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circuits are faced with a trade-off between encoding the full range
of their inputs and resolving gradations among those inputs. For
example, the ambient light level varies daily over more than nine
orders of magnitude', whereas the firing rate of optic nerve fibres
spans less than two’. This discrepancy is alleviated by light
adaptation’: as the mean intensity increases, the retina becomes
proportionately less sensitive. However, image statistics other
than the mean intensity also vary drastically during routine
visual processing. Theory predicts that an efficient visual encoder
should adapt its strategy not only to the mean, but to the full
shape of the intensity distribution*®. Here we report that retinal
ganglion cells, the output neurons of the retina, adapt to both
image contrast—the range of light intensities—and to spatial
correlations within the scene, even at constant mean intensity.
The adaptation occurs on a scale of seconds, one hundred times
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Figure 1 Firing rate of a salamander {a} and a rabbit {(b) ganglion cell under
spatially uniform flicker stimulation, alternating every 100 {a) or 50 (b} seconds
between contrast values of 0.09 and 0.35. Average firing rate values were
computed in 5-5 (a) or 2-5 (b) time bins over 100 (a) or 25 trials (b). Continuous lines
are expanennal fits with decay time r. The first and last segments are periodic
repeats of the data. Trace below (b} shows the tme course of the contrast, &
Bottom trace illustrates the nme course of the flickering intensity, {, note that the
| random flicker sequence was different in each stimulus trial. Similar gradual
changes in the firing rate were unambiguous in 75% of salamander and 51% of
rabbit cells. Ancther 18% in salamander and 31% in rabbit showed the gradual
fnng rate decline afler a contrast increase but ne detectable recovery following a
contrast decrease.
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| Figure 2 Initial firing rate (R, closed symbaols) and final hnng rate (R, apen
symbols] following a contrast step from C = 0.09 to values ranging between 0.06
and 0.43. For each cell, R, and R, were calculated as in Table 1 and normalized to
yield A, = 1 at C = 0.08, then averaged cwver 53 salamander ganglion cells from 2
retinae. Lines are linear fits
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more slowly than the immediate light response, and involves 2-5-
fold changes in the firing rate. It is mediated within the retinal
network: two independent sites of modulation after the photo-
receptor cells appear to be involved. Our results demonstrate a
remarkable plasticity in retinal processing that may contribute to
the contrast adaptation of human vision’.

We recorded the spike trains of ganglion cells in the isolated retina |
of a tiger salamander or rabbit. The photoreceptor layer was |
presented with random flicker stimuli whose mean intensity
remained constant throughout, but whose second-order statistics
changed abruptly at long intervals (see Methods). The goal was to
monitor changes in retinal processing that are brought about by
such a switch in the properties of the artificial visual environment.
The first set of experiments employed a spatially uniform flickering
field; its mean intensity was kept constant, but the width of the
intensity distribution increased or decreased abruptly. Following
such a step increase in contrast, the firing rate of most retinal |
ganglion cells increased abruptly, then decayed exponentially to a
much lower value (Fig. 1 and Table 1). Following the opposite
contrast step, the firing rate dropped abruptly and then recovered
exponentially. These gradual changes in the firing rate suggest an
adaptive modification of ganglion cell response properties following
a step in contrast. For most salamander cells, the decay of the firing
rate after a contrast increase was 2 to 3 times faster than its recovery
following a contrast decrease (Table 1}. Rabbit ganglion cells
adapted very similarly (Fig. 1b and Table 1), even though their
absolute firing rates were an order of magnitude higher than
those of salamander ganglion cells. ‘On’ and ‘off” cells showed no
qualitative differences in their adaptation behaviour to this |
stimulus. :

The initial firing rate immediately following a contrast jump
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Figure 3 a, The effect of a contrast step from € = 00910 0.35 on the linear kernel
of a salarmander ganglion cell (from Fig. 1a): just beltore the step (broken line), after
the step at 1-63 (thick line), 13-18s (medium line), and 43-48 5 (thin line). The
kernel k() was computed with 5-ms bins over the respective time interval and
averaged aover 50 stimulus tnals (see Methods). b, Peak-to-peak amplitude (inset)
of the kernel fram the cell in (a). as a function of time relative to the contrast
transition. Open symbol represents value at ¢ < 0. Continuous line is an expo-
nential it to data after the step, with decay time r. A similar decrease of the kerne|
amplitude was cbserved in 33% of salamander and 85% of rabbit cells.
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increased linearly with the final contrast (Fig. 2). The steady-state
firing rate, after the exponential transient, also varied linearly with
the contrast. However, the latter curve was less than half as steep as
the former, a clear sign of contrast adaptation. Using the same
criterion, but different stimuli, a small but significant contrast
adaptation effect has been demonstrated in the cat’s lateral genicu-
late nucleus®.

To determine how each ganglion cell responded 1o the flickering
light, we computed the linear kernel of its firing rate with respect to
the sumulus intensity’"; this can also be viewed as the linear
response 10 a brief flash of light (see Methods). A step increase in
contrast triggered a rapid change in the shape of this kernel towards
a faster waveform (Fig. 3a, broken and thick lines). This was
followed by a gradual decrease of the kernel amplitude (Fig. 3 and

| Table 1). Following the opposite contrast step, the kernel shape
' reverted and its amplitude gradually increased. The fact that the

slow changes in kernel amplitude and firing rate occur with a very
similar time course (Figs 1a and 3b) suggests that the rate modu-
lations truly reflect a change in the sensitivity of the light response.
At low contrast, a high sensitivity serves to represent effectively the
narrow range of intensities. Following a sudden transition to high
contrast, the sensitivity gradually decreases to encode the broader
intensity range.

Previous studies of retinal signalling in cat'' and catfish’ indicated
that ganglion cell response properties change as a function of
ambient contrast. This ‘contrast gain control’ occurred within
tens of milliseconds' of a contrast step, which is less than the
photoreceptor integration time. Figure 3a also shows a shift of
ganglion cell sensitivity towards higher temporal frequencies that
occurs immediately after the contrast step, as seen in cat''. These fast
changes can be viewed as a nonlinear feature of the instantaneous
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light response'”, rather than as gradual adaptation Lo scene statistics. |
By comparison, the subsequent adaptation phase documented here
requires seconds to tens of seconds. This is similar to the time in
which an animal might move into an environment of substantially
different texture, or in which the scene illumination might change
from direct 1o diffuse light, producing a change in contrast.

Some neural element within the retina must sense the contrast
and control the change in sensitivity. To estimate the size of this
neuron’s receptive field, we stimulated the salamander retina alter-
natingly with a flickering checkerboard of varying square size, D,
and spatially uniform flicker of the same mean and contrast (see
Methods). Under these conditions, only neurons whose receptive
field extended over more than one square of the checkerboard
experienced a change in the statistics of their synaptic input as a
result of the transition to uniform flicker. |

Figure 4a illustrates the firing rate of a salamander ganglion cell in
such an experiment. Following a transition from uniform to
checkerboard stimulation, the firing rate suddenly increased, then
gradually declined over several seconds to a steady state. Following
the reverse transition, the firing rate suddenly decreased, then
gradually recovered. Judging from the final steady-state firing
rate, the neuron was driven more strongly by checkerboards than
by uniform fields, consistent with the centre-surround antagonism
in its receptive field. During the adaptation phase, the neuron’s
sensitivity always declined when exposed to a stronger stimulus, and
recovered under a weaker stimulus, analogous to the observations |
with uniform stimulation at varying contrast (Fig. 1). Thus, the |
same mechanism may account for both observations (Fig. 5). Such
behaviour was seen in all ‘on” cells.

However, the great majority of ‘off” ganglion cells behaved like the
neuron shown in Fig. 4b. During the adaptation phase the neuron's
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Figure 4 Adaptation to a change in spatial scale for wo salamander ganglion
cells, 'on’ type (a) and 'off' type (b). Top row illustrates tme course of the stimulus
during a trial, ahernating betwesn uniform and checkerboard stimulation at
varying square size, . The checkerboard was also shifted every 30ms by a
spatial offsel chosen at random on a 136-pum grid; this ensured that checker
boundaries would not consistently fall on the same neural receptive helds.
Contrast remained atC = 0.24 throughout. Average firing rates were computed in
2-g intervals over 50 trials. Lines are exponential fits. The last data segment (480~
540 5} is identical 1o the first (0-60s). The receplive field profiles {see Methods) of
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both cells are summarized (right) by the diameter of the centre region, d, and the
ratio of integrated sensitivity in the positive centre 1o that in the negative surround, |
¢/5. Note that the steady-state firing rates are maximal when D =d, and are
suppressed more under yniform illumination when the surround is stronger, asin
a. 12% of recorded neurons showed adaptation as in a, 82% as in b; for 6% the
firing rate adapted downwards only following the transiion from uniform 10
checkerboard stimulation. Ir the rabbit retina these stimuli produced gualitatvely
similar adaptanon of the ganglion cell finng rate, but there was no sharp
distincuon between 'on’ and ‘off' cells.
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Figure 5 a, Model of contrast adapration. Twao pathways lead fram the stimulus 1o
the ganglion cell: one (H, ‘igh pass’) integrates the stimulus with a spanally
antagonistic receptive field; the other (L. "low pass') has a broad receptive fieid.
Each pathway contains an adaptive neuron (An, AL which gradually increases its
sensiivity when its input signal (H,,, L} varies over a small range, and gradually
decreases its sensilivity when its input range is large. The output signals of the
twid pathways (Hay, Loy) are pooled and rectified to produce a positive ganglion
cell firing rate (R). b, Predictions for the firing rate under variations in contrast (left)
or checkerboard-square size (right). The range of signals in the H and the L
pathways are indicatad by their roct-mean-square variations, H™ and L ™. When
the flicker contrast is stepped up {left), both pathways are driven mare strongly
and thus adapt by decreasing their sensitivity, resulting in a gradual decline in the
firing rate. The opposite is predicted when the contrast stieps down. When
switching from uniform to checkerboard stimulation (right), the H pathway is
driven more strongly and the L pathway more weakly. Thus their sensitivities
adaptin the opposite direction. As the downward adaptation transients are larger
than the upward transients (Fig. 1), the net effect s a gradual decline of the firing
rate. When switching back to uniform stimulation, the roles of H and L pathways
are switched, but their pooled activity again results in a gradual decline of the
firing rate. This can explain the behaviour of salamander "off” cells in Fig. 1a (left)
and Fig. 4b {right). 'On’ cells behave as thaugh they lack the L pathway, or at least
its adaptive control, because their finng rate under both conditions (Figs 1a and
4a) varies as the autput signal in the H pathway.

Table 1 Characteristics of adaptation transients induced by changes in contrast

denote standard error,

sensitivity was initially high and gradually declined following every
stimulus transition, irrespective of whether the final rate increased
or decreased. In fact, the final rate under 272-pwm squares was
almost identical to that under uniform stimulation, yet the transi-
tion produced a large transient during which the rate changed
by more than a factor of two. This behaviour cannot be explained
by a single mechanism of local contrast adaptation, but could
result from independent adaptation in two pathways, one of
which responds best at high spatial frequencies, the other at low
frequencies (Fig. 5).

In these experiments, both the mean and the local contrast were
held constant, and the adaptation process was triggered purely by a
change in the spatial scale of the scene. These results place strong
constraints on the site of adaptation, In particular, it does not occur
in photoreceptors: The receptive field of cones—including their
electrical coupling which extends over ~25 pm in turtle”—is too
small to detect the difference between checkerboard and uniform
stimulation. In the scheme proposed in Fig. 5, the H pathway must
have a narrow centre, with a large surround extending over more
than 800 pm (the largest square size tested). Bipolar cells—with
? their broad antagonistic surrounds from the horizontal cell
| syncitium'*'*—could serve this role, as could the ganglion cell
| itself, The L pathway could be implemented by wide-field amacrine
cells in the inner retina'™'*. These assignments and the scheme in
Fig. 5 are tentative, but they provide one framework for explaining
the contrast adaptation behaviour of ganglion cells.

The effects reported here share several characteristics with con-
trast adaptation observed in human subjects and in the responses of
cortical neurons. After adapting to a drifting grating, the threshold

T2

Contrast s) IRy A LA
Cow Crgn 1 1 I 1 1 |
Salamander Q.06 018 9.1 =0.5(44) 178 £ 1.7(24) 2.48 = 031 (44) 0.18 = 0.04 (24] 1.48 = 0.07 (42) 056 = 0.06 (17)
.09 0.35 8.8 = 1.1(20) 28527017 1.69 = 0.14(20) 037 =006 (17) 1.26 = 0.05 (20} 0.60 = 0.07 (16}
Rabbit .09 0.35 126 = 1.28(36) 273 =27(18) 2.26 = 0.27(36) 027 =006 {16) 1.45 = 0.13(29) 0.68 = 0.07 {16)

Changes in contrast trom Cig,, 10 Crgn are indicated by an upward armow, and from Chgn 10 Ciow by 8 downward arrow. For =ach cell, the time course of the firing rate was fited with an
exponential of time constant  (Fig. |} and extrapolated to yield the inmal and final finng rate, R, and A,. The karnel ampiitude, A, was taken as the peak-to-peak amplitude of the wavelorm
[Fig. 3p), and its initial and final values, A and 4, were measurad over the first and the last 5-5 interval of the contrast segment respectively The parameters ¢+, A /R, and A, /A, were averaged
over all cells that showed adaptation (Figs 1 and 3), except when r or A could not be determined accurately. The number of cells for each estimate is given in parentheses. Uncertaintes

for detecting a similar test grating is raised about 5-fold’, compar-
able in magnitude to the observed changes in the firing rate of
retinal ganglion cells (Table 1, and see ref. 19). The time constants of
psychophysical contrast adaptation also range from second to tens
of seconds™. The loss of sensitivity after a contrast increase and the
recovery after a contrast decrease often follow a different time
course’’ ¥, a consistent feature in our recordings (Fig. 1 and Table
1; P<0.001). Although this suggests that retinal processing is
important in psychophysical contrast adaptation, cortical mechan-
isms certainly contribute as well, because there is partial interocular
transfer of adaptation”** and neurons in the cat visual cortex adapt
more strongly to grating stimuli than neurons in the lateral
geniculate nucleus®.

In summary, it appears that visual processing in the retina is
considerably more adaptive than previously acknowledged and
adjusts not only to the mean illumination but also to both the
range of intensity fluctuations and their spatial scale. Essentially
identical behaviour was observed in a mammalian and an amphi-
bian species, and related effects are seen in an insect visual system’,
suggesting that this strategy is a general principle of retinal

processing. More broadly, it might be expected that any neural |

circuit would benefit from an adaptive control that responds to
changes in the statistics of its inputs. The retina, with its accessible
and well studied circuitry, is ideal for studying the underlying
mechanisms. |

Methods

Recording. Retinae of larval tiger salamanders and Dutch belted rabbits were |
isolated in darkness into oxygenated Ringer's medium'® (salamander) or Ames’ |
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solution (rabbit; Sigma A-1420 supplemented with 22.6mM Na,HCO,,
4.4mM p-glucose, pH 7.4; maintained at 37 °C during recording). A piece of
retina 2-4mm on a side was placed onto a flat multi-electrode array for
extracellular recording from the ganglion cell layer'*. Results are reported
from 71 cells in 4 salamander retinae, 55 cells in 2 rabbit retinae (Figs 1, 2, 3;
Table 1), and 33 cells in 2 salamander retinae (Fig. 4). In the salamander, 14% of
recorded ganglion cells were ‘on’ and 86% ‘off’. In the rabbit, 33% were ‘on’,
51% ‘off’, and 16% had mixed response properties.
Stimulation. Stimuli were projected from a computer maonitor onto a 3.25-
mm-diameter aperture on the retina. Patterns consisted of a single uniform
field of flickering light (Figs 1-3) or a flickering checkerboard with
independently modulated square fields (Fig. 4), ranging in size, D, from
0.068 to 0.816 mm. The light intensity of each field was chosen every
A¢ = 30ms at random from a gaussian probability distribution with mean M
and standard deviation W Contrast, C, was defined as W/M, The field size D
sets the spatial scale of the stimulus. All experiments used white light"® with a
mean inlensity of M =42mWm * at the retina. The equivalent photon
flux at the peak absorption wavelength (A, ) was 5,680 photonspm ™ *s™"
for the salamander’s red cone photoreceptor (h,, = 630nm), and 5,150
photons wm ™* s~ ' for the rabbit’s green cone (A, = 523nm}"*.
Analysis. In a typical experiment, we interleaved segments of two stimulus
types in the order A;B A;B.A;B,..., where the A, represents segments with the
same contrast and spatial scale, but different random flicker sequences, and
B; represent segments with another contrast or spatial scale. Individual
segments of A and B lasted either 50's or 100, and recordings extended over
25 to 100 AB trials. The mean firing rate at a given time around the A-to-B
transition (Figs 1, 2, 4) was computed by counting the spikes in the corre-
sponding short ime bin of all the AB trials, and dividing by the number of trials
and the length of the time bin. The first-order Wiener kernel (Fig. 3) of the
response was computed by correlating the stimulus intensity I{r} and the firing
rate R(r): ki) = _l_l rfz'(r"} — MIR(t" + tydt’. This represents the linear
WCT Jo
effect on the firing rate from a flash of light with integrated intensity M At The
kernel at a given time around the transition was computed by performing the
integral only over the corresponding time bins of all individual trials. The
spatial receptive field (Fig. 4) was determined from steady-state responses to
checkerboard stimulation with 136-um squares: the kernel k{r} was computed
for each square, and its peak amplitude plotted as a function of position. All
error bars in figures represent the standard error across trials.
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