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Cellular Basis for Contrast Gain Control over the Receptive
Field Center of Mammalian Retinal Ganglion Cells
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Retinal ganglion cells fire spikes to an appropriate contrast presented over their receptive field center. These center responses undergo
dynamic changes in sensitivity depending on the ongoing level of contrast, a process known as “contrast gain control.” Extracellular
recordings suggested that gain control is driven by a single wide-field mechanism, extending across the center and beyond, that depends
on inhibitory interneurons: amacrine cells. However, recordings in salamander suggested that the excitatory bipolar cells, which drive the
center, may themselves show gain control independently of amacrine cell mechanisms. Here, we tested in mammalian ganglion cells
whether amacrine cells are critical for gain control over the receptive field center. We made extracellular and whole-cell recordings of
guinea pig Y-type cells in vitro and quantified the gain change between contrasts using a linear–nonlinear analysis. For spikes, tripling
contrast reduced gain by �40%. With spikes blocked, ganglion cells showed similar levels of gain control in membrane currents and
voltages and under conditions of low and high calcium buffering: tripling contrast reduced gain by �20 –25%. Gain control persisted
under voltage-clamp conditions that minimize inhibitory conductances and pharmacological conditions that block inhibitory neuro-
transmitter receptors. Gain control depended on adequate stimulation, not of ganglion cells but of presynaptic bipolar cells. Further-
more, horizontal cell measurements showed a lack of gain control in photoreceptor synaptic release. Thus, the mechanism for gain
control over the ganglion cell receptive field center, as measured in the subthreshold response, originates in the presynaptic bipolar cells
and does not require amacrine cell signaling.
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Introduction
The visual system continually adjusts its sensitivity to the statis-
tics of the immediate environment, and this process of adapta-
tion starts in the retina. The retina adapts to encode the wide
range of lighting conditions (�10 8 levels) given the narrow range
of spiking output (�10 2 levels) of ganglion cells. Ganglion cells
adapt to the mean luminance through “light adaptation,” but also
to the dynamic range of luminance through “contrast adapta-
tion” (Walraven et al., 1990; Troy and Enroth-Cugell, 1993;
Demb, 2002; Baccus and Meister, 2004; Mante et al., 2005). Con-
trast adaptation increases sensitivity at low contrast, presumably
to increase the signal-to-noise ratio, and decreases sensitivity at
high contrast to avoid response saturation. Recordings in
salamander showed that contrast adaptation is absent at the out-
put of cone synapses and thus emerges within the retinal circuit
(Rieke, 2001; Baccus and Meister, 2002).

After a change in contrast, ganglion cells express at least two
adaptive mechanisms. One mechanism causes a slow shift in the

membrane potential (�10 s) (Baccus and Meister, 2002; So-
lomon et al., 2004; Manookin and Demb, 2006). A second mech-
anism represents a true “gain control” and rapidly modifies the
slope of the stimulus–response relationship (�100 ms) (Shapley
and Victor, 1978; Victor, 1987; Chander and Chichilnisky, 2001;
Kim and Rieke, 2001; Baccus and Meister, 2002; Zaghloul et al.,
2005; Bonin et al., 2006). Here we used stimulus conditions that
emphasize the second mechanism, “contrast gain control,” and
further focused on the receptive field center. To center stimula-
tion, gain control appears first in the subthreshold response, with
additional gain control arising during spike generation (Kim and
Rieke, 2001, 2003; Zaghloul et al., 2005).

We hypothesized that gain control in the subthreshold re-
sponse of mammalian ganglion cells depends on amacrine cells.
With �30 distinct types, amacrine cells are the predominant in-
hibitory interneuron and could therefore drive gain control
through synaptic inhibition (Vaney, 1990; MacNeil and Masland,
1998; Wassle, 2004). Furthermore, extracellular recordings
showed that gain control extends broadly over the receptive field
center and surround, consistent with a wide-field amacrine cell
mechanism (Shapley and Victor, 1979; Enroth-Cugell and Jak-
iela, 1980). Moreover, ganglion cell types that express strong gain
control (i.e., Y-type/� cells) receive a majority of synapses from
amacrine cells (�80%) (Shapley and Victor, 1978; Freed and
Sterling, 1988; Kolb and Nelson, 1993; Weber and Stanford,
1994).
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Evidence against the amacrine cell hypothesis comes from a
study in salamander: gain control in ganglion cell synaptic cur-
rents were primarily explained by gain control in presynaptic
(excitatory) bipolar cells, even with amacrine cell synapses
blocked (Kim and Rieke, 2001; Rieke, 2001). However, other
salamander recordings showed relatively little gain control in bi-
polar cell responses compared with that in the ganglion cell mem-
brane potential, suggesting that amacrine cells cause additional
gain control at the ganglion cell level (Baccus and Meister, 2002).
Here, we studied gain control over the receptive field center in
mammalian ganglion cells and tested the role of both intrinsic
properties and presynaptic mechanisms driven by amacrine and
bipolar cells.

Materials and Methods
Electrophysiology. We recorded from Y-type ganglion cells and horizontal
cells in an in vitro, whole-mount preparation of the guinea pig retina. The
preparation of the retina has been described previously and conforms to
National Institutes of Health and University of Michigan guidelines
(Demb et al., 1999; Manookin and Demb, 2006). The retina was contin-
uously superfused (�5 ml min �1) with Ames medium, bubbled with
95% O2/5% CO2, and warmed to 33–36°C. All chemicals were purchased
from Sigma-Aldrich (St. Louis, MO) unless indicated otherwise.

We made loose-patch extracellular and whole-cell intracellular re-
cordings in ganglion cells with 3–7 M� glass pipettes, as described pre-
viously (Manookin and Demb, 2006). We targeted the largest cells in the
ganglion cell layer (20 –25 �m diameter) and used standard paradigms to
test for the expected properties: center–surround receptive field organi-
zation and nonlinear responses to a high spatial frequency grating
(Hochstein and Shapley, 1976; Demb et al., 2001). Loose-patch elec-
trodes were filled with Ames medium. For whole-cell recordings, we used
either a K-based intracellular solution [in mM: 140 K-methylsulfate, 3
NaCl, 10 HEPES, 0.1 EGTA, 5 lidocaine N-ethyl bromide (QX-314-Br), 2
ATP-Mg, and 0.3 GTP-Na, titrated to pH 7.3 with NaOH] or a Cs-based
solution [in mM: 120 Cs-methanesulfonate, 5 tetraethylammonium
(TEA)-Cl, 3 NaCl, 10 HEPES, 10 BAPTA (Invitrogen, Eugene, OR), 2
QX-314-Br, 2 ATP-Mg, 0.3 GTP-Na, and 0.1% Lucifer yellow, titrated to
pH 7.3 with NaOH]. The K-based solution was used for both current-
and voltage-clamp conditions, whereas the Cs-based solution was used
for voltage clamp only. The reversal potential for GABA and glycine
receptors (EGABA/glycine) would be approximately �73 mV if the channels
were permeable only to Cl � or approximately �67 mV if they were
equally permeable to Cl � and Br � (Bormann et al., 1987; Robertson,
1989).

We recorded intracellularly from horizontal cells with intracellular
electrodes (50 –200 M�) filled with 1.5 M potassium acetate and a fluo-
rescent dye for visualization after recording (Alexa Fluor 488 or 568;
Invitrogen). To target horizontal cells, we advanced the electrode, from
the ganglion cell layer, until we reached the outer plexiform layer. We
used a full-field square-wave stimulus to facilitate searching for the cell;
when we penetrated a horizontal cell, we saw a change in the resting
potential (�38.8 � 6.5; n � 8) and the typical shape of the step response
(see Fig. 7C) (Lankheet et al., 1992; Dacey et al., 1996). Not all horizontal
cells were stained, and not all recorded cells could be identified as A type
or B type. However, another series of experiments in which cells were
injected with Neurobiotin and imaged with confocal microscopy showed
a 3:1 bias for recording A-type cells relative to B-type cells (n � 36 cells)
(B. Borghuis, unpublished observations).

Data were sampled at 10 kHz using equipment and methods described
previously (Manookin and Demb, 2006). Data were analyzed using pro-
grams written in Matlab (The Mathworks, Natick, MA). We corrected
the holding potential for voltage-clamp recordings using the following
formula: Vh_corrected � Vh � (Ileak � Rs � (1 � Rs_correct)) � jp, where Vh

is the recorded holding potential (in millivolts), Ileak is the mean leak
current (in nanoamperes), Rs is the series resistance (in megaohms),
Rs_correct is the series resistance compensation (0.3– 0.5), and jp is the
calculated junction potential (�9 mV). The average corrected holding

potentials for voltage-clamp recordings near rest were �70.5 � 0.7 mV
(OFF cells, n � 49) and �49.8 � 1.2 mV (ON cells, n � 28); the more
depolarized potential for ON cells probably reflects a greater degree to
which the Cs and TEA in the pipette solution blocked K � channels. Near
Vrest, holding currents were �16.8 � 8.5 pA (OFF) and �40.3 � 14.0 pA
(ON). Input resistance, measured during a 20 mV command step from
the resting potential, was 37.1 � 1.3 M� (OFF) and 31.5 � 4.0 M�
(ON).

In one condition, GABAA/B/C and glycine receptor antagonists [100
�M bicuculline (Tocris, Ellisville, MO), 100 �M (3-amino-
propyl)(diethoxymethyl)phosphonic acid (CGP35348), 100 �M (1,2,5,6-
tetrahydropyridin-4-yl)methylphosphinic acid (TPMPA), and 2 �M

strychnine (Fisher, Hampton, NH), respectively] were added to the bath
to block amacrine synapses onto ganglion cells or bipolar cells (see Re-
sults). For this condition, we typically recorded only one cell per prepa-
ration to avoid long-term changes caused by the drugs that did not
readily reverse.

Visual stimulus. Visual stimuli were programmed and presented as
described previously (Demb et al., 1999; Manookin and Demb, 2006).
The primary stimulus was a 0.5-mm-diameter spot, centered on the cell
body. The spot intensity was drawn from a Gaussian distribution with a
mean equal to the mean luminance of the monitor: 10 3–10 4 photoi-
somerizations per middle-wavelength-sensitive cone or rod per second,
which is within the mesopic range (Yin et al., 2006). The SD of the
Gaussian was either 0.1 or 0.3 times the mean luminance, for low and
high contrast, respectively. These SD values represent the contrast value.
At high contrast, the Gaussian distribution could extend for 3.3 SDs in
either direction. Distribution values �3.3 SDs from the mean were as-
signed to the maximum or minimum intensity. Thus, a 0.3 contrast
represents a near-maximal value given the requirement of having a range
that covers �6 SDs in the Gaussian distribution. Below, we present the
stimulus in contrast units, where intensity values have been normalized
between �1 and �1, with a mean of 0, by subtracting the mean intensity
and then dividing by the mean intensity.

Intensity values were updated either on every frame (60 Hz) or on
every third frame (20 Hz). This stimulus approximates white noise
(Zaghloul et al., 2005). The two contrast values were alternated every 10 s
(20 s cycle) for 10 –20 cycles. The first 7 s of each half-cycle were different
on every cycle, whereas the last 3 s of each half-cycle were the same on
every cycle. Data from the first 7 s were used to build a model for the
response of the cell [the linear–nonlinear (LN) model, described below],
whereas data from the last 3 s were used to test the predictive ability of the
model (see below and Fig. 1 E). In some cases, we analyzed a subset of the
10 or 20 cycles if we detected instability; we looked across cycles for
sudden, dramatic changes in the spike rate or SD of the subthreshold
response to the repeated stimulus. Furthermore, in some cases, we sub-
tracted a linear drift from the current trace before further analyzing the
data. For one experiment (see Fig. 4C,D), we measured the response to a
spot (0.5 mm diameter, 30% contrast, 2 Hz square wave) or a square-
wave grating, windowed in an annulus (1.5/3.0 mm inner/outer diame-
ter, 100% contrast, 6.7 cycles mm �1, 2 Hz square wave), while altering
the holding potential.

Analysis: the LN model. To interpret data recorded to the flickering
spot, we used the LN cascade analysis (Chichilnisky, 2001). The analysis
was performed on spike, current, and voltage recordings in ganglion cells
and on voltage recordings in horizontal cells. In the LN analysis, a linear
filter represents the impulse response function of the cell, the theoretical
response to a brief light flash. The same filter, plotted in reverse, repre-
sents the “weighting function” of the cell. The linear prediction of the
response (i.e., the linear model) at any point in time is calculated by
multiplying the stimulus by the weighting function and summing the
result (Carandini et al., 2005). The linear filter is computed by cross-
correlating the stimulus and the response (Chichilnisky, 2001).

The linear model fails to perfectly capture the response but can be
improved significantly by including a static nonlinearity (Chichilnisky,
2001; Carandini et al., 2005). The static nonlinearity translates the linear
model values into actual output values and can account for rectification
and saturation in the response. The nonlinearity is computed by plotting
the (binned) average output value (in spikes per second, nanoamperes,
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or millivolts) for each input value of the linear model, as described pre-
viously (Chander and Chichilnisky, 2001; Kim and Rieke, 2001; Baccus
and Meister, 2002; Zaghloul et al., 2005).

The LN model is unique only up to a scale factor. Thus, the y-axis of the
linear filter and the x-axis of the nonlinearity can be scaled by the same
factor without changing the output of the model (Chander and Chich-
ilnisky, 2001; Kim and Rieke, 2001; Baccus and Meister, 2002; Zaghloul et
al., 2005). We first scaled the high-contrast nonlinearity (stretched the
x-axis) so that it aligned to the low-contrast nonlinearity and then scaled
the high-contrast filter (stretched the y-axis) by the same factor. Thus,
the gain change is represented solely by the difference between the linear
filters. To scale the low- and high-contrast nonlinearities into alignment,
we performed the following procedure: (1) we removed the difference in
y-intercept between the two nonlinearities (although this was generally
small: 2.0 � 1.6 pA, n � 67; or 1.4 � 1.2 mV, n � 9); (2) we took the high-
and low-contrast data that were within the same range, on the x-axis, and
rebinned the data into 100 bins each; and (3) we compared the mean-
squared error (MSE) between the two sets of 100 bins. We then rescaled
the high-contrast data (by stretching the data on the x-axis) and repeated
steps 2 and 3 above. After performing this for a wide range of scale factors
(approximately twofold gain change in either direction), we fit a third-
order polynomial to the graph of scale factor versus MSE and found the
minimum of this function, or the approximate optimal scale factor. We
then repeated this last step for a narrower range of scale factors and used
the minimum of this fit as the optimal scale factor. This scale factor was
then used to scale the y-axis of the high-contrast linear filter, as described
above. This fitting procedure is a nonparametric method for scaling the
two nonlinearities into alignment, because it does not assume a func-
tional form for the shape of the nonlinearity.

We measured the gain change between the low- and high-contrast
filters by taking the ratio of the filter peaks (high/low), as described
previously (Chander and Chichilnisky, 2001; Kim and Rieke, 2001). We
also compared the SD of the linear models computed using the two filters
(convolved with the same input stimulus) and took the ratio high/low
(Baccus and Meister, 2002); this method yielded nearly identical results
to those obtained using the first method (Zaghloul et al., 2005). The
change in kinetics was measured by comparing the zero-crossing of the
filters (high/low) (Chander and Chichilnisky, 2001; Kim and Rieke,
2001; Zaghloul et al., 2005) or by taking the Fourier transform of the
filters and computing the phase shift of frequencies in the range of 4 – 8
Hz (Shapley and Victor, 1978).

Validating the LN model. The LN model is useful to the extent that it
provides a good representation of the data (Carandini et al., 2005). We
tested the predictive ability of the LN model, in every cell, by building the
model from one set of data and testing the model on a second set of data.
For this purpose, the nonlinearity (after scaling the two contrast func-
tions into alignment, as described above) was fit with a cumulative
Gaussian, to generate predictions for all values of the input (Chichilnisky,
2001; Zaghloul et al., 2005). The model-building data were taken from
the response 2–7 s after the contrast switch (across 10 –20 cycles). The
model-testing data were taken from the last 2.5 s of each half-cycle,
during the repeated stimulus (see above and Fig. 1 E). The predictive
ability was measured in two ways: (1) comparing the average correlation
(r) between each trial of the repeated stimulus and either the LN model or
the maximum likelihood (ML) prediction; the ML prediction, for a given
trial, was the average response to the other 9 –19 trials (Chichilnisky,
2001; Kim and Rieke, 2001; Rieke, 2001; Zaghloul et al., 2003); and (2)
comparing the explained variance (r 2) between the model and the aver-
age of the repeated stimulus.

Based on the first measure, we selected cells for the study in which the
LN model prediction of the membrane currents was, for every condition
analyzed, at least 85% as good as the ML prediction. For the membrane
currents, recorded in the standard condition (0.5-mm-diameter spot; 0.1
vs 0.3 contrast; holding potential near Vrest), this percentage was, on
average, 92.0 � 0.4% (high contrast) or 97.8 � 0.5% (low contrast; n �
77); for spikes, this percentage was 80.7 � 1.0% (high contrast) or 89.2 �
1.5% (low contrast; n � 53). Thus, the LN model provided a good de-
scription of the response. For comparison with future studies, we present
the average r for the LN model prediction [n � 53 cells with both spike

and membrane current responses: 0.87 � 0.01 (high contrast, currents),
0.85 � 0.02 (low contrast, currents), 0.67 � 0.01 (high contrast, spiking),
0.65 � 0.02 (low contrast, spiking)] and the average r 2 values [0.83 �
0.01 (high contrast, currents), 0.89 � 0.01 (low contrast, currents),
0.62 � 0.01 (high contrast, spiking), 0.69 � 0.02 (low contrast, spiking)].

Data are reported as mean � SEM. Samples were compared with
one-tailed t tests, unless indicated otherwise.

Results
Contrast gain control in spiking and membrane current
responses of mammalian ganglion cells
We recorded from Y-type (brisk-transient) ganglion cells (n � 49
OFF-center and 28 ON-center) in the intact, in vitro guinea pig
retina (Demb et al., 1999, 2001). Y-type cells, and homologous
cells in other species, show strong contrast gain control (Shapley
and Victor, 1978; Benardete et al., 1992; Chander and Chichilni-
sky, 2001). For a given cell, we first recorded spiking responses
with a patch electrode in the loose-patch configuration. Then,
with a second electrode, we made whole-cell recordings, under
either voltage clamp or current clamp (see Materials and Meth-
ods). The main visual paradigm was a “switching experiment” in
which a randomly flickering spot was projected onto the photo-
receptors. Intensity values were drawn from a Gaussian distribu-
tion with an SD of 0.1 (low contrast) or 0.3 (high contrast) times
the mean (see Materials and Methods). We quantified the gain
change between conditions using an LN cascade analysis (Fig. 1)
(see Materials and Methods). This analysis quantifies a gain
change in the presence of nonlinearities in the spiking or sub-
threshold response (Chander and Chichilnisky, 2001; Chichilni-
sky, 2001; Kim and Rieke, 2001).

To compare our results with previous studies, we first mea-
sured the gain change for spiking responses. This was done by
taking the ratio of the peaks of the linear filters measured at the
two contrast levels (see Materials and Methods). Tripling con-
trast reduced the gain of the spiking response to 0.59 � 0.011
(mean � SEM; n � 53). In other words, at high contrast, the cell
was, on average, only 59% as sensitive as at low contrast. This
level of gain control is consistent with previous studies (Benar-
dete and Kaplan, 1999; Chander and Chichilnisky, 2001; Kim and
Rieke, 2001). In the same cells recorded under voltage clamp,
tripling contrast reduced the gain of the membrane current re-
sponse to 0.77 � 0.014 (n � 53). ON cells (n � 16) and OFF cells
(n � 37) showed similar relative gain changes in spiking (ON,
0.56 � 0.017; OFF, 0.60 � 0.013, p 	 0.10, two-tailed), whereas
OFF cells showed a larger gain change than ON cells in mem-
brane currents (ON, 0.86 � 0.03; OFF, 0.74 � 0.012; p 	 0.01,
two-tailed) (Fig. 2B). This asymmetry between ON and OFF cell
currents resembles the asymmetry shown in salamander (Kim
and Rieke, 2001; Rieke, 2001). Thus, ganglion cells showed one
level of adaptation in the membrane currents and an additional
level of adaptation in the conversion from synaptic currents to a
spiking response (Kim and Rieke, 2001; Zaghloul et al., 2005).

Tripling contrast also decreased the integration time of the
filter. The integration time was defined as the time required for
the filter to cross zero after the initial response (Fig. 2C). We
measured the effect of contrast as the zero-crossing at high con-
trast relative to that at low contrast. OFF cells shortened their
integration time at high contrast both for spiking responses
(0.87 � 0.005; n � 37; p 	 0.001) and membrane current re-
sponses (0.91 � 0.004; p 	 0.001), whereas ON cells did not
(spiking, 1.03 � 0.01; membrane currents, 1.02 � 0.01; n � 16).
This OFF/ON asymmetry agrees with some previous studies in
salamander and primate (Chander and Chichilnisky, 2001; Kim
and Rieke, 2001) but not with others in primate and cat (Shapley
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and Victor, 1978; Benardete and Kaplan, 1999). We further ex-
amined the effect of contrast on OFF cell kinetics by computing
the Fourier transform of the spike filters and measuring the av-
erage phase shift for frequencies of 4 – 8 Hz (Zaghloul et al.,
2005). Over this frequency range, phases were advanced at high
contrast by 0.41 � 0.02 � radians, similar to previous studies
(Shapley and Victor, 1978; Benardete and Kaplan, 1999; Zaghloul
et al., 2005). In the analyses below, we studied the subthreshold
response and focused on the gain change at high contrast, because
there were measurable effects in both OFF and ON cells.

Contrast gain control does not depend on voltage- or
calcium-dependent mechanisms intrinsic to the ganglion cell
We next asked whether the subthreshold mechanism for gain
control in the ganglion cell reflects gain control exclusively at the
level of synaptic inputs or whether voltage- or calcium-
dependent mechanisms in the ganglion cell contribute. We com-
pared gain control in the subthreshold response, in the same cells,
under voltage clamp and current clamp (n � 9) (Fig. 3). These
recordings used a K-based intracellular solution with QX-314 to
block spiking and improve voltage clamp and low-calcium buff-

Figure 1. Quantifying response gain with random flicker stimulation and the LN analysis. A, Random flicker stimulation and response. The intensity of a spot (0.5 mm diameter; top row) was
modulated by drawing values randomly from a Gaussian distribution. The response of the cell was measured by extracellular recording of spikes (middle row) or whole-cell recording of membrane
currents (bottom row; Vhold ��73 mV). B, The LN model. The stimulus is convolved with a linear filter (L), and the product is passed through a static nonlinearity (N), resulting in the LN model for
both spikes (top row) and membrane currents (bottom row). C, Linear filter and static nonlinearity for the cell in A. The nonlinearities align (see Materials and Methods), and the effect of increasing
contrast from low to high is reflected solely in the filters. For both spikes and membrane currents, high contrast reduces the gain (height of the filter) and decreases the integration time (zero-crossing
of the filter; see Materials and Methods). The green line in the nonlinearity plot is a fitted cumulative Gaussian used to generate the LN model output in D. D, Testing the LN model. The format is the
same as in A. Data are from the repeat segment of the stimulus (see Materials and Methods), averaged over 10 (currents) or 20 trials (spikes; bin size, 20 ms). The LN model predictions (green line),
constructed from a separate data set, correspond closely to the data. E, Diagram of the stimulus cycle. The contrast alternated between 10 s of high contrast and 10 s of low contrast. The first 7 s of
each half-cycle were unique for each cycle; the model was built from data collected between 2 and 7 s (model-building period). The last 3 s of each half-cycle were repeated across cycles; the model
was tested against data collected during the last 2.5 s (model-testing period).
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ering (0.1 mM EGTA). If a voltage-dependent mechanism in the
ganglion cell played a role in gain control, then gain control
should be stronger under current-clamp conditions, but in fact, if
anything, the reverse was true. Gain control was 0.79 � 0.05
under current clamp and 0.75 � 0.04 under voltage clamp. Gain
control in the subthreshold voltage response measured here (with
QX-314 in the pipette) was similar to that found previously in
subthreshold responses measured in the presence of spiking
(�0.82) (Zaghloul et al., 2005). We conclude that the gain con-
trol in ganglion cell subthreshold responses reflects gain control
at the level of synaptic input and does not depend on voltage-
dependent mechanisms in the ganglion cell.

The above comparison of current-clamp and voltage-clamp
measurements rules out an additional mechanism for gain con-
trol. If gain control were caused by a tonic inhibitory synapse at
the ganglion cell dendrites, it would cause “shunting” under cur-
rent clamp. However, such a mechanism would have no effect
under voltage clamp: a tonic inhibitory conductance would add
to the modulated contrast signal without causing shunting. Thus,
similar gain control under current clamp and voltage clamp rules
out a mechanism driven by tonic inhibition.

We next asked whether a calcium-dependent mechanism in
the ganglion cell contributes to gain control. Calcium influx can
be driven by synaptic activity, even under voltage-clamp condi-
tions, and indeed a calcium-dependent mechanism alters gan-
glion cell sensitivity in salamander (Cohen, 2000; Akopian and
Witkovsky, 2001). We compared the above voltage-clamp re-
cordings with low-calcium buffering to other voltage-clamp record-
ings made with a Cs-based pipette solution and high-calcium buff-
ering (10 mM BAPTA; see Materials and Methods). Recordings with

high BAPTA showed a gain control of 0.79 � 0.014 (n � 62), which
was not significantly different from the above recordings with low
buffering. Therefore, we could rule out a calcium-dependent mech-
anism for gain control in the ganglion cell.

Contrast gain control was slightly larger with increased
stimulus power at low temporal frequencies
We tested whether the magnitude of contrast gain control would
be larger with increased power at low temporal frequencies
(Shapley and Victor, 1978). For the above recordings, we used a
flickering stimulus in which the spot intensity was updated on
every frame, at 60 Hz. For a subset of cells, we compared this
condition to a second one in which the intensity was updated on
every third frame, at 20 Hz. This 20 Hz stimulus increased the
stimulus power (squared Fourier amplitudes) at the low tempo-
ral frequency range (1–10 Hz) to which the cell is most sensitive
by �2.2-fold (Zaghloul et al., 2005). For cells recorded under
both conditions (n � 3 ON cells and 7 OFF cells), high contrast
reduced the gain in either case, and the effect was significantly
larger with the 20 Hz stimulus (0.72 � 0.04) compared with the
60 Hz stimulus (0.76 � 0.04; difference of 0.049 � 0.021; p 	
0.05). Although the difference between conditions was signifi-
cant, the magnitude of this difference (�20%) was relatively
small. Therefore, it is unlikely that the mechanisms for gain con-
trol differ for the two conditions, and in the following experi-
ments, we combined data recorded at the two presentation rates.

Contrast gain control does not depend on feedforward
inhibition of ganglion cells
We next tested whether amacrine cells drive contrast gain control
by making feedforward inhibitory synapses onto the ganglion
cell. Above, we ruled out a mechanism driven by tonic inhibition.
Here, we consider a mechanism driven by phasic inhibition: a
mechanism active only at high contrast, where inhibitory con-
ductances are timed to counteract excitatory conductances. Such
a mechanism would be present under voltage-clamp conditions,
except when inhibitory conductances are nulled by recording
near the reversal potential for inhibition.

We calculated a reversal for the GABA and glycine receptor
channels (EGABA/glycine) that was approximately �70 mV (see
Materials and Methods). We also considered the problem of
space clamp with the large cells under study (�0.5 mm diameter)
(Demb et al., 2001). Because of an inadequate space clamp, a
holding potential negative to EGABA/glycine at the soma could be
required to bring the dendrites to EGABA/glycine. Therefore, we
made a functional estimate of the reversal for inhibition (Einhibit)
by voltage clamping OFF cells at a series of holding potentials and
using paradigms known to elicit direct inhibition. These re-
sponses include the inhibitory “ON” response to a contrast-
reversing spot and the frequency-doubled response to a contrast-
reversing grating in the receptive field periphery (Demb et al.,
1999; Roska and Werblin, 2003; Zaghloul et al., 2003) (Fig.
4C,D). Based on the reversal potential for these responses, we
estimated Einhibit to be approximately �80.3 � 1.5 mV (n � 5).

We measured contrast gain control with Vhold near to or pos-
itive to the resting potential (Vrest) (�54.6 � 2.8 mV; n � 32)
versus near Einhibit (�70.7 � 1.9 mV). The recording near Einhibit

yielded, in OFF-center cells, rectified outward currents in the
nonlinear component of the LN model. The rectification of out-
ward currents suggests that inhibitory influences were mostly
nulled. At the same time, inward currents became larger than
those measured at Vrest, consistent with the expected increased
driving force on excitatory currents (Fig. 4A). However, contrast

Figure 2. Contrast gain control in the spiking response is partially explained by gain control
in the synaptic currents. A, Linear filters and static nonlinearities (inset) from extracellular and
voltage-clamp recordings of an ON cell (Vhold � �54 mV). The relative gain at high contrast
showed more gain control in the spiking response (0.59) relative to the current response (0.80).
B, Relative gain at high contrast for spiking and current responses for 53 cells. Gain control was
larger for spiking responses relative to current responses. C, Relative integration time for high:
low contrast. Integration time was measured by the zero-crossing of the linear filter. High
contrast reduced the integration time for OFF cells; the effect was larger for spikes.
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gain control was similar near Vrest (0.77 � 0.02) and near Einhibit

(0.76 � 0.02; n � 32). This was true both for OFF cells (Vrest,
0.75 � 0.02; Einhibit, 0.71 � 0.02; n � 20) and for ON cells (Vrest,
0.82 � 0.04; Einhibit, 0.84 � 0.04; n � 12). Even if we are off in
our estimate of Einhibit, our results still imply that gain control
was equal at the two holding potentials, for which inhibitory
influences must be rather unequal. Thus, feedforward inhibi-
tion at the ganglion cell does not drive contrast gain control.

Contrast gain control does not require
inhibitory synapses

To further test a possible role for amacrine
cells in contrast gain control, we blocked
inhibitory synapses pharmacologically.
We applied to the bath simultaneously an-
tagonists to GABAA/B/C and glycine recep-
tors (bicuculline, CGP35348, TPMPA,
and strychnine, respectively; see Materials
and Methods). Applying these drugs
caused, after 2 min, a large steady inward
current accompanied by spontaneous
“bursting” in OFF cells (n � 18) (Fig. 5C).
The steady inward current presumably re-
flects the reduced inhibition of the ganglion
cell plus the reduced inhibition of bipolar
terminals, which would result in increased
glutamate release. This increased glutamate
release apparently occurs in bursts under
these extreme conditions (Fig. 5C). This
bursting was not evident in ON cells (n � 9).

Despite the bursting behavior, the vi-
sual response of a ganglion cell could still
be modulated, and contrast gain control
was measured using the standard analysis
(Fig. 5D). Adding the drugs caused, in
OFF-center cells, a suppression of the out-
ward currents in the nonlinearity of the
LN model (Fig. 5A); this suppression was
expected, because this component of the
model is driven by inhibitory synapses
onto the ganglion cell (Zaghloul et al.,
2003) (Fig. 4A). There was also a general
increase in responsiveness (measured as
the SD of membrane currents), from
146 � 10 to 278 � 26 pA (n � 27). How-
ever, on average, gain control was similar
under initial conditions (0.76 � 0.02) and
after applying the drugs (0.73 � 0.02); the
difference between conditions was
0.026 � 0.027 (NS). This was true both for
OFF cells (control, 0.72 � 0.011; drugs,
0.73 � 0.03; n � 18) and for ON cells
(control, 0.84 � 0.05; drugs, 0.74 � 0.03;
n � 9). Although the average response
showed no effect of the drugs, the data
showed considerable scatter for this com-
parison, and we inspected individual cells
where the drug reduced the level of gain
control. For one of these extreme cases, the
shape of the low contrast filter became con-
siderably altered in the presence of the drugs,
losing its biphasic quality. However, this was
an exception, and, as stated above, all cells
used in the analysis met a basic criterion re-
garding LN model performance (see Mate-

rials and Methods). Therefore, our conclusion is based on the aver-
age effect, which should be robust to any noise created by the
extreme nature of the pharmacological condition. The results sug-
gest that contrast gain control in ganglion cells depends neither on
feedforward inhibition onto ganglion cells nor on feedback inhibi-
tion onto the bipolar terminal. Rather, the mechanism for gain con-
trol is most likely explained by gain control in bipolar cells.

Figure 3. Contrast gain control does not depend on intrinsic voltage-dependent mechanisms in the ganglion cell. A, Linear
filters and static nonlinearities (inset) for an OFF cell recorded under voltage-clamp (Vhold � �72 mV) or current-clamp (K �-
based pipette solution with QX-314) conditions. The gain change was similar under voltage clamp (0.76) and current clamp (0.78).
B, Relative gain at high contrast for voltage-clamp versus current-clamp conditions. The gain change was similar under the two
conditions, suggesting that gain control does not depend on a voltage-dependent mechanism in the ganglion cell.

Figure 4. Contrast gain control does not depend on feedforward inhibition at the ganglion cell. A, Linear filters and static
nonlinearities (inset) for an OFF cell at a holding potential near Vrest (Vhold � �64 mV) and a hyperpolarized potential nearer to
the apparent reversal for inhibition (Vhold � �72 mV). The relative gain at high contrast was similar near Vrest (0.72) and at the
hyperpolarized potential (0.67). B, The gain change was similar near Vrest and the hyperpolarized potential, suggesting that gain
control does not depend on feedforward inhibition onto the ganglion cell dendrites. The spot intensity was updated at 60 Hz
(circles) or 20 Hz (triangles). C, Demonstration of the apparent reversal for inhibition. The response to a contrast-reversing spot was
measured at several holding potentials in an OFF cell (same cell as in A). Leak-subtracted responses are shown in the inset for
Vhold � �84 mV (black) or �44 mV (red). The current amplitude for the ON response (gray bar) in this OFF cell showed an
apparent reversal potential of �80 mV. D, Data are presented in the same format as in C for a contrast-reversing grating in the
receptive field periphery (see Materials and Methods). The apparent reversal potential for the outward currents evoked by contrast
reversal of the grating was �79 mV.
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Evidence that the mechanism for gain
control requires adequate stimulation
of bipolar cells
If gain control measured in the ganglion
cell arises in presynaptic bipolar cells, then
this gain control should depend on ade-
quate stimulation of the bipolar cells only.
To test this, we compared gain control
across three stimulus conditions. The first
condition was the standard condition: a
spot that covered the ganglion cell recep-
tive field center (0.5 mm diameter) and
the overlying �100 bipolar cells, pre-
sented at 0.1 or 0.3 contrast. The second
and third conditions were designed to
generate relatively small responses in the
ganglion cell but different response levels
in bipolar cells. The second stimulus was
the spot described above presented at
lower contrast levels (0.03 and 0.1), which
should generate relatively small responses
in both the ganglion cell and the �100 bi-
polar cells. The third stimulus was a small
spot (0.1 mm diameter) at higher contrast
levels (0.1 or 0.3), which should generate a
relatively small response in the ganglion
cell but large responses in the centralmost
approximately four bipolar cells. Here, we
assumed that bipolar cells are spaced at
�30 �m and have receptive fields of �100
�m (Dacey et al., 2000).

As expected, the standard condition
yielded a larger response amplitude (SD of
membrane currents, 143 � 23 pA) than
either the low-contrast (52 � 4 pA) or
small-spot conditions (31 � 4 pA) (Fig.
6B). Gain control was similar for the standard condition (0.74 �
0.03) and the small-spot condition (0.77 � 0.03; n � 6); the
difference between conditions was 0.028 � 0.034 (NS). However,
gain control was absent for the low-contrast condition (0.97 �
0.02; not significantly different from 1.0) (Fig. 6C). Thus, gain
control depended on local contrast, rather than stimulus size or
the response amplitude in the ganglion cell. We conclude that
gain control in the synaptic inputs to the ganglion cell depends on
adequate stimulation of presynaptic bipolar cells.

Contrast gain control is not present at the level of
photoreceptor synaptic release
The above results imply that bipolar cells are responsible for con-
trast gain control in ganglion cells. We next asked whether this
gain control originates in bipolar cells or whether bipolar cells
relay gain control present at the photoreceptor synaptic output.
Similar to bipolar cells, horizontal cells are postsynaptic to pho-
toreceptors. Therefore, if photoreceptors show gain control, then
this should be evident in horizontal cell responses. We recorded
horizontal cells intracellularly (see Materials and Methods) and
used the standard switching experiment (0.1 and 0.3 contrast)
and LN analysis (Fig. 7). A full-field stimulus (3 � 3 mm) gener-
ated large responses, whereas the standard spot stimulus (0.5 mm
diameter) generated smaller responses. Both stimuli yielded sim-
ilar results (Fig. 7A): contrast gain control in horizontal cells was
negligible, adapting at high contrast to 0.97 � 0.014 (n � 8) for
the full-field stimulus and 0.97 � 0.02 (n � 5) for the spot. We

did not confirm horizontal cell type (A type or B type; see Mate-
rials and Methods), but because both types sample from the same
photoreceptors, our results demonstrate that gain control is ab-
sent at the level of photoreceptor synaptic release. This implies
that gain control at the output of photoreceptors cannot explain
the effect measured in bipolar cell glutamate release (i.e., as re-
flected by the excitatory currents in ganglion cells). Our results
support the hypothesis that contrast gain control over the gan-
glion cell receptive field center originates in bipolar cells, either at
the level of their voltage responses or at the level of synaptic
release.

Discussion
We demonstrated contrast gain control in membrane currents of
mammalian retinal ganglion cells (Figs. 1, 2). Gain control in
subthreshold responses did not depend on intrinsic voltage- or
calcium-dependent properties of ganglion cells (Figs. 2, 3), im-
plicating a presynaptic mechanism. Voltage-clamp analysis ruled
out a role of direct inhibitory synapses from amacrine cells (Figs.
3, 4). Furthermore, gain control persisted while amacrine cell
synapses were blocked (Fig. 5), suggesting a mechanism in bipo-
lar cells. Covarying the stimulation area and contrast suggested
gain control in ganglion cells depends on adequate stimulation,
not of ganglion cells but of bipolar cells (Fig. 6). Gain control in
bipolar cells is not driven by gain control present in the synaptic
release of cones, because horizontal cells, another postsynaptic
target of cones, did not show gain control (Fig. 7). Our results
suggest that, over the receptive field center, gain control in the

Figure 5. Contrast gain control does not depend on amacrine cell synaptic input. A, Linear filters and static nonlinearities (inset)
for an OFF cell without and with bath-applied GABAA/B/C and glycine receptor antagonists (100 �M bicuculline, 100 �M CGP35348,
100 �M TPMPA, and 2 �M strychnine, respectively). The drugs increased the amplitude of responses, as reflected in the nonlin-
earity, but the gain change (0.61) was not reduced from control conditions (0.73; Vhold � �68 mV). B, Relative gain at high
contrast was similar in control conditions and after adding the drugs. Vhold was near Vrest in all cases. The spot intensity was
updated at 60 Hz (circles) or 20 Hz (triangles). Plotted are 31 recordings from 27 cells. C, Recording of membrane current during the
wash-in of the receptor antagonists. The antagonists caused an inward current accompanied by bursting. Insets show periods of
5 s. D, Responses to low and high contrast before (black) and after (red) adding the receptor antagonists. The antagonists increased
the response, but response modulations were similar to control conditions. Spontaneous bursting was less prominent in the
presence of dynamic visual stimulation compared with the mean luminance condition in C.
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subthreshold response of a ganglion cell reflects gain control of its
excitatory bipolar cell inputs.

Our results do not support our initial hypothesis that gain
control in ganglion cells arises from synaptic interactions with
amacrine cells. This might seem surprising in light of the corre-
lation between mammalian ganglion cell types that show strong
gain control and those that receive a large degree of amacrine cell
input (Shapley and Victor, 1978; Freed and Sterling, 1988;
Benardete et al., 1992; Kolb and Nelson, 1993; Weber and
Stanford, 1994; Jacoby et al., 1996, 2000). Our results are con-
sistent, however, with studies in salamander, which showed
that gain control in ganglion cells can be explained primarily
by gain control in presynaptic bipolar cells (Kim and Rieke,
2001; Rieke, 2001).

Our findings lead to a new hypothesis about mammalian ret-
inal circuitry: the �10 types of bipolar cells are likely to be dis-
tinguished from one another by their degree of gain control
(Wassle, 2004). For example, primate midget (parvocellular-
pathway) ganglion cells lack gain control, and this is presumably
explained not by their lack of specialized amacrine cell input, but
rather by a lack of gain control in their presynaptic midget bipolar
cell inputs (Benardete et al., 1992). Parasol (magnocellular-
pathway) ganglion cells show strong gain control, and this is
presumably explained by gain control present in their presynap-
tic diffuse bipolar cell inputs (Jacoby et al., 1996, 2000; Benardete
and Kaplan, 1999; Chander and Chichilnisky, 2001). In the cat,
Y-type (�) ganglion cells show stronger gain control than X-type
(�) cells (Shapley and Victor, 1978). For the ON pathway, Y-
type cells collect exclusively from the b1 bipolar type, whereas
X-type cells collect from b1 as well as two other types, b2 and b3

(Freed and Sterling, 1988; Cohen and Sterling, 1992). We pro-
pose that b1 cells adapt strongly, whereas b2 and b3 types adapt

weakly or not at all. Thus, an X-type cell
would show less adaptation than a Y-type
cell because it collects partially from non-
adapting bipolar inputs. Additional evi-
dence for nonadapting bipolar cells comes
from recordings of nonadapting
salamander amacrine cells, which them-
selves must receive input from nonadapt-
ing bipolar cells (Baccus and Meister,
2002).

Two spatial mechanisms for contrast
gain control in ganglion cells
Our study argues against the hypothesis
that gain control is driven by a single wide-
field mechanism. This hypothesis was
supported by previous studies showing
that adaptive signals can arise from pe-
ripheral regions of the receptive field, over
several millimeters on the retina, well be-
yond the receptive field center (Shapley
and Victor, 1979, 1981; Enroth-Cugell
and Jakiela, 1980; Bonin et al., 2005). We
do not dispute the original observations or
the ability of the previous models to ex-
plain the data; rather, we conclude that
there are (at least) two cellular mecha-
nisms for gain control. For example, our
study suggests that gain control over the
receptive field center arises from a bipolar
cell mechanism, but this mechanism

could not explain wide-field gain control signals. Wide-field sig-
nals must arise from a distinct amacrine cell mechanism, because
only amacrine cells are capable of transmitting signals over such
long distances (Stafford and Dacey, 1997; Cook and McReynolds,
1998; Demb et al., 1999; Taylor, 1999; Flores-Herr et al., 2001;
Volgyi et al., 2001). These amacrine cells are themselves driven by
bipolar cells, and so it is not surprising that the spatial tuning of
gain-control mechanisms would be similar over the ganglion cell
receptive field center and periphery (Shapley and Victor, 1978,
1979).

These synaptic mechanisms for gain control would be com-
bined with an additional intrinsic mechanism for gain control at
the level of ganglion cell spike generation (Fig. 2) (Kim and Rieke,
2001; Zaghloul et al., 2005). This intrinsic mechanism, in
salamander, could be explained by slow inactivation of sodium
channels (Kim and Rieke, 2003). A similar mechanism may un-
derlie the intrinsic mechanism for gain control in mammalian
cells. However, if this were true, one would need to understand
why certain mammalian ganglion cell types, including primate P
cells, express sodium channels but nonetheless lack contrast gain
control (Benardete et al., 1992). The bipolar cell mechanism de-
pends on local contrast changes over its narrow receptive field,
whereas the ganglion cell mechanism depends on its own firing
rate and thus on more global contrast changes across its wide
receptive field.

Bipolar cell roles in contrast gain control and slow
contrast adaptation
Similar to gain control in the present study, the major component
of slow contrast adaptation in ganglion cells also arises in bipolar
cells (Brown and Masland, 2001; Manookin and Demb, 2006).
After a period of high contrast, ganglion cells show a prominent

Figure 6. Evidence that contrast gain control depends on adequate bipolar cell stimulation rather than ganglion cell stimula-
tion. A, Linear filters and static nonlinearities (inset) for the large spot with high- and low-contrast levels and the small spot with
higher contrast levels. Gain control was present for the large and small spots, with higher contrasts, but was absent for the large
spot, with lower contrasts. B, Response amplitude (SD of current response) for both contrast levels and the three conditions in A.
Shown above the bars are diagrams of the stimuli (0.5 or 0.1 mm diameter) relative to a typical ganglion cell dendritic tree. C, Gain
change at high contrast depended on the contrast level, not spot size.
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afterhyperpolarization that could be explained primarily by re-
duced bipolar cell glutamate release (Baccus and Meister, 2002;
Manookin and Demb, 2006). This apparent drop in glutamate
release persisted while blocking amacrine cell input, suggesting
that it was not driven by synaptic inhibition of bipolar terminals.
However, three results suggest that this mechanism for slow ad-
aptation differs from the present mechanism for gain control.
First, gain control in the present study could be driven by a rela-
tively low spatial frequency stimulus (spot of 0.5 mm diameter),
whereas slow adaptation required a relatively high-frequency
stimulus (optimal grating, �0.1 mm bar width) (Manookin and
Demb, 2006). Furthermore, gain control was apparent in both
ON and OFF cells in the present study (Fig. 2), whereas slow
adaptation was prominent in OFF cells but much weaker in ON
cells (Manookin and Demb, 2006). Finally, using the LN analysis,
gain control can be modeled as a change in the linear filter,
whereas the mechanism for slow contrast adaptation can be mod-
eled as a tonic shift in the membrane potential (Fairhall et al.,
2001; Baccus and Meister, 2002).

The next goal will be to elucidate the mechanism for contrast
gain control in mammalian bipolar cells. Presently, there are sev-
eral hypotheses. First, in salamander, there is evidence that bipo-
lar cell gain control represents an intrinsic, voltage-independent
mechanism at the dendrites, because (1) gain control was similar
under current- and voltage-clamp conditions and (2) gain con-

trol was blocked, in OFF cells, by dialyzing the cell with a calcium
buffer (Rieke, 2001); a similar mechanism in mammals may in-
volve receptor desensitization (DeVries, 2001). Second, voltage-
dependent mechanisms could induce gain control in bipolar cells
(Mao et al., 1998). Finally, a gain-control mechanism could act at
the point of bipolar cell synaptic release (Palmer et al., 2003a,b;
Singer and Diamond, 2006; Veruki et al., 2006). Such a synaptic
mechanism would explain why one study found much stronger
gain control in ganglion cell membrane potential than in bipolar
cells, recorded in the same preparation (Baccus and Meister,
2002). Recordings of bipolar cells in the intact mammalian retina
have been extremely limited, given the difficulty in obtaining
stable recordings and identifying the bipolar cell type (Dacey et
al., 2000). Here, we have shown that amacrine cell signaling is not
critical for gain control, and therefore one could justify further
study in the mammalian retinal slice, where identification of
cone-bipolar cell types is more routine (Li and DeVries, 2006).
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