
red illumination (900 nm) to minimize bleaching. The animals were
anesthetized by an intramuscular injection of Ketanest and Rompun and
subsequently killed by an intravenous injection of Nembutal (sodium
pentobarbital). Immediately afterward, one eye was removed, in accor-
dance with guidelines for animal experiments issued by the Federal
Republic of Germany (Tierschutzgesetz).

The retina was dissected free from the sclera and the pigment epithe-
lium in a Petri dish perfused with Ames medium (Sigma-Aldrich,
Taufkirchen, Germany). A piece was cut out from the central retina,
placed photoreceptor side down into the recording chamber, and main-
tained at 35°C in continuously perfused oxygenated Ames medium.
Robust light responses could be recorded for up to 8 hr after isolation.

The recording chamber was placed on the fixed stage of an upright
microscope (ACM; Zeiss, Oberkochen, Germany), and a water immer-
sion objective was used (40/0.75 W) to observe the electrode and the
ganglion cells. The microscope was equipped with infrared (900 nm)
differential interference contrast optics.

Patch-clamp recordings were performed from cells in the ganglion cell
layer that had been exposed previously by microdissection of the over-
lying inner limiting membrane and Müller cell end feet. Details of the
patch-clamp recordings have been described by Taylor and Wässle
(1995). Briefly, the electrodes had resistances between 5 and 10 MV and
were filled with a Cs-gluconate solution having the following composi-
tion (in mM): 100 Cs-Glu, 0.5 MgCl2, 10 Na-HEPES, 5 EGTA, 0.5
CaCl2, 5 TBA-Cl, 3 Mg-ATP, and 0.5 Na-GTP. To block voltage-gated
Na 1 currents, the intracellular Na 1 channel blocker QX-314 (5 mM) was
included in the internal solution. In the experiment illustrated in Figure
6 A, the electrode was filled with a K-gluconate solution (in mM: 130
KGlu, 4 KCl, 2 NaCl, 1 CaCl2, 10 Na-HEPES, 10 EGTA, 4 Mg-ATP,
and 0.3 NaGTP) and in the experiment illustrated in Figure 6 B with a
K-chloride solution (in mM: 137 KCl, 4 NaCl, 1 CaCl2, 10 Na-HEPES,
10 EGTA, 4 Mg-ATP, and 0.3 NaGTP). Neurobiotin (Linaris GmbH,
Bettingen, Germany) was also added to the internal solution at final
concentrations ranging from 0.1 to 0.5%. Conventional histological pro-
cedures were performed after the recordings to reveal the morphology of
the recorded cells (Vaney, 1992). The cells were drawn directly from the
microscope with the aid of a Zeiss drawing apparatus at a final magni-
fication of 10003 (using a 1003 oil immersion objective). The level of
stratification of their dendrites was measured using Nomarski optics by
reading the z-axis of the microscope. The distance from the cell body
(largest cross-section) to the dendritic plexus was thus measured. Patch-
clamp recordings were made using an EPC-9 patch-clamp amplifier
(Heka Electronik, Landau, Germany). Signals were digitized at a fre-
quency at least twice the filter cutoff frequency. Signals were filtered
using the built-in eight-pole Bessel filter in the EPC-9 amplifier. Filter
cutoff frequencies are quoted as the 23 dB attenuation frequency. Unless
otherwise noted, filter cutoff frequencies were 2.5 kHz. Voltages are
given after correction for liquids junction potentials (approximately 215
mV) (Neher, 1992). Series resistances ranged from 15 to 40 MV and were
left uncompensated in most of the recordings. Drugs were added to the
Ames medium and bath applied. Ames medium, strychnine, bicuculline,
picrotoxinin, and TTX were all purchased from Sigma-Aldrich.

Visual stimuli were generated on a color Macintosh computer monitor
(maximum luminance of ;70 cd/m 2; Apple Computers, Cupertino,
CA), and they were imaged through the microscope condenser onto the
photoreceptors. The point spread function (width at half-height) includ-
ing the optical system and the retina was 50 mm (Taylor and Wässle,
1995). All stimuli were achromatic, and the stimulus intensity was varied
by neutral density filters. The maximum retinal illuminance (correspond-
ing to 70 cd/m 2 at the monitor) was 0.7 cd/m 2. This was ;6 log units
above the absolute threshold of the dark-adapted in vitro retina and

represents mesopic light conditions. At the start, the center of the light
stimulus was aligned with the soma of the cell. After mapping the
receptive field center with a small spot, the light stimuli were centered at
the peak of sensitivity.

The cells were sampled from the visual streak area and were classified
according to their light responses into ON, ON–OFF, and Off center
ganglion cells. ON center cells were stimulated with light spots, and Off
center cells were stimulated with dark spots.

RESULTS
A total of 105 ganglion cells were studied. Three criteria were
applied to verify that the recordings were from ganglion cells and
not from displaced amacrine cells (Taylor and Wässle, 1995;
Peters and Masland, 1996): (1) the size and shape of the cell body,
(2) the presence of a large voltage-dependent Na1 current, and
(3) the recovery of the dendritic tree after injection of Neurobi-
otin, which was possible in approximately half of the cells. Na1

currents could be recorded only immediately after breaking into
the cells, before they were blocked by QX-314. The dendritic
architecture of ganglion cells imposes a lack of voltage control
throughout the cell (Velte and Miller, 1996). To minimize that
error, all recorded cells were located close to the visual streak, in
which dendritic fields are generally smaller than 300 mm. Cells
were first classified by small spot mapping into ON center (n 5
50), Off center (n 5 32), and ON–Off center (n 5 23) ganglion
cells (Amthor et al., 1989a,b). Their RFCs were defined, and
area–response functions were measured (Taylor and Wässle,
1995).

After the experiments, the dendritic morphology of the re-
corded cells was studied in retinal whole mounts. The retinas
were not dehydrated; hence, it was possible to reliably define the
level of stratification of their dendrites within the IPL. The
dendritic trees of four of the nine ganglion cells, from which
physiological recordings are presented below, are shown in Figure
1. The ganglion cell in Figure 1A was recorded in the center of
the visual streak as an ON center cell. It has the typical morphol-
ogy of an a ganglion cell (Peichl et al., 1987; Amthor et al., 1989a)
and stratifies in the inner IPL (depth of dendritic stratification, 8
mm). The ganglion cell in Figure 1B has a d-like morphology (Pu
et al., 1990, their Fig. 2E). It was recorded as an Off center cell
800 mm ventral from the center of the streak and stratifies in the
outer IPL (depth of dendritic stratification, 17 mm). The ganglion
cell in Figure 1C has the typical morphology of bistratified
ON–OFF direction-selective (DS) ganglion cells (Amthor et al.,
1989b; Vaney, 1994). It was recorded as an ON–OFF ganglion
cell at ;200 mm ventral from the center of the streak, and its
dendritic tree is bistratified (depth of dendritic stratification, 8
and 17 mm). The ganglion cell in Figure 1D was recorded as an
ON center ganglion cell at a distance of 1.2 mm ventral from the
center of the visual streak and stratifies in the inner IPL (depth of
dendritic stratification, 9 mm). Cells of comparable appearance
have been recorded as sluggish concentric cells by Amthor et al.
(1989a, their Fig. 12).

Area–response functions of ganglion cells
There are many types of ganglion cells with distinct morphology,
light response waveform, sensitivity, and synaptic inputs in the
rabbit retina. It is difficult during patch-clamp recordings from the
ganglion cells of the in vitro retina to completely characterize all
spatial, temporal, and pharmacological parameters of the cells
and record from a sufficiently large sample of all of the cell types.
To standardize the response profiles of the cells as much as
possible, we applied a rather “simple” stimulus, that is light spots
of increasing diameters, and thus measured area–response func-
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tions. In most instances, we measured the total response (charge)
elicited by such light stimuli and did not analyze the temporal
differences in response kinetics between excitation and inhibition.
Such an integration of the light responses almost certainly ob-
scures important details of the inhibitory interactions; however,
because surround effects were qualitatively similar among the
different ganglion cell classes of the rabbit (Merwine et al., 1995),
we feel justified to pool the data from different cell classes.

Figure 2A shows the light-evoked currents of an ON center
ganglion cell that was voltage clamped at VH of 275 mV. The
morphology of the cell is shown in Figure 1D and is comparable
with the sluggish concentric cells described by Amthor et al.
(1989a). Light spots of increasing diameter were projected every
2 sec for a duration of 0.4 sec into the RFC of this cell. Stimula-
tion with small spots elicited transient inward currents at light
ON. When stimulated with large spots, an additional inward
current at light OFF appeared. At the chosen holding potential,
the currents represent a mixture of cationic (Na1/K1) and an-
ionic (Cl2) currents. The currents are small for small light spots,
they peak for spot diameters of ;200 mm, and are small again for
large spots. Recordings from a representative OFF ganglion cell
are shown in Figure 2B. The cell was stimulated with dark spots
and gave more sustained light responses when the dark spot was
switched ON.

The light-evoked currents were quantified, and area–response
functions were plotted for the peak currents, for the sustained
component of the current, and for the total charge flowing into
the cell (Fig. 2C,D). The normalized area–response functions for
all three measurements are similar: they increase sharply for spot
sizes up to 200 mm in diameter, at which they exhibit a sharp peak
and decrease continuously for larger spot sizes. The decrease in
current amplitude for larger spots is the sign of lateral inhibition.
Were there no inhibitory influences, the responses would follow
Ricco’s law and would not decrease for larger spot sizes (Hurvich
and Jameson, 1966). There is an indication in Figure 2C that the
transient peak is less susceptible to the increasing inhibition than
the sustained component of the light response: apparently inhi-

bition lags behind the excitation. This experiment clearly demon-
strates that there is lateral inhibition reducing the response of the
ganglion cells to large spots, but it does not define where this
inhibition occurs: in the network before the ganglion cell (for
instance in the OPL) or through direct inhibitory synapses onto
the ganglion cell.

Reversal potentials of light-driven responses
We analyzed the excitatory and inhibitory components of the
area–response functions by measuring the reversal potentials of
the light-driven responses for different spot sizes. Figure 3A
shows the light responses of a ganglion cell for spots of increasing
diameters (50, 200, and 1000 mm) and for annular stimulation
(200 mm inner diameter and 1000 mm outer diameter). At a VH of
275 mV and for a spot size of 50 mm diameter, the cell responded
with an inward current at both light ON and at light OFF (Fig. 3A,
lef t column). This characteristic response to presentations of a
small light spot is clearly different from ON (Fig. 2A) and OFF
(Fig. 2B) ganglion cells and is the signature of ON–OFF ganglion
cells. The morphology of the cell is shown in Figure 1C and
clearly resembles a bistratified ON–OFF direction-selective gan-
glion cell (Amthor et al., 1989b; Vaney, 1994). Unfortunately, we
did not test the cell with moving light stimuli; hence, its preferred
direction is unknown. By changing the holding potential of this
ON–OFF cell, we were able to plot current–voltage curves (Fig.
3B, peak currents; Fig. 3C, sustained currents) and to measure the
reversal potentials of the light-evoked currents. When the cell was
stimulated with a small spot, the peak of the ON response
reversed near 0 mV. When the spot size was increased to 200 and
1000 mm, however, the reversal potential shifted to more negative
values (Fig. 3B). Annular stimuli produced even more negative
reversal potentials. The sustained ON response (Fig. 3C) showed
a similar shift in reversal potential with spot size. Note, however,
that the reversal potential was already negative for the 50 mm
spot. We interpret this negative-going shift in reversal potential
with increasing spot size as a shift of the balance between inhib-
itory and excitatory currents. In the case of the 50 mm spot,

Figure 1. Drawings of four ganglion cells from
whole-mounted rabbit retinas, viewed from the
ganglion cell side. The cells were filled with
Neurobiotin during patch-clamp recordings.
The axons are indicated by the arrows, and the
horizontal axis is parallel to the visual streak.
A, a ganglion cell from the center of the streak.
Recordings from this cell are shown in Figure
6. B, d-Like ganglion cell from an eccentricity
(distance from the center of the streak) of 800
mm. Recordings from this cell are shown in
Figure 8. C, Bistratified ON–OFF direction-
selective ganglion cell. The solid dendrites
stratify in the inner IPL, and the dotted den-
drites branch 9 mm farther, toward the outer
IPL. The cell was from an eccentricity of 200
mm. D, Sluggish concentric ganglion cell from
an eccentricity of 1.2 mm. Recordings from this
cell are shown in Figures 2 A and 5. Scale bar,
100 mm.
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nonselective cationic (excitatory) currents with a reversal poten-
tial close to 0 mV preferentially contributed to the ON response.
With increasing spot diameter, Cl2 currents (inhibitory) repre-
sent a greater part of the ON response. At the chosen Cl2

concentration inside the recording pipette and therefore inside
the ganglion cell, the Cl2 reversal potential according to the
Nernst equation would be between 245 and 255 mV. The in-
creasing proportion of the Cl2 conductance ought to shift the
reversal potential of light-evoked currents to more hyperpolar-
ized potentials. This experiment suggests that direct inhibitory
inputs gating Cl2 conductances contribute one part of the reduc-
tion of the response of the ganglion cell to large spots. The
reduction of the bipolar cell light responses attributable to lateral
inhibition from horizontal and amacrine cells (indirect inhibi-
tion) contributes the other part.

One might argue that this shift in balance from excitation to
inhibition is not the result of lateral inhibition but is caused by a
saturation of the ganglion cell light response attributable to the
large spot size. We therefore measured whether the amplitudes
and reversal potentials of the light responses are spot size depen-
dent or intensity dependent (Fig. 4). As can be seen in Figure 4A,
the light responses for both the small and the large stimuli
increased monotonically when the light intensity was raised by 3
log units. Hence, by choosing a light intensity for the area–
response measurements in the middle of the intensity range, we
made sure that we did not apply any saturating light spots.

Moreover, the responses for the large light spot were smaller than
those for small spot at all intensities tested (Fig. 4A), indicating
that lateral inhibition is primarily independent of the actual light
intensity (Merwine et al., 1995). We also measured the reversal
potentials of the light responses at different intensities (Fig. 4B).
The reversal potential for the small spot (100 mm) was close to 25
mV and did not shift when the light intensity was increased. The
reversal potential for the large spot (1200 mm) was close to 245
mV and also did not shift when the light intensity was increased.
Such measurements were performed on a total of seven ganglion
cells and show that the reversal potentials are not intensity de-
pendent but are spot size dependent. The spot size causes the
shift in balance between excitation and inhibition.

This is further corroborated in Figure 5 for an ON ganglion
cell (same cell as Fig. 2A) that was stimulated with a light spot of
200 mm diameter. The cell was voltage clamped at VH values of 0
mV (the reversal potential of the cationic currents), 255 mV (the
reversal potential of the Cl2 currents), and 275 mV. A light-
driven Cl2 outward current can be detected in Figure 5 at VH of
0 mV. At the Cl2 reversal potential (Fig. 5, VH of 255 mV), only
excitatory currents should show up, and the response is domi-
nated by an inward current at light ON. At the holding potential
of 275 mV, both the Cl2 and the cationic currents should sum up
to the inward current measured.

Comparable with Figure 2, we measured area–response func-
tions at the VH of 255 mV, isolating the Na1/K1 conductance,

Figure 2. Light-induced currents of retinal ganglion cells voltage clamped at VH of 275 mV. A, This ON ganglion cell (GC) was stimulated with different
sized light spots of 400 msec duration (top trace). Their diameters (in micrometers) are indicated on the five current traces. B, This OFF ganglion cell
(GC) was stimulated with dark spots of different sizes (diameters as in A). C, Area–response function of the ON ganglion cell shown in A. The abscissa
shows the diameters of the light spots, and the ordinate shows the normalized responses of the cell. The peak amplitudes of the currents, their sustained
components, and the charge transfer (integral of the current over the time axis) were measured. D, Area–response function of the OFF ganglion cell
shown in B.
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and VH of 0 mV, isolating the Cl2 conductance (Fig. 5B). The
area–response function at VH of 255 mV represents the direct
excitatory input of the ganglion cell. It shows a sharp peak at a
spot diameter of 200 mm and is strongly reduced for larger spot
diameters. This suggests that neurons providing the excitatory
drive of the ganglion cell, such as bipolar cells, are themselves
under the influence of a substantial lateral inhibition, possibly
from horizontal cells in the OPL and/or amacrine cells in the
IPL. The area–response function measured at VH of 0 mV rep-
resents the spatial profile of the direct inhibitory influence onto
the ganglion cell. Up to a spot diameter of 400 mm it shows a
continuous increase, and for larger spot sizes only a moderate
decrease can be observed. This suggests that the direct inhibitory
input is caused by cells that have larger dendritic fields than the
ganglion cell and that receive less surround inhibition.

In 87 of the recorded 105 ganglion cells, we were able to
biophysically characterize the membrane currents as described
above (ON cells, 42; OFF cells, 26; and ON–OFF cells, 19).
Light-evoked Cl2 currents were observed in 76 cells, and in 55 of
65 cells tested, we observed an increase of the Cl2 currents when
the diameter of the light spot was enlarged beyond the receptive

field center. In 11 cells, we could record no light-evoked Cl2

current whatsoever.
The results presented in this paragraph depend critically on the

quality of the space clamp of the recorded ganglion cells (Velte
and Miller, 1996), and it is possible that the separation of Cl2

currents and Na1/K1 currents is not as perfect as the holding
potentials would predict. It is also possible that we actually
underestimate the inhibitory currents measured for the large
spots in Figure 3B. Such large spots open many glutamate-gated
channels along the ganglion cell dendrites; at VH of 0 mV, we do
not see their currents, but they make the membrane leaky and
Cl2 currents are reduced. Similarly, large spots also activate
inhibitory conductances along the ganglion cell dendrites; at VH

of 255 mV we do not see their currents, but they make the
membrane leaky and excitatory currents are reduced.

Light-driven responses and the internal Cl2

concentration of ganglion cells
To further corroborate the contribution of a direct, Cl2-
mediated inhibition in the ganglion cell surround responses, we
also recorded light-evoked action potentials from ganglion cells

Figure 3. Reversal potentials of the
light-induced currents of an ON–OFF
ganglion cell. A, The cell was voltage
clamped at different holding potentials
(VHOLD; shown on the lef t), and the
light-induced currents are shown. Light
spots of 50, 200, and 1000 mm diameter
and an annulus (inner diameter 200 mm,
outer diameter 1000 mm) were projected
into the receptive field (top trace). Cal-
ibration: 400 msec, 100 pA. Peak cur-
rents were measured as the average cur-
rent between the two solid lines, and
sustained currents were measured as the
average current between the two dotted
lines. B, Current–voltage curves of the
peak currents measured in A for the
different light stimuli. C, Current–volt-
age curves of the sustained currents
measured in A for the different light
stimuli.

4856 J. Neurosci., July 1, 2001, 21(13):4852–4863 Flores-Herr et al. • Ganglion Cell Surround Inhibition



(n 5 3) in the current-clamp mode. In a first set of recordings, we
used a patch pipette with low internal Cl2 solution (see Materials
and Methods). The recordings were performed in the current-
clamp configuration at the resting potential (Fig. 6A). The mor-
phology of the cell was recovered (Fig. 1A), and it was an a
ganglion cell from the center of the visual streak. The cell
responded with a transient burst of spikes at light ON. When
stimulated with an annulus, the cell gave a small response at light
OFF. During stimulation with a large light spot, a few spikes were
recorded at light ON. Hence, lateral inhibition greatly reduces the
ON response for large spots. Subsequently, the electrode was
pulled off of the cell body and another patch electrode, filled with
high internal Cl2 solution (ECl > 0 mV), was used to record from
the same cell once more. When we repatched the cell, we could
observe a gradual increase of the maintained discharge rate (Fig.
6B) while the cell was dialyzed with the high Cl2 concentration.
This gradual increase convinced us that it was not injury that
depolarized the cell. The light response with high internal Cl2

solution for the small spot was more vigorous (Fig. 6B), and
stimulation with the annulus elicited a response at both light OFF
and, in contrast to Figure 6A, also light ON. Finally, and most
importantly, the light response for the large spot was greatly

increased over low internal Cl2 solution and nearly matched the
response for the small spot with high internal Cl2 solution. The
most parsimonious explanation for this increase of the discharge
rate and the removal of surround inhibition is that it is caused by
the high Cl2 concentration in the pipette and inside the recorded
ganglion cell. Because the resting potential of the cell is more
negative than the Cl2 reversal potential, openings of GABA- and
glycine-gated Cl2 channels cause an efflux of Cl2 and thus a
depolarization of the ganglion cell instead of the inhibition mea-
sured in Figure 6A.

Pharmacological characterization of the
direct inhibition
Ganglion cell dendrites express different types of GABAA and
glycine receptors in synaptic hot spots (Koulen et al., 1996).
GABAC receptors were not found on ganglion cell dendrites
(Feigenspan et al., 1993; Enz et al., 1996). We therefore applied
the specific antagonists bicuculline and strychnine to block the
inhibitory influences. However, because presynaptic neurons also
express GABA and glycine receptors, we had to study the light-
evoked currents of ganglion cells at the reversal potential of their
excitatory inputs, close to VH of 0 mV. Such a recording is shown

Figure 4. A, Increase of the light re-
sponse of an ON center ganglion cell
with increasing light intensity. The cell
was voltage clamped at VH of 275 mV.
The ordinate shows the charge transfer
into the cell in picocoulombs (integral
of the current over the 400 msec of the
light stimulus), and the two curves show
the intensity–response functions for
two spot sizes. The abscissa shows the
light intensity in relative units. The in-
tensity 1000 represents 0.7 cd/m 2 at the
monitor. B, Reversal potentials of the
light-induced currents of this ganglion
cell for light spots of 100 mm (open
symbols) and 1200 mm ( filled symbols)
diameter. The curves were measured at
three different intensities, and the sus-
tained currents are shown. The reversal
potentials are independent of the light
intensities.

Figure 5. A, Light-induced currents of
an ON ganglion cell (same cell as Fig.
1A) that was voltage clamped at three
different holding potentials. The hold-
ing potential VH of 0 mV represents the
Na 1/K 1 reversal potential, and VH of
255 mV is the Cl 2 reversal potential.
B, Area–response functions of the light-
induced currents in A, measured at VH
of 255 mV (excitatory current) and VH
of 0 mV (inhibitory current).
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in Figure 7A. An annular light stimulus was chosen to maximize
lateral inhibition, which occurs at both light ON and light OFF
(Fig. 7A). Application of bicuculline and strychnine to the bathing
medium strongly reduced these outward currents, suggesting that
they represent GABAergic and/or glycinergic inhibition. We also
studied the action of bicuculline and strychnine independently.
Strychnine was applied to a total of 14 ganglion cells and reduced
light-evoked Cl2 currents in three of them (ON, 2; OFF, 1; and
ON–OFF, 0). Bicuculline was applied to 17 ganglion cells, and
the light-evoked chloride currents could be blocked in 14 cells
(ON, 10; OFF, 4; and ON–OFF, 2). We also applied the GABA
blocker picrotoxinin during stimulation with an annulus and
clamping the ganglion cell at VH of 0 mV (Fig. 7B). Picrotoxinin
at the chosen concentration of 100 mM is a potent blocker of
GABA receptors without substantially blocking glycine receptors
(Handford et al., 1996; Schofield et al., 1996). As can be seen in
Figure 7B, application of picrotoxinin completely blocked the
currents evoked by the stimulation with an annulus. This blocking
effect was observed in 12 of 12 cells tested (ON, 6; OFF, 3; and
ON–OFF, 3). These results suggest that lateral inhibition at the
level of the ganglion cell is preferentially mediated through
GABAergic amacrine cells.

In conclusion, by voltage clamping ganglion cells at the reversal
potential of their excitatory input and by stimulating their recep-
tive field with large annuli, we could unmask light-driven Cl2

outward currents. They could be strongly reduced in most cells by

the GABAA receptor antagonist bicuculline and were blocked in
all cells tested by picrotoxinin. They most likely represent a direct
inhibitory input from GABAergic amacrine cells onto ganglion
cells.

Pharmacological characterization of the “presynaptic”
lateral inhibition
There are several mechanisms and synaptic circuits through
which lateral inhibition can influence the light responses of the
bipolar cells, which provide the major excitatory input into gan-
glion cells. Bipolar cells have been shown to receive GABAergic
input from amacrine cells at their axon terminals in the IPL (Pan
and Lipton, 1995). Both GABAA and GABAC receptors are
involved with these synapses (Fletcher et al., 1998; Koulen et al.,
1998a). Bipolar cells also express glycine receptors at their axon
terminals (Sassoè-Pognetto et al., 1994). In the OPL, horizontal
cells can inhibit the excitatory input to bipolar cells through
feedback onto the cone pedicles and by feeding forward directly
onto the bipolar cell dendrites (Greferath et al., 1994; Vardi and
Sterling, 1994; Haverkamp et al., 2000; Vardi et al., 2000).

In preliminary experiments, we tested various combinations of
the GABAA receptor antagonist bicuculline, the GABAC recep-
tor antagonists TPMPA (Ragozzino et al., 1996) and APMPA
(Woodward et al., 1993), and the glycine receptor antagonist
strychnine. However, none of them was found to successfully
block all lateral inhibition. The GABAC receptor antagonists
appeared to be not very specific and behaved in some cases more
like GABA receptor agonist (data not shown). In contrast, we
could successfully block lateral inhibition by picrotoxinin, an
antagonist of both GABAA and GABAC receptors in the mam-

Figure 6. Light-induced action potentials of an ON ganglion cell re-
corded in the current-clamp mode. The records in A were performed with
an electrode containing a low Cl 2 concentration. The light stimuli were
a spot of 400 mm diameter (top trace), an annulus of inner diameter 400
mm and outer diameter 1200 mm (middle), and a large spot of 1200 mm
diameter. The records in B were taken from the same cell with an
electrode containing a high Cl 2 concentration. Same light stimuli as in A
were used.

Figure 7. Light-induced currents of ganglion cells that were voltage
clamped at VH of 0 mV, the Na 1/K 1 reversal potential. The cells were
stimulated with an annulus. A, Application of bicuculline and strychnine
to the bathing medium caused a substantial reduction of the outward
currents recorded from this ON–OFF ganglion cell. The time after the
drug application is shown on the traces. B, Application of picrotoxinin to
the bathing medium completely blocked the outward current of this ON
ganglion cell.

4858 J. Neurosci., July 1, 2001, 21(13):4852–4863 Flores-Herr et al. • Ganglion Cell Surround Inhibition



malian retina (except for the rat retina; Zhang et al., 1995).
Figure 8 shows recordings of the whole-cell currents of an OFF
ganglion cell that was voltage clamped at VH of 245 mV (the Cl2

reversal potential) to isolate the excitatory input of this ganglion
cell. The morphology of this cell is shown in Figure 1B. It has the
appearance of one type of rabbit ganglion cell, which projects to
the lateral geniculate nucleus (Pu and Amthor, 1990), and of cat
d ganglion cells (Wässle and Boycott, 1991). The cell showed a
transient inward current at light off (Fig. 8A), which was strongly
reduced when stimulated with large light spots. This is also
evident in the area–response functions shown in Figure 8, C and
D. The curve indicating the total charge flowing into the cell (Fig.
8C) and the normalized response (Fig. 8D) both peaked at a spot
diameter of 200 mm and decreased to 30% of the maximum for
large spots. When picrotoxinin was applied (Fig. 8B), the light
response of the cell showed a dramatic increase and became much
more sustained. Moreover, it did not decrease when the spot size
increased beyond 200 mm. This is shown more clearly by the
area–response functions (Fig. 8C,D). As can be seen from Figure
8C, the total charge flowing into the cell during picrotoxinin
application is five times larger than during the control condition.
For spot diameters larger than 200 mm, no reduction can be
observed. This is also documented by the normalized response
shown in Figure 8D. Lateral inhibition appears to be completely
abolished by the application of picrotoxinin. This was tested on 15
ganglion cells. In the control records, the light responses for large
spots were reduced to an average of 33 6 18% of the peak
response. During application of picrotoxinin, the light response
for large spots was only reduced to an average of 83 6 12% of the

peak response. In 5 of the 15 recorded cells, the response to large
spots was comparable with Figure 8D (.90% of the peak re-
sponse), suggesting a near total block of all lateral inhibition.
Because picrotoxinin at the concentration of 100 mM is not an
effective blocker of all glycinergic inhibition, it is possible that the
small amount of lateral inhibition left during the application of
picrotoxinin is contributed through glycinergic amacrine cells.

In conclusion, by voltage clamping ganglion cells at the Cl2

reversal potential, we could measure their excitatory input. This
excitatory input was under the influence of strong lateral inhibi-
tion. Application of picrotoxinin could effectively block this inhi-
bition, which suggests that it is mediated through GABA recep-
tors (both GABAA and GABAC). It has to be emphasized that
GABAergic inhibition not only influences the spatial profiles of
the receptive fields of ganglion cells but also strongly modulates
the temporal characteristics of their light responses. The phasic
light responses in Figure 8A become very sustained when picro-
toxinin is applied (Fig. 8B). Hence, GABAergic inhibition appar-
ently causes this transformation from a tonic into a phasic light
response.

Tetrodotoxin attenuates the surround inhibition
GABAergic amacrine cells are mostly wide field amacrine cells
(Vaney, 1990; MacNeil et al., 1999; Masland and Raviola, 2000),
and it has been shown that their lateral signal spread is based on
voltage-gated sodium channels (Cook and McReynolds, 1998;
Demb et al., 1999; Taylor, 1999). TTX has been shown in these
studies to block part of the lateral inhibition mediated by the
amacrine network in the IPL. However, it has not yet been shown

Figure 8. Light-induced currents of an OFF ganglion cell that was voltage clamped at the Cl 2 reversal potential (VH of 245 mV). A, Spots of increasing
diameters elicited transient inward currents that were strongly attenuated with large spots. B, Application of picrotoxinin (100 mM) caused a substantial
increase of the light-evoked currents and became more sustained, and large spots did not attenuate the currents. C, Area–response curves showing the
charge transfer (in picocoulombs) of the currents in A and B, respectively. D, Normalized area–response curves of the records in A and B, respectively.
In the control record, the large spot attenuation is apparent, and during application of picrotoxinin this attenuation appears to be primarily blocked.
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to block direct inhibition from amacrine cells onto ganglion cells.
We stimulated ganglion cells with annuli and recorded the light-
evoked currents at the reversal potential of the Na1/K1 currents
at VH of 0 mV (Fig. 9). A strong ON and a weaker OFF compo-
nent was observed (Fig. 9A). Subsequently, we applied 0.5 mM

TTX to the bathing medium and found that the light-driven
outward current was nearly completely blocked in 7 of 12 cells
tested. This result shows that the amacrine cells mediating this
direct lateral inhibition of the ganglion cell exhibit a lateral signal
spread that is based on voltage-gated sodium channels.

We also studied the effect of TTX on presynaptic surround
inhibition by clamping ganglion cells at ECl. Area–response func-
tions measured without TTX (control) and during the application
of TTX are shown in Figure 9B. The control record shows a
nearly complete reduction of the light response for large spots
(Fig. 9B, Control). When TTX (0.5 mM) was applied to the
bathing medium, the suppressive effect of large spots was greatly
reduced but not completely abolished. We measured comparable
area–response functions for 17 ganglion cells. In the control
records, we found that large light spots reduced the ganglion cell
responses to 32 6 20% of the peak value. When TTX was applied,
this reduction was significantly attenuated to only 62 6 25% of
the peak values. This result suggests that approximately half of
the lateral inhibition is based on signal spread through voltage-
gated sodium channels, which is most likely contributed by spik-
ing amacrine cells.

DISCUSSION
Direct inhibitory input into ganglion cells
In a recent, elegant study of DS ganglion cells, it has been shown
by Taylor et al. (2000) that DS light responses are the result of a
direct inhibitory input to ganglion cell dendrites in the IPL. This
inhibitory input blocks the response of the ganglion cells in the
nonpreferred direction. In the present paper, we could show that
such an inhibitory input not only occurs in DS ganglion cells but
appears to be a general feature of all ganglion cells. Hence, DS
ganglion cells are only a special case caused by an asymmetry of
the inhibition.

By voltage clamping the ganglion cells at the reversal potential

of the cationic (Na1/K1) conductances, it became possible to
study the direct inhibitory, Cl2-mediated input of the ganglion
cells. However, as mentioned before, this critically depends on
the quality of the space clamp (Velte and Miller, 1996). Because
ganglion cells receive most of their synapses along the dendrites
(Freed and Sterling, 1988; Koulen et al., 1996; Grünert, 2000;
Macri et al., 2000), they must to be isopotential to fully dissect the
currents. Velte and Miller (1996) have performed computer sim-
ulations of voltage clamping ganglion cells and showed that the
clamp error is small for dendritic trees up to 300 mm in diameter
and for slow voltage changes. However, as mentioned before,
large spots projected into the receptive field of the ganglion cells
cause additional problems. Such large spots open channels all
along the ganglion cell dendrites, which will attenuate currents
arriving from the periphery of the receptive field. When isolating
the direct inhibitory input of the ganglion cells, we tried to
minimize this attenuation by using annular light spots (Fig.
6A,B). However, in the case of the area–response functions, we
certainly underestimated the direct inhibitory input.

We could show by measuring the spatial profile of the direct
inhibitory input that it extends far beyond the RFC of the gan-
glion cells. In agreement with previous studies, we found that the
RFC diameter coincides with the dendritic tree diameter of the
ganglion cells (Peichl and Wässle, 1983; Amthor et al., 1984,
1989a,b; Yang and Masland, 1994). Direct inhibitory influences
could be measured with annular light stimuli whose inner diam-
eters were much larger than the ganglion cell dendritic trees or
RFC diameters and with spatial summation up to a distance of 0.6
mm from the RFC. This suggests that amacrine cells with rather
wide dendritic and receptive fields provide this input (Bloomfield,
1992; Bloomfield and Xin, 1997). However, it should be empha-
sized that the direct inhibitory influence was also present for
small light spots projected into the RFC. This supports the model
of the receptive field originally proposed by Rodieck and Stone
(1965) postulating two Gaussian sensitivity profiles, a smaller one
for the center mechanism and a wider one for the surround
mechanism.

The direct inhibitory currents were found to depend on the
Cl2 concentration inside the recorded cells and were blocked in

Figure 9. TTX application reduces lat-
eral inhibition. A, Light-induced cur-
rents of an ON ganglion cell that was
voltage clamped at VH of 0 mV and
stimulated with an annulus (inner diam-
eter 300 mm, outer diameter 1000 mm).
The sustained outward current was
blocked by the application of TTX. B,
Area–response curves of another ON
ganglion cell that was voltage clamped at
VH of 245 mV. The light responses in
the control recordings show a strong at-
tenuation for large spots. When TTX
was applied, this attenuation was sub-
stantially reduced.
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most ganglion cells by the application of bicuculline or picrotox-
inin, suggesting they are mediated by GABAergic amacrine cells
through GABAA receptors and not through GABAB receptors
(Koulen et al., 1998b). Strychnine antagonized the direct inhibi-
tory currents only in a minority of cells. This is surprising because
50% of the amacrine cells of the mammalian retina are glyciner-
gic (Pourcho and Goebel, 1985; Wässle et al., 1986; Koontz et al.,
1993). Most of them are small field amacrines (Pourcho and
Goebel, 1985; MacNeil and Masland, 1998; Menger et al., 1998),
and it is possible that they are more involved with local signaling.
The large light spots or annuli applied in the present study to
reveal inhibitory surround responses might preferentially stimu-
late wide field GABAergic amacrine cells.

In agreement with other reports, we found that TTX reduced
the lateral inhibition in the IPL (Cook and McReynolds, 1998;
Demb et al., 1999; Taylor, 1999). Some classes of amacrine cells
are known to generate action potentials in rabbit retina (Bloom-
field, 1992; Taylor, 1996), as well as in other vertebrate retinas
(Miller and Dacheux, 1976; Barnes and Werblin, 1986; Ammer-
müller and Weiler, 1988; Cook and Werblin, 1994; Stafford and
Dacey, 1997; Feigenspan et al., 1998), and our TTX results
appear to be the consequence of the blockade of action potentials
in amacrine cells.

Lateral inhibition presynaptic to the ganglion cells
Inner plexiform layer
It is well established that bipolar cell axon terminals in the IPL
receive many synapses from both GABAergic and glycinergic
amacrine cells. Both conventional and reciprocal synapses have
been observed (Chun and Wässle, 1989; Pourcho and Owczarzak,
1989, 1991a,b; Koontz and Hendrickson, 1990). At these syn-
apses, bipolar cells express different isoforms of glycine, GABAA,
and GABAC receptors (Sassoè-Pognetto et al., 1994; Fletcher et
al., 1998; Grünert, 2000), and the presynaptic amacrine cells
represent several different morphological classes (Masland and
Raviola, 2000). There is, therefore, a complex network of ama-
crine cells and synapses for lateral inhibition at the bipolar cell
axon terminal.

Physiological recordings from dissociated bipolar cells and fo-
cal application of GABA and glycine have revealed the presence
of both GABA-activated and glycine-activated Cl2 currents on
bipolar cell axon terminals (Karschin and Wässle, 1990; Suzuki et
al., 1990; Pan and Lipton, 1995). GABA-activated Cl2 currents
have also been recorded from bipolar cells in retinal slices (Euler
and Wässle, 1998; Lukasiewicz and Shields, 1998; Hartveit, 1999;
McGillem et al., 2000). One of the experiments performed in the
present study documents this inhibitory input through the bipolar
cell axon terminals. We voltage clamped ganglion cells at the Cl2

reversal potential and measured the area–response functions of
their excitatory input (Fig. 9B). A strong attenuation of the
response was found for large stimuli. When TTX was applied, this
attenuation was substantially reduced, suggesting that it is the
result of inhibition from spiking amacrine cells synapsing onto the
bipolar cell axon terminals. Rabbit horizontal cells have also been
shown to express voltage-gated Na1 channels (Löhrke and Hof-
mann, 1994); however, these cells are hyperpolarized by the light
stimulus of Figure 9B. Hence, it is unlikely that they contribute to
the TTX-sensitive inhibition (Taylor, 1999).

Outer plexiform layer
It has been shown recently that cones and rods of the mammalian
retina express GABAA and GABAC receptors (Picaud et al.,

1998; Pattnaik et al., 2000). GABA released from horizontal cells
could thus provide a negative feedback onto the photoreceptors
(Murakami et al., 1982; Yazulla and Kleinschmidt, 1983; Tachi-
bana and Kaneko, 1984; Kaneko and Tachibana, 1986; Schwartz,
1987, 1999). However, an alternative model of “electrical feed-
back” from horizontal cells onto cone pedicles has also been
proposed (Byzov and Shura-Bura, 1986; Verweij et al., 1996;
Kamermans and Spekreijse, 1999).

Immunocytochemical staining showed that bipolar cell den-
drites in the OPL express GABAA receptors (Greferath et al.,
1994; Vardi and Sterling, 1994) and also GABAC receptors (Enz
et al., 1996; Haverkamp et al., 2000). Light-driven GABA release
from horizontal cells (Schwartz, 1993, 1999) could be the source
of lateral inhibition at the dendritic GABA receptors. There are
also some GABAergic synapses from interplexiform cells onto
bipolar cell dendrites (Chun and Wässle, 1989). However, for
such GABAergic input into bipolar cell dendrites to represent an
antagonistic light signal, one has to postulate different Cl2 con-
centrations in the bipolar cell dendrites: a low Cl2 concentration
in OFF bipolar cells and a high Cl2 concentration in ON bipolar
cells. If this were be the case, then GABA released from hori-
zontal cells would be antagonistic to both the ON and the OFF
pathway. Vardi et al. (2000) have proposed recently a mechanism
that could be the source of such different Cl2 concentrations.
They found a Cl2 transporter (KCC2) (Russell, 2000) that likely
extrudes Cl2 in the axon terminals of ON and OFF bipolar cells
and in the dendritic tips of OFF bipolar cells. However, in the
dendrites of ON bipolar cells, they found a different transporter
(NKCC) that likely accumulates Cl2 in the dendritic tips.

Although the precise mechanism of lateral inhibition in the
OPL still needs to be elaborated, its existence was established by
an elegant experiment several years ago. Mangel (1991) injected
currents into horizontal cells of the rabbit retina and observed
surround responses in ganglion cells. Because horizontal cells
have no connections to the inner retina, interactions in the OPL
must mediate these responses.

In the present study, we could block most lateral inhibition by
the application of picrotoxinin, which blocks GABA-gated and to
some extent glycine-gated Cl2 channels. This result suggests that
the electrical feedback from horizontal cells onto cone pedicles
does not contribute much to lateral inhibition in the OPL of
mammals (Kamermans and Spekreijse, 1999).
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Menger N, Pow DV, Wässle H (1998) Glycinergic amacrine cells of the
rat retina. J Comp Neurol 401:34–46.

Merwine DK, Amthor FR, Grzywacz NM (1995) Interaction between
center and surround in rabbit retinal ganglion-cells. J Neurophysiol
73:1547–1567.

Miller RF, Dacheux RF (1976) Synaptic organization and the ionic basis
of on- and off-channels in the mudpuppy retina. I. Intracellular analysis
of chloride-sensitive electrogenic properties of receptors, horizontal
cells, bipolar cells, and amacrine cells. J Gen Physiol 67:639–659.

Murakami M, Shimoda Y, Nakatani K, Miyachi E-I, Watanabe S-I (1982)
GABA-mediated negative feedback from horizontal cells to cones in
carp retina. Jpn J Physiol 32:911–926.

Neher E (1992) Correction for liquid junction potentials in patch clamp
experiments. Methods Enzymol 207:123–131.

Pan ZH, Lipton SA (1995) Multiple GABA receptor subtypes mediate
inhibition of calcium influx at rat retinal bipolar cell terminals. J Neu-
rosci 15:2668–2679.

Pattnaik B, Jellali A, Dreyfus H, Sahel J, Picaud S (2000) GABAC
receptors are localized with microtubule-associated protein 1B in mam-
malian cone photoreceptors. J Neurosci 20:6789–6796.
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