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The Classical Receptive Field Surround of Primate Parasol
Ganglion Cells Is Mediated Primarily by a
Non-GABAergic Pathway

Matthew J. McMahon, Orin S. Packer, and Dennis M. Dacey
Department of Biological Structure, University of Washington, Seattle, Washington 98195

Although the center-surround receptive field is a fundamental property of retinal ganglion cells, the circuitry that mediates surround
inhibition remains controversial. We examined the contribution of horizontal cells and amacrine cells to the surround of parasol ganglion
cells of macaque and baboon retina by measuring receptive field structure before and during the application of drugs that have been
shown previously to affect surrounds in a range of mammalian and nonmammalian species. Carbenoxolone and cobalt, thought to
attenuate feedback from horizontal cells to cones, severely reduced the surround. Tetrodotoxin, which blocks sodium spiking in amacrine
cells, and picrotoxin, which blocks the inhibitory action of GABA, only slightly reduced the surround. These data are consistent with the
hypothesis that the surrounds of light-adapted parasol ganglion cells are generated primarily by non-GABAergic horizontal cell feedback
in the outer retina, with a small contribution from GABAergic amacrine cells of the inner retina.
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Introduction
Most retinal ganglion cells are strongly excited by a small spot of
light modulated near the center of the dendritic field but are
inhibited by an annulus of light surrounding it. This center-
surround receptive field organization, known for half a century
(Kuffler, 1953), has been modeled as the difference of two over-
lapping Gaussian sensitivity profiles (Rodieck, 1965; Enroth-
Cugell et al., 1983). Many ganglion cells also possess other com-
plex response properties not well described by the classical center
and surround (cf. Passaglia et al., 2001; Roska and Werblin,
2003). The excitatory center response is well understood to result
from a vertical signaling pathway from cones to bipolar cells to
ganglion cells. However, the circuitry that mediates the inhibi-
tory surround remains unclear.

The traditional view is that the ganglion cell surround is pro-
duced by negative feedback from horizontal cells to cones that is
either mediated (for review, see Wu, 1992; Piccolino, 1995) or
modulated (for review, see Kamermans and Spekreijse, 1999) by
the inhibitory neurotransmitter GABA. However, recent evi-
dence suggests that the rich diversity of interneurons of the inner
retina, the amacrine cells, also contribute to the ganglion cell
surround (Cook and McReynolds, 1998; Taylor, 1999; Roska et
al., 2000; Flores-Herr et al., 2001)

In primate retina, the inhibitory surround begins the task of
spatial information processing by transforming the ganglion cell
spatial tuning curve from that of the center response, which has
smoothly declining sensitivity with increasing spatial frequency,
into a bandpass shape in which sensitivity to low spatial frequen-
cies has been attenuated (Enroth-Cugell and Robson, 1984). Sur-
round circuitry is also critical for the creation of color opponent
ganglion cell light responses, because opponency is based on cone
type-specific segregation of excitatory and inhibitory signals in
the receptive field (Lennie, 2000; Dacey and Packer, 2003). How-
ever, neither the detailed circuitry nor the relative contributions
of horizontal and amacrine cells to the primate ganglion cell sur-
round are completely understood. The presence of inhibitory
surrounds in macaque cones (Verweij et al., 2003) suggests that
horizontal cell feedback at the cone synapse must play a major
role. Strong surrounds in macaque cone bipolar cells (Dacey et
al., 2000a) together with the nature of the horizontal cell light
response itself (Packer et al., 2002) further support this hypoth-
esis. However, the contribution of amacrine cells to surrounds
has not been measured in primate.

To address these questions, we explored the origin of the sur-
round in a single, well characterized primate ganglion cell
(Croner and Kaplan, 1995), the parasol cell. Parasol cells project
to the magnocellular layers of the lateral geniculate nucleus, have
well defined center-surround organization, and receive substan-
tial amacrine cell input (Kolb and Dekorver, 1991; Jacoby et al.,
1996). We measured receptive field structure in an in vitro prep-
aration of the intact monkey retina (Dacey and Lee, 1994; Dacey
et al., 2000b) and characterized the responses to drugs shown to
affect the surround in other species.

Drugs that clearly affect inhibitory amacrine cell transmis-
sion, TTX and GABAergic modulators, had little effect on parasol
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surround strength. In contrast, carbenoxolone and cobalt chlo-
ride, drugs thought to interfere with horizontal cell feedback,
severely attenuated the surround. These results suggest that the
classical receptive field surround of monkey parasol ganglion
cells is generated by non-GABAergic horizontal cell feedback in
the outer retina, with only a small contribution from GABAergic
amacrine cells of inner retina.

Materials and Methods
Tissue preparation. Parasol ganglion cells were recorded in an in vitro
preparation of intact primate (Macaca nemestrina, Macaca fascicularis,
Papio c. anubis) retina using methods described in detail previously
(Dacey et al., 2000b). Retinas were obtained through the University of
Washington Tissue Distribution Program of the Washington National
Primate Research Center. Eyes were enucleated under deep barbiturate
anesthesia. The retina, choroid, and pigment epithelium were dissected
as a unit from the sclera. The retina was flattened by making radial cuts
and fixed to the bottom of a recording chamber with the ganglion cell
side up using poly-L-lysine (Sigma-Aldrich, St. Louis, MO). The record-
ing chamber was mounted on the stage of a light microscope and super-
fused with oxygenated Ames’ medium (Sigma-Aldrich) maintained at
36°C. For combined intracellular recording and staining, glass micro-
electrodes (resistances �250 M�) were filled with 2–3% Neurobiotin
(Vector Laboratories, Burlingame, CA) and 1–2% pyranine (Molecular
Probes, Eugene, OR) in 1 M KCl. Ganglion cell somas were stained with
the vital dye acridine orange (Sigma-Aldrich) (Watanabe and Rodieck,
1989). The distinctively large somas of parasol ganglion cells were pene-
trated for recording while viewing pyranine fluorescence in the electrode
and acridine fluorescence in the soma under episcopic illumination using
the same filter combination. Their identity was confirmed in vitro by
observing dendritic morphology after iontophoresis of pyranine (Dacey
and Brace, 1992).

Stimuli and data acquisition. Spots, annuli, and sinusoidal gratings
were created with a retinal stimulator based on a digital light projector
(Packer et al., 2001). Stimulus parameters were sent to a VSG3 stimulus
generator (Cambridge Research Systems, Kent, UK) that created the
video signal used to drive a digital light projector (VistaGRAPHX 2500;
Christie Digital, Cypress, CA). The output of the digital light projector
was relayed by an optical system to the camera port of the microscope
and imaged on the retina by a 4� microscope objective. The image of the
1024 � 768 pixel display covered 2.96 � 2.22 mm of the retina. The light
output was calibrated by placing the fiber optic probe of a CCD-based
spectroradiometer (SM240; Spectral Products, Putnam, CT) at the loca-
tion of the retina during stimulation. Calibration was confirmed with a
PhotoResearch (Chatsworth, CA) PR-650 spectroradiometer.

Stimuli were white (CIE 1931 chromaticity; x � 0.304, y � 0.349) and
were modulated at 2 Hz, a temporal frequency at which center-surround
antagonism is strong (Troy et al., 1999). Stimuli were modulated above
and below a midphotopic light level to maintain a stable state of adapta-
tion. The contrast, the amplitude divided by the mean light level, was
25%. The mean retinal illuminance of 1.13 lux, equivalent to �1000
trolands assuming standard values for pre-retinal absorption (Wyszecki
and Stiles, 1982) and a 6 mm pupil, produced an absorbed photon flux
for M-cones of 3.4 � 10 5 photons per photoreceptor per second. Previ-
ous experiments have shown that the responses of macaque parasol gan-
glion cells to 2 Hz modulated stimuli are cone dominated at and above
200 trolands (Lee et al., 1997).

The intracellular voltage was amplified (Axoprobe-2B; Axon Instru-
ments, Foster City, CA) and digitized at a sampling rate of up to 10 kHz
(NBIO16 installed in a Macintosh computer; National Instruments, Aus-
tin, TX). Responses were averaged over multiple temporal cycles of stim-
ulus presentation, and the digital Fourier transform was computed. We
used the amplitude and phase of the Fourier component at the temporal
frequency of stimulus modulation (2 Hz) as the response measurement.
This measurement represents the linear component of the response of
the cell.

Drugs were mixed with oxygenated Ames’ medium and applied to the
bath superfusion. All drugs were purchased from Sigma-Aldrich, except

for imidazole-4-acetic acid hydrochloride (I4AA) (Tocris Cookson, El-
lisville, MO).

Measurement of receptive field parameters. After attaining a stable in-
tracellular recording, stimuli were centered over the receptive field by
moving a small flickering spot of light around the retina to the location of
maximum response.

A rapid qualitative description of the effects of different drugs on the
receptive field center and surround was obtained by measuring responses
to flickering spots, annuli, and full fields. The sizes of the spots (0.3 mm
diameter) and annuli (0.4 mm inner diameter, 2 mm outer diameter)
were approximately matched to the center and surround sizes of parasol
cells at the location of our recordings (mean � SD distance from the
fovea, 11.4 � 2.0 mm; �53°; n � 52). Stimuli were square-wave modu-
lated at 2 Hz. The unaveraged voltage recordings provided information
about the temporal dynamics of the responses before and during drug
application. The strengths of the spot and annulus responses were quan-
tified by averaging multiple cycles of the voltage response of a cell (typi-
cally 24) and computing the amplitude of the 2 Hz component of the
Fourier transform. We used these values to calculate the proportion of
the spot and annulus responses that remained during the application of
each drug.

Detailed information about the center-surround receptive field of
each cell was obtained by measuring three types of spatial tuning func-
tions: responses to flashing spots as a function of spot diameter (the
area-summation function), responses to flashing annuli as a function of
annulus inner diameter (the annulus-summation function), and re-
sponses to drifting sinusoidal gratings as a function of spatial frequency
(the modulation transfer function) (Fig. 1). Spatial tuning functions
were measured with sinusoidally modulated stimuli. We presented four
temporal cycles of each stimulus, averaged the voltage responses, and
calculated the amplitude of the 2 Hz component of the Fourier trans-
form. The shapes of the tuning functions reveal the interaction between
the center and surround mechanisms.

Quantitative estimates of the center-surround receptive field parame-
ters of each cell were obtained by simultaneously fitting the amplitudes
and phases of all three spatial tuning functions with a difference-of-
Gaussians receptive field model (Fig. 1) (Enroth-Cugell et al., 1983;
Dacey et al., 2000a). This model linearly combines the spatial profile of a
tall, narrow Gaussian representing the receptive field center and a short,
broad Gaussian of opposite sign representing the surround. The model
has seven free parameters: the amplitude, radius, and phase of the center
and surround Gaussians and their spatial offset. The spatial offset param-
eter allows the center and surround to be centered at slightly different
locations. After setting the initial fitting parameters to physiologically
plausible values, numerical search (Grace, 1990) was used to minimize
the mean square difference between predicted and measured responses.
A two-dimensional representation of the spatial receptive field that best
fit the data in Figure 1 is shown in the bottom right. Although the am-
plitude of the surround Gaussian may appear inconsequential, its broad
spatial extent imparts it with an integrated volume that is 0.93 of the
center. We defined the strengths of the center and surround mechanisms
as the integrated volumes of their best-fitting Gaussians. The solid lines
in the top plots of Figure 1 are the model fits to the spatial tuning func-
tions. After the fit was completed, the best-fitting receptive field was
always normalized so that the center Gaussian had an integrated volume
of 1. This factored out natural and drug-induced changes in overall re-
sponsiveness without changing the shapes of the spatial tuning curves,
allowing us to make comparisons of the surround strengths.

We repeated this procedure, simultaneously fitting all three spatial
tuning functions, before, during, and after the application of drugs. We
graphically illustrated the effect of each drug on the center-surround
receptive field by plotting the area-summation function of the best-
fitting spatial receptive field for the predrug and drug-affected condi-
tions. Quantitative estimates of the effect of each drug on the strength of
the surround were computed by taking the ratio of the drug-affected
surround Gaussian volume to the predrug surround Gaussian volume.
Changes in surround strength mainly represent decreases of the sur-
round amplitude, because none of the drugs significantly changed the
width of the surround.
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Our method of modeling the surround
strength allows us to overcome the difficulties
imposed by the low amplitude of the surround
and broad spatial extent. First, the model spec-
ifies a receptive field that is the simultaneous
best fit to all three spatial tuning functions. A
surround-dominated response can be gleaned
from the annulus-summation function (Troy et
al., 1999), and combining these data with the
area-summation and modulation transfer
functions provides increased sensitivity and a
better signal-to-noise ratio. Second, the model
fits both the amplitude and the phase of the
responses. Third, the model provides a detailed
quantitative description of the sensitivity pro-
files of the center and surround mechanisms.

Results
We obtained qualitative and quantitative
estimates of the center-surround organi-
zation of each ganglion cell before, during,
and, when possible, after the application of
each drug. Results are shown first for co-
balt and carbenoxolone and then for drugs
that affect GABAergic neurotransmission.

Cobalt
Figure 2 shows the effect of cobalt on the
responses of an ON-center parasol gan-
glion cell. The voltage responses to a flash-
ing spot, annulus, and full-field stimulus
before application of cobalt are shown in
the top row. When stimulated by a small
spot that excited the receptive field center,
the cell depolarized at light onset and hy-
perpolarized at light offset (Fig. 2, top left).
The response to an annulus that excited
the surround was similar but of opposite
polarity (Fig. 2, top middle). The response
to a full field is the sum of the responses to
the spot and annulus. Because they were of
approximately equal strength but opposite
sign, the sustained components canceled,
leaving only ON and OFF transients (Fig. 2, top right). The
middle row of Figure 2 shows responses to the same stimuli
during the application of cobalt chloride (75 �M). The ampli-
tude of the spot response was slightly reduced, but the
waveform was not changed (Fig. 2, middle left). However, the
stimulus-driven component of the response to the flashing
annulus was strongly reduced (Fig. 2, middle), indicating a
severe attenuation of the inhibitory surround. This selective
attenuation of the receptive field surround caused the full-
field response to have a similar amplitude and phase as the spot
response (Fig. 2, middle right). Approximately 5 min after cobalt
application ended, the surround response returned (Fig. 2,
bottom middle). After cobalt washed out, the responses of the
cell resembled the responses before the application of cobalt,
except for a slight reduction of the overall spike rate (Fig. 2,
bottom row).

In Figure 3A, the proportion of the annulus response that
remained during cobalt application is plotted against the propor-
tion of the spot response that remained during cobalt application
for 22 cells. Cells whose spot and annulus responses were equally
affected by cobalt would fall along the diagonal of slope 1. Cells

whose annulus response was more strongly reduced than their
spot response would fall below the diagonal. All cells fell under
the line of slope 1, indicating that cobalt reduced the annulus
response more than the spot response.

The overall level of response reduction was sensitive to con-
centration. A dose–response function for one cell is shown in the
inset of Figure 3A. When the concentration of cobalt was low, the
spot and annulus responses changed very little (Fig. 3A, inset, 75
�M). At higher concentrations, cobalt abolished the entire light
response (Fig. 3A, inset, 300 �M), presumably by interfering with
calcium-dependent photoreceptor synaptic transmission
(Thoreson and Burkhardt, 1990). For this cell, 150 �M provided a
good balance between these two extremes (Fig. 3A, inset, 150
�M), reducing the annulus response by 89% and the spot re-
sponse by 51%. The optimal cobalt concentration varied from
cell to cell, as noted previously by Vigh and Witkovsky (1999).
Although recording time constraints prevented us from measur-
ing the dose–response function of each cell, the tendency of
higher concentrations to reduce the overall light response can be
seen in Figure 3A.

In addition to the estimates obtained with the fixed-size spot and
annulus, we obtained detailed information about the effects of cobalt

Figure 1. Simultaneous fit of the difference-of-Gaussians receptive field model to the spatial tuning functions of an ON-center
parasol cell. Responses to flashing spots as a function of spot diameter (the area-summation function) are shown in the first
column, responses to flashing annuli as a function of inner diameter (the annulus-summation function) are shown in the second
column, and responses to drifting sinusoidal gratings as a function of spatial frequency (the modulation transfer function) are
shown in the third column. Response amplitudes are shown in the top plots and phases in the bottom plots. All six data sets were
simultaneously fit with the difference-of-Gaussians receptive field model (solid lines). The best-fitting spatial receptive field is
shown in the bottom right and had the following model parameters: center amplitude, 8.26 spikes/sec; radius, 62 �m; phase, 69°;
surround amplitude, 7.64 spikes/sec; radius, 348 �m; phase, �123°; spatial offset, 10.2 �m.
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on the center-surround receptive field by measuring spatial tuning
functions before and during the application of cobalt. The shapes of
all three spatial tuning functions provide information about the ef-
fect of cobalt on the center-surround balance (Fig. 1), but we chose
to illustrate it using the area-summation function. Figure 3B shows
area-summation functions before (dotted lines) and during (solid
lines) the application of cobalt for four cells. Before the application of
cobalt, the cells displayed typical area-summation functions (Fig. 3B,
dotted lines). The center response increases as the stimulus spot
increases in size. Once the spot covers the entire center mechanism,
making it bigger does not change the response of the center. How-
ever, as the spot diameter increases beyond 300 �m, the inhibitory
contribution of the diffuse surround mechanism grows and cancels
the excitatory response of the center mechanism. The signature of
the surround mechanism is the degree to which the response of the
ganglion cell decreases from its peak as spot size gets large. During
cobalt application, there was very little reduction of the response
when the spot size became larger than the center mechanism (Fig.
3B, solid lines), indicating that cobalt severely reduced the inhibitory
action of the surround.

We summarized the effect of cobalt on the center-surround
receptive field by simultaneously fitting the area-summation
function, annulus-summation function, and modulation trans-
fer function with a difference-of-Gaussians receptive field model.
Natural and drug-induced changes in overall responsiveness
were factored out by normalizing the surround strength by the
center strength for each condition, allowing us to compare the
effect of drug application on the center-surround balance despite
differences in response amplitudes. To visualize the results, we used
the best-fitting receptive fields to plot average area-summation func-
tions before and during cobalt application (Fig. 3C). ON-center and

OFF-center cells produced similar results, so
their averages were pooled. Before the appli-
cation of cobalt, the cells displayed a typical
area-summation function (Fig. 3C, dotted
line). During cobalt application, there was
very little reduction of the response when the
spot size became larger than the center
mechanism (Fig. 3C, solid line), indicating
that cobalt severely reduced the inhibitory
action of the surround. We calculated the ef-
fect of cobalt on the surround strength by
averaging the ratio of the drug-affected sur-
round strength to the predrug surround
strength across cells. A value of 1 would de-
note no reduction of the surround relative to
the center, and a value of 0 would denote a
complete abolishment of the surround
mechanism. The average � SD surround
strength under the influence of cobalt calcu-
lated from the fits of the model was 0.36 �
0.06 (n � 22).

Carbenoxolone
Responses to fixed-size spots and annuli
were measured before, during, and after
the application of carbenoxolone (100
�M). The drug essentially eliminated the
sustained response to the flashing annulus
but produced a much smaller effect on the
spot response (Fig. 4). The onset of the
drug effect occurred more gradually than
for other drugs. When carbenoxolone was

applied for an extended time or used at concentrations higher
than 100 �M, it often completely abolished the light response. In
many of these cells, even after the sustained response to the spot
and annulus was gone, transients remained at stimulus onset and
offset. In a subset of cells, we were able to observe the original
response return as the drug washed out over a period of 15–30
min. The highly lipophillic nature of carbenoxolone (Davidson
and Baumgarten, 1988) is probably what caused the washout to
occur so slowly. Figure 5A plots the proportion of the annulus
response that remained during carbenoxolone application
against the proportion of the spot response that remained during
carbenoxolone application for 10 parasol ganglion cells. The an-
nulus response was always more severely reduced than the spot
response. The cells are clustered toward the origin, indicating that
carbenoxolone decreased the overall light responsiveness of the
cells.

We obtained detailed information about the effects of carben-
oxolone on the center-surround receptive field by measuring
spatial tuning functions before and during its application. Figure
5B shows area-summation functions before (dotted lines) and
during (solid lines) the application of carbenoxolone for four
cells. Before application, the cells displayed typical area-
summation functions (dotted lines). The shapes of the
carbenoxolone-affected functions reveal very little reduction of
the response when the spot size became larger than the center
mechanism (Fig. 5B, solid lines), indicating that carbenoxolone
severely reduced the inhibitory action of the surround. The ten-
dency of carbenoxolone to attenuate the overall light response is
illustrated by the lower peak amplitudes of the area-summation
functions (Fig. 5B, solid lines).

The average area-summation functions calculated from the

Figure 2. Responses of an ON-center parasol ganglion cell before, during, and after the application of cobalt (75 �M). Re-
sponses to a flashing spot (0.3 mm diameter), annulus (0.4 mm inner diameter, 2 mm outer diameter), and full field are shown
before (top row), during (middle row), and after (bottom row) the application of cobalt. All stimuli were 25% luminance contrast
and were modulated at 2 Hz around a mean background of �1000 photopic trolands. The vertical calibration bar at the top left
represents 10 mV. The stimulus configuration and waveform are shown below the traces.
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model fits are shown in Figure 5C. The predrug condition (Fig.
5C, dotted line) produced a typical area-summation function.
Carbenoxolone removed much of the surround inhibition at
large spot sizes (Fig. 5C, solid line). Quantitative estimates of the
effect of carbenoxolone on the surround were obtained by fitting
the difference-of-Gaussians receptive field model to the spatial
tuning functions, as described above. The strength of the sur-
round during carbenoxolone was 0.37 � 0.11 of its predrug value
(n � 10).

Picrotoxin
Figure 6 shows the voltage responses of an ON-center parasol
ganglion cell to a flashing spot, annulus, and full-field stimulus
before and during the application of picrotoxin (100 �M). Before
picrotoxin was applied, the cell depolarized at the onset of a spot
and hyperpolarized at the offset of a spot (Fig. 6, top left). The
response to an annulus was similar but of opposite polarity (Fig.
6, top middle), and the response to a full field was composed of
transients at onset and offset (Fig. 6, top right). The bottom row
of Figure 6 shows the responses to the same stimuli during the
application of picrotoxin. Although picrotoxin did not signifi-
cantly reduce the amplitude of either the spot or annulus re-
sponse, it did alter the temporal dynamics of the responses. It
severely reduced the fast membrane potential hyperpolarization
and slow depolarization at spot offset and annulus onset. It also
decreased the temporal delay between stimulus onset and the fast
depolarizing response by �15 msec. This speeding up of the re-
sponse during picrotoxin is shown in Figure 6 by the offset in the
vertical lines that are aligned with the responses at spot onset and
annulus offset. The full-field response was relatively unchanged
by picrotoxin (bottom right panel), although the transient hyper-
polarization at offset was reduced.

We applied picrotoxin (100 �M) to 13 parasol ganglion cells.
The proportion of the annulus response that remained during
picrotoxin is plotted against the proportion of the spot response
that remained during picrotoxin in Figure 7A. The spot and an-
nulus responses were equally affected by picrotoxin, as is demon-
strated by the tendency of the cells to fall around the line of slope
1. Although the effect of picrotoxin on response amplitude varied
from cell to cell, with most cells being attenuated, it did not
differentially affect the center and surround mechanisms.

We measured spatial tuning functions before and during the
application of picrotoxin. Figure 7B shows area-summation
functions before (dotted lines) and during (solid lines) the appli-
cation of picrotoxin for four cells. Picrotoxin did not change the
general shape of the functions, indicating that the center-
surround balance was similar before and during the application
of picrotoxin.

The strength of the surround during picrotoxin was 0.96 �
0.03 (n � 13) of its predrug value. The 4% surround reduction

Figure 3. Cobalt attenuated the surrounds of parasol ganglion cells. A, The effect of cobalt on the amplitude of the response to a flashing spot and annulus. For each cell, the proportion of the
annulus response that remained during cobalt is plotted against the proportion of the spot response that remained during cobalt application. Cells whose spot and annulus responses were equally
affected by cobalt would lie along the diagonal of slope 1. Locations below the diagonal indicate a greater reduction of the annulus response than the spot response. The inset shows the effect of three
concentrations on a single ganglion cell. B, Area-summation functions measured for four cells before (dotted lines) and during (solid lines) the application of cobalt. The spot size varies from 0 to 2
mm, and the vertical calibration bars represent 2 mV. C, Fits of the difference-of-Gaussians receptive field model to the spatial tuning functions were used to plot average area-summation functions
before (dotted line) and during (solid line) the application of cobalt (n � 22). Error bars indicate SEM.

Figure 4. Responses of an OFF-center parasol ganglion cell before and during the applica-
tion of carbenoxolone (100 �M; carben). Responses to a flashing spot (0.3 mm diameter) and
annulus (0.4 mm inner diameter, 2 mm outer diameter) are shown before (top row) and during
(bottom rows) the application of carbenoxolone. Stimuli were 25% luminance contrast and
were modulated at 2 Hz around a mean background of �1000 photopic trolands. The vertical
calibration bar at the top left represents 10 mV. The stimulus configuration and waveform are
shown below the traces.
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caused a slightly higher response amplitude for spot sizes larger
than the receptive field center (Fig. 7C).

TTX
TTX (0.5 �M) eliminated spiking in 12 parasol ganglion cells but
did not produce noticeable changes in the underlying membrane
potential (Fig. 8, middle row). Spiking returned to normal �15
min after TTX application ended (Fig. 8, bottom row). Figure 9A
plots the proportion of the annulus response that remained dur-
ing TTX against the proportion of the spot response that re-
mained during TTX. The annulus responses were reduced
slightly more than the spot responses.

Figure 9B shows area-summation functions before (dotted
lines) and during (solid lines) the application of TTX for four
cells. TTX did not change the general shape of the functions,
indicating that the center-surround balance was similar before
and during its application.

Despite the slight tendency of TTX to re-
duce the spot response more than the annu-
lus response (Fig. 9A), the average area-
summation functions produced by the
receptive field model did not appreciably
change during the application of TTX (Fig.
9C), and the strength of the surround during
TTX was not significantly different from the
predrug condition (0.97 � 0.07; n � 12).

GABA
We have already seen that the GABAA/C

antagonist picrotoxin had only a small ef-
fect on the receptive field surround (Figs.
6, 7). GABA is the inhibitory neurotrans-
mitter of many amacrine cells, but there is
also evidence that GABA plays a role in the
horizontal cell to cone feedback circuit, by
either increasing the conductance of Cl�

channels in cones (Wu, 1992) or modulat-
ing an electrical feedback signal (Kamer-
mans and Spekreijse, 1999). To test more
generally for the role of GABA in establish-
ing the receptive field surround, we ap-
plied GABA (500 �M) at a concentration
high enough to saturate GABA receptors
(Lukasiewicz and Shields, 1998) plus the
reuptake inhibitor SKF89976A (25 �M) to
five parasol ganglion cells. We measured
the responses of the cells to fixed-size flash-
ing spots, annuli, and full fields over time
after application. Typical responses from
an ON-center parasol cell to a flashing spot
and annulus are shown in Figure 10. Before
GABA was applied, the cell depolarized at
the onset of a spot and hyperpolarized at
the offset of a spot (Fig. 10, top left). The
response to an annulus was similar but of
opposite polarity (Fig. 10, bottom left).
GABA steadily hyperpolarized the resting
membrane potential of all five cells (0.9
mV per minute) and decreased the ampli-
tude of the light response. The responses to
the spot and the annulus decreased to-
gether over time, suggesting that the sur-
round mechanism is not more sensitive to

disruptions in GABAergic neurotransmission than the center
mechanism. Prolonged application of GABA severely reduced the
sustained components of the responses, but an excitatory transient
was still observable at spot onset and annulus offset (Fig. 10, fourth
column). The fact that the transients produced by both the spot and
the annulus persisted when direct GABAergic inhibition was satu-
rated is consistent with the hypothesis that the center-surround re-
ceptive field structure is generated presynaptic to the ganglion cell by
non-GABAergic mechanisms. The drug effect washed out com-
pletely and rapidly for all cells (Fig. 10, last column).

In addition to the fixed-size stimuli, spatial tuning functions were
measured and fit with the difference-of-Gaussians receptive field
model before GABA and midway between the application of GABA
and complete abolishment of the light response. The average sur-
round strength during GABA application was not significantly dif-
ferent from the predrug condition (1.02 � 0.02; n � 5).

Figure 5. Carbenoxolone (100 �M) attenuated the surrounds of parasol ganglion cells. A, The effect of carbenoxolone on the
amplitude of the response to a flashing spot and annulus. For each cell, the proportion of the annulus response that remained
during carbenoxolone is plotted against the proportion of the spot response that remained during carbenoxolone. B, Area-
summation functions measured for four cells before (dotted lines) and during (solid lines) the application of carbenoxolone. The
spot size varies from 0 to 2 mm, and the vertical calibration bars represent 2 mV. C, Average area-summation functions before
(dotted line) and during (solid line) the application of carbenoxolone (n � 10). Error bars indicate SEM.

Figure 6. Responses of an ON-center parasol ganglion cell before and during the application of picrotoxin (100 �M). Responses
to a flashing spot (0.3 mm diameter), annulus (0.4 mm inner diameter, 2 mm outer diameter), and full field are shown before (top
row) and during (bottom row) the application of picrotoxin. Stimuli were 25% luminance contrast and were modulated at 2 Hz
around a mean background of �1000 photopic trolands. The vertical calibration bar at the top left represents 10 mV. The stimulus
configuration and waveform are shown below the traces.
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Application of drug mixtures
Blocking GABAergic inhibition with pic-
rotoxin can cause an increase in glyciner-
gic inhibition in dark-adapted tiger sala-
mander retina (Cook et al., 2000). We
tested to see whether the ineffectiveness of
picrotoxin and TTX in blocking the pri-
mate parasol cell surround was attribut-
able to an increase in glycinergic inhibition
by applying a mixture that contained both
picrotoxin and the glycine antagonist
strychnine (100 �M picrotoxin plus 0.5 �M

TTX plus 5 �M strychnine, n � 1 ON-
center cell, n � 1 OFF-center cell; 100 �M

picrotoxin plus 0.5 �M TTX plus 2 �M

strychnine plus 10 �M I4AA, n � 2 ON-
center cells). As an extra precaution, we
added I4AA to two of the mixtures to block
picrotoxin-insensitive GABAC receptors
(Gao et al., 2000). Spatial tuning functions
were measured before and during the
application of each drug mixture. Fits of
the difference-of-Gaussians receptive field
model to these data sets showed that the
average surround strength during admin-
istration of the mixture was not signifi-
cantly different from the predrug condi-
tion (1.06 � 0.13; n � 4).

Summary of the drug effects
The difference-of-Gaussians receptive
field model shows that cobalt and carben-
oxolone reduced the surround strength by
�63%. The drugs that affect GABAergic
neurotransmission (picrotoxin, TTX, and
GABA) produced no significant attenua-
tion of the surround mechanism. Table 1
summarizes the drug-affected to predrug
surround strength ratio for each drug.

Discussion
Blocking GABAergic neurotransmission
and amacrine cell spiking with picrotoxin
and TTX only slightly attenuated the clas-
sical receptive field surround of parasol
ganglion cells, suggesting that amacrine
cells are only a minor source of surround
inhibition in the primate parasol pathway.
These results are consistent with other
studies that measured the receptive field of
mammalian ganglion cells at photopic
light levels. Frishman and Linsenmeier
(1982) showed that picrotoxin had little effect on the surrounds
of cat X and Y ganglion cells, and Bolz et al. (1985) found that the
application of neither GABA nor the GABAA receptor antagonist
bicuculine affected the center-surround balance of cat ganglion
cells. In a series of experiments, Daw and Ariel (1981) showed
that picrotoxin did not eliminate the surround of any of the rab-
bit center-surround ganglion cell types. Bloomfield (1996) re-
ported that TTX did not alter the spatial structure of rabbit gan-
glion cell receptive fields, including their surrounds, and
concluded that spiking amacrine cells do not play a role in shap-
ing the classical receptive field.

Nevertheless, other recent studies argue that GABAergic mecha-
nisms do make a major contribution to the classical receptive field
surround of some mammalian ganglion cells. In rabbit ganglion
cells, Flores-Herr et al. (2001) measured substantial surround inhi-
bition in the excitatory signal arriving from bipolar cells that was
attenuated by picrotoxin and TTX. They also isolated direct inhibi-
tory input from amacrine cells and found that it was blocked by
picrotoxin and TTX in most ganglion cells. Likewise, Taylor (1999)
showed that TTX produced a large attenuation of rabbit ON-center
brisk-transient ganglion cell surrounds.

Several factors could reconcile the conflicting conclusions

Figure 7. Picrotoxin (100 �M) had a small effect on the center-surround receptive fields of parasol ganglion cells. A, The effect
of picrotoxin on the amplitude of the response to a flashing spot and annulus. For each cell, the proportion of the annulus response
that remained during picrotoxin is plotted against the proportion of the spot response that remained during picrotoxin. B,
Area-summation functions measured for four cells before (dotted lines) and during (solid lines) the application of picrotoxin. The
spot size varies from 0 to 2 mm, and the vertical calibration bars represent 2 mV. C, Average area-summation functions before
(dotted line) and during (solid line) the application of picrotoxin (n � 13). Error bars indicate SEM.

Figure 8. Responses of an OFF-center parasol ganglion cell before, during, and after the application of TTX (0.5 �M). Responses
to a flashing spot (0.3 mm diameter), annulus (0.4 mm inner diameter, 2 mm outer diameter), and full field are shown before (top
row), during (middle row), and after (bottom row) the application of TTX. Stimuli were 25% luminance contrast and were
modulated at 2 Hz around a mean background of �1000 photopic trolands. The vertical calibration bar at the top left represents
10 mV. The stimulus configuration and waveform are shown below the traces.
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about the role of amacrine cells in forming the classical surround.
One possibility is that differences in light level affect the degree of
amacrine cell contribution to the surround. We measured recep-
tive field structure at photopic light levels that saturate the rod
system, whereas both Flores-Herr et al. (2001) and Taylor (1999)
made their measurements at mesopic light levels at which the rod
system continues to respond. A number of previous studies show
that GABA antagonists attenuate the ganglion cell surround in
cat (Kirby and Schweitzer-Tong, 1981) and rabbit (Daw and
Ariel, 1981) only under scotopic conditions. At low light levels,
rod signals are relayed to ganglion cells by AII amacrine cells
(Bloomfield and Dacheux, 2001), whose surrounds are blocked
by picrotoxin in rabbit (Volgyi et al., 2002).

A second factor that may affect the role of amacrine cells in
surround formation is the diversity of ganglion cell types. Even
under those conditions in which GABAergic surround inhibition

has been found, its contribution has varied
by ganglion cell type. Taylor (1999) found
that the surrounds of a number of ON-
center ganglion cell types were attenuated
by TTX, although it produced little effect
on OFF-center cells. Kirby and Enroth-
Cugell (1976) reported that, under sco-
topic conditions, picrotoxin substantially
reduced the surrounds of cat Y cells but
had no effect on X cells. Our data were
collected only from ON- and OFF-center
parasol ganglion cells.

Finally, the GABAergic contribution to
classical inhibitory surrounds may be
greater in nonmammalian than mamma-
lian ganglion cells. In tiger salamander, the
surrounds of ON-center ganglion cells
with small receptive fields were attenuated
by the application of TTX or picrotoxin
(Cook and McReynolds, 1998), and
Shields and Lukasiewicz (2003) identified
TTX-sensitive surround inhibition of both
bipolar cell axon terminals and ganglion
cells. Other tiger salamander slice record-
ings have also demonstrated a contribu-
tion of amacrine cells to the receptive field
surround, by both feedback to GABAC re-
ceptors on bipolar terminals and feed-
forward inhibition to GABAA receptors on
ganglion cell dendrites (Roska et al., 2000).
Relatively low light levels (Cook and McRey-
nolds, 1998; Shields and Lukasiewicz, 2003)
may have increased the strength of the
GABAergic contribution to the surround in
some of these experiments as well.

The second major finding of this paper
is that cobalt and carbenoxolone strongly
attenuate the receptive field surround of

primate parasol ganglion cells, consistent with previous measure-
ments in both nonmammalian and mammalian retina. In outer
retina, the antagonistic surround of the cone is blocked by cobalt
in monkey (Verweij et al., 2003) and turtle (Thoreson and
Burkhardt, 1990) and by carbenoxolone in monkey (Verweij et
al., 2003) and teleost fish (Kamermans et al., 2001). The re-
sponses of horizontal cells to large flashing spots are also affected
by both drugs. At light onset, horizontal cells rapidly hyperpolar-
ize and then slowly depolarize back to their resting potential in
the light, a response component usually attributed to horizontal
cell feedback to cones (Kamermans et al., 2001). In teleost retina,
both cobalt and carbenoxolone abolish this slow depolarization
(Kamermans et al., 2001). The H1 horizontal cells of monkey
retina respond in a nearly identical manner, exhibiting a well
developed slow depolarization that is abolished by the applica-
tion of either drug (Packer et al., 2002). Cobalt also blocks the
surrounds of ON- and OFF-center bipolar cells in turtle retina
(Vigh and Witkovsky, 1999). In inner retina, cobalt blocks the
surrounds of ganglion cells and prevents current injected into
horizontal cells from driving ganglion cells (Vigh and Witkovsky,
1999).

The surround attenuation produced by cobalt and carbenox-
olone in the cells of both inner and outer retina is consistent with
non-GABAergic feedback from horizontal cells onto cones. In
one model of non-GABAergic feedback, which was developed in

Figure 9. TTX (0.5 �M) had a small effect on the center-surround receptive fields of parasol ganglion cells. A, The effect of TTX
on the amplitude of the response to a flashing spot and annulus. For each cell, the proportion of the annulus response that
remained during TTX is plotted against the proportion of the spot response that remained during TTX. B, Area-summation
functions measured for four cells before (dotted lines) and during (solid lines) the application of TTX. The spot size varies from 0 to
2 mm, and the vertical calibration bars represent 2 mV. C, Average area-summation functions before (dotted line) and during
(solid line) the application of TTX (n � 12). Error bars indicate SEM.

Figure 10. Responses of an ON-center parasol ganglion cell to a flashing spot and annulus during the application of GABA (500
�M) and SKF89976A (25 �M). The first row shows the response to a flashing spot, and the second row shows the response to a
flashing annulus at different times after the application of a saturating dose of GABA. The black dot at the start of each response
represents the resting membrane potential of the cell measured before stimulus onset. The spot and annulus were 25% luminance
contrast and were modulated at 2 Hz around a mean background of �1000 photopic trolands. The temporal waveforms of the
stimuli are shown below the traces. The units at the right are in millivolts.

Table 1. Summary of the surround strength reductions produced by each drug

Drug-affected
surround strength SEM

Number of cells
(ON, OFF)

Cobalt 0.36 0.06 19,3
Carbenoxolone 0.37 0.11 6,4
Picrotoxin 0.96 0.03 9,4
TTX 0.97 0.07 9,3
GABA 1.02 0.02 5,0
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goldfish retina (Kamermans et al., 2001), light hyperpolarizes
horizontal cells and current flows through hemichannels on hor-
izontal cell dendrites, producing an extracellular voltage drop in
the cone synaptic cleft and depolarizing the cone pedicle. This
activates a calcium conductance in the cone that opens calcium-
activated chloride channels and inhibits the cone. Carbenox-
olone is thought to block the hemichannels and prevent horizon-
tal cells from depolarizing the cone. Low concentrations of cobalt
may block the calcium-activated opening of chloride channels.
Our data are not consistent with surround inhibition resulting
from GABA-mediated feedback from horizontal cells to cones, a
mechanism that has been well characterized in many nonmam-
malian species (Wu, 1992) but remains controversial (Kamer-
mans et al., 2001). It is possible that this mechanism does not exist
in primate retina because, although primate horizontal cells can
synthesize GABA (Vardi et al., 1994), horizontal cells only exhibit
GABA immunoreactivity in the central retina (Grunert and
Wassle, 1990; Kalloniatis et al., 1996) and GABA receptors have
not been found on primate cones (Hughes et al., 1989; Enz et al.,
1996; Vardi et al., 1998). Also, monkey cones do not exhibit an
increase in chloride conductance in response to pressure injec-
tion of GABA, and high concentrations of GABA do not block the
surrounds of primate cones (Verweij et al., 2003).

There is also little evidence supporting direct horizontal cell
inhibition of bipolar cell dendrites in mammals. One hypothesis
is that GABA release from horizontal cells affects ON- and OFF-
center bipolar cells in opposite ways and therefore creates an
inhibitory surround in both (Vardi et al., 2000). However, it has
been shown that GABAergic horizontal cell input is unlikely to
antagonize the center of ON bipolar cells in rat (Billups and At-
twell, 2002).

Together, the minimal effect of drugs thought to modulate
amacrine cell signaling and the robust effects of drugs thought to
modulate horizontal cell to cone feedback are consistent with the
view that the classical surround of primate parasol ganglion cells
is primarily mediated by the horizontal cell network via feedback
onto cones. The fact that the feedback is sensitive to cobalt and
carbenoxolone, and insensitive to GABA antagonists, is consis-
tent with a calcium-dependant and/or gap junctional mechanism
(Kamermans et al., 2001) rather than a GABAergic one. Although
amacrine cells do not underlie the classical cone-mediated sur-
round of parasol ganglion cells, they may play a role in the rod-
mediated receptive field surround. They may also play an important
role in other parasol ganglion cell responses analogous to those in
other species, such as responses to complex trigger features (Daw
and Ariel, 1981), nonlinear sensitivity changes generated by remote
stimuli (Frishman and Linsenmeier, 1982), transient elevations of
threshold produced by rapid shifts of large-field stimuli (Roska and
Werblin, 2003), and the sensitivity of nonlinear subunits (Frishman
and Linsenmeier, 1982; Demb et al., 1999).
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