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Abstract

The response amplitude of cat striate cortical cells is usually reduced after exposure to high-contrast stimuli.
The temporal characteristics and contrast sensitivity of this phenomenon were explored by stimulating
cortical cells with drifting gratings in which contrast sequentially incremented and decremented in stepwise
fashion over time. All responses showed a clear hysteresis, in which contrast gain dropped on average 0.36
log unit and then returned to baseline values within 60 s. Noticeable gain adjustments were seen in as little as
3 s and with peak contrasts as low as 3%. Contrast adaptation was absent in responses from LGN cells.
Adaptation was found to depend on temporal frequency of stimulation, with greater and more rapid
adaptation at higher temporal frequencies. Two different tests showed that the mechanism controlling
response reduction was influenced primarily by stimulus contrast rather than response amplitude. These
results support the existence of a rapid and sensitive cortically based system that normalizes the output of
cortical cells as a function of local mean contrast. Control of the adaptation appears to arise at least in part
across a population of cells, which is consistent with the idea that the gain control serves to limit the
information converging from many cells onto subsequent processing areas.

Introduction

One of the earliest quantitative studies of the striate cortex
noted that “. . . the responsiveness of cortical cells to a constant
stimulus can vary over time” (Henry et al., 1973). To compen-
sate for this perceived variability these authors introduced a
strategy known generically as multiple interleaved histogram-
ming to improve the reliability of measurement of cortical re-
sponses. With this procedure, stimulation across all conditions
of a measurement series is randomly interleaved so as to dis-
tribute any long-term variability over the entire sample. The
consistency of data derived by means of this technique has en-
couraged its adoption as a standard practice for quantitative
cortical electrophysiology.

However, the strategy of randomly interleaving stimuli may
actually distort measured results. The nonstationarity of corti-
cal responsiveness is not completely random but depends to
some extent on the history of stimulation. Repeated presenta-
tion of moving bars or gratings can markedly reduce cortical re-
sponse amplitude (e.g. Vautin & Berkley, 1978; Movshon &
Lennie, 1979; Albrecht et al., 1984; Maddess et al., 1988). When
receptive fields are exposed to contrast values closely grouped
around a mean contrast, the origin of the response vs. log con-
trast function is systematically displaced to the right as a func-
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tion of mean contrast (Ohzawa et al., 1985). The resuiting
reduction of contrast sensitivity at higher contrasts reduces sat-
uration and enhances discriminability of contrast increments at
suprathreshold levels. This contrast gain control seems to orig-
inate in striate cortical cells, since it is not seen in lateral genic-
ulate nucleus (LGN) responses (Movshon & Lennie, 1979;
Ohzawa et al., 1985).

All of these previous studies of cortical adaptation were
modeled on psychophysical experiments in which contrast sen-
sitivity is reduced after prolonged viewing of a high-contrast
pattern (e.g. Blakemore & Campbell, 1969). Both the psyche-
physical and physiological experiments typically used adapting
gratings with contrasts in excess of 40%, at which level the rez
sponse of most cortical cells saturates, and adapting periods-of+~
30 s to several minutes. This high level of adaptation was re-
quired because its impact was usually measured as a lingering
aftereffect on responses to stimuli presented subsequent to the
adaptation exposures. Such powerful adapting stimuli generally
result in adaptation of most cortical cells that asymptotes within
5-30 s, and recovery over a similar period (Albrecht et al.,
1984).

Stimuli that concentrate high-contrast power at a single spa-
tial-frequency band over such long periods might be considered
“unnatural.” They permit the exploration of visual system be-
havior under extreme conditions, but the contrast adaptation
mechanisms thus revealed may not be useful or even functional
under more normal viewing circumstances. The adaptation of
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cortical responses by briefer exposures to lower contrasts would
demonstrate that contrast adaptation plays a functional role in
day-to-day vision. It would also reveal the extent to which the
history of stimulation can influence responsiveness and account
for a component of the response variability seen in the visual
cortex. If adaptation were sufficiently rapid, it could even be
responsible for some of the marked nonlinearities (e.g. satura-
tion) of the cortical response vs. log contrast function or the
strong attenuation of cortical responses seen at high temporal
frequencies.

The primary experiments presented here tested the impact of
stimulus duration and contrast on response amplitude by pre-
senting ordered sequences of contrasts to cortical cells. In ev-
ery cell, response to a given contrast level was Jower when that
level was preceded by a higher contrast than when it was pre-
ceded by a lower contrast. This effect seemed to have no lower
limit; contrasts as low as 3% were effective in response reduc-
tion. The temporal duration required for adaptation was also
measured. Noticeable response reduction could result from ex-
posures of higher contrasts as brief as 50 ms, and the strength
and speed of adaptation was enhanced at higher temporal fre-
quencies of stimulation. Adaptation appeared to depend prin-
cipally on stimulus contrast and not response amplitude. Similar
contrast-driven adaptation was absent in LGN cell responses.
These results demonstrate that contrast adaptation of cortical
cells is more powerful, widespread, and rapid than previously
thought. It has the potential to influence strongly everyday vi-
sual performance and is not simply the result of overloads of
the system. This suggests that it is indicative of a constantly ac-
tive mechanism that normalizes responsiveness to the context of
the mean contrast, enhancing contrast discriminability at a
given operating point, and limiting the dynamic range of infor-
mation fed to higher centers.

Methods

Physiological preparation

Adult cats (2-4 kg) were initially anesthetized with 5% Fluothane
in O,. A forelimb vein was cannulated and anesthesia was
maintained with 2.5% sodium thiamylal (Surital, Parke-Davis,
Morris Plains, NJ). A tracheal cannula was inserted and a cra-
niotomy performed at Horsley-Clark coordinates P4-L2. Paral-
ysis was induced with an initial 1-mg injection of gallamine
triethiodide (Flaxedil) and maintained at an infusion rate of
10 mg/kg-h in a mixture of lactated Ringer’s solution and Sur-
ital (1 mg/kg-h) to stabilize anesthesia. Animals were artificially
ventilated (N,0:0,:CO, of 75%:23.5%:1.5%) at a rate of
30 breaths/min and a stroke volume adjusted to maintain an ex-
pired CO, of 3.9%. The EEG and EKG were continually mon-
itored and the rectal temperature was maintained at 38°C.
Pupils were dilated with 1% atropine sulfate and nictitating
membranes were retracted with 10% phenylephrine HCI. The
corneas were protected with fitted contact lenses having 4-mm
artificial pupils. Correcting lenses were added to render the ret-
inae conjugate with a viewing screen 57 cm distant. By reverse
ophthalmoscopy, the optic disk and area centralis of each eye
were projected onto a plotting screen; the receptive fields of all
cells recorded were located within 5 deg of the area centralis.
LGN records were made from fibers encountered in the striate
cortex. :
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Stimuli and data analysis

Receptive fields were first mapped for location and optimal ori-
entation with a manually controlled light bar. Stimulus patterns
were then presented on a Tektronix 608 display (100 cd-m ™2
mean luminance) driven by a microprocessor-based digital pat-
tern generator. The display was masked to a circle which sub-
tended 10-deg visual angle. For all cells, sine-wave gratings were
presented to determine quantitatively the stimulus orientation,
spatial frequency, and temporal frequency which would opti-
mally drive a cell. Cells were classified as simple or complex
both on the basis of the usual tests with a light bar and by
means of the relative modulation (Skottun et al., 1991). As a
rule, response amplitude was specified by the d.c. response
compeonent (mean firing rate) for complex cells and the Fourier
fundamental response component for LGN and simple cells.
Stimuli were repeated a sufficient number of times (depending on
trial duration) to yield a total averaging time of 40 s per datum.

Experimental protocol

With a grating adjusted to those spatial parameters yielding an
optimal response, a response vs. log contrast function was mea-
sured with 4-s presentations at steady contrasts in randomized
order. One-second “null” patterns (mean luminance, zero con-
trast) were inserted between each stimulation. This was the
usual procedure in past experiments and served as a control
against which the results of the new stimulation paradigm could
be compared. Next, cells were presented with a sequence of con-
trasts logarithmically stepped in ascending, then descending
order. The contrast was held steady during each measuring in-
terval (typically 1-3 s) and the standard range of contrasts was
3.5-56% in 0.15 log steps. Stimulation was continuous; each
contrast stepped immediately to the next without pause. Only
one null pattern was used at the beginning of each stimulus
cycle. In some cases, its duration was systematically varied
independent of the duration of the contrast steps. Response am-
plitude is based on individual peristimulus time (PST) histo-
grams constructed from spikes collected at each contrast level

(step). Other stimulation procedures were also used as described -

in the results.

Results

Contrast hysteresis

A typical response vs. log contrast function for striate cortical
cells is shown in Fig. 1A. As in most of the tests described here,
the stimulus was a sine-wave grating drifting at 2 Hz, with spa-
tial frequency and orientation optimized for the cell. Contrast
ranged from 3-56% in 0.15 log unit intervals; 4-s trials at dif-
ferent contrasts were presented in random order, with 1 s be-
tween presentations. As also found by others (e.g. Tolhurst,
et al., 1981; Dean, 1981; Albrecht & Hamilton 1982; Li &
Creutzfeldt, 1984), the curve demonstrates a linear segment near
threshold, a suprathreshold segment that is more or less linear
with log contrast and a flattening or slight inflection (“satura-
tion”) at the top. In some cases, the inflection at higher con-
trasts was significant (“supersaturation”; Li & Creutzfeldt,
1984).

This same cell was next tested with continuous stimulation
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Fig. 1. A: Typical response vs. log contrast function measured with randomized stimulus presentation. Salient features are a
strictly linear segment near threshold, linear (with log contrast) middle segment, and saturation (or slight supersaturation) at
56% contrast. B: The same curve is overlaid on a data set (defined by the hatched area) in which contrast was stepwise increased
(left edge; rising arrows), then decreased (right edge; falling arrows) in 0.15 log steps. The edges of the envelope are defined
by straight lines connecting the response levels at each contrast. A total of nine contrasts were used and each contrast was pre-
sented for 3 s (responses averaged during the first 2 s). The figure of merit for the hysteresis is the shift along the log contrast
axis at half the maximum response amplitude, here 0.36 log units. In this and all other figures, the alphanumeric Iegends denote
the cat (e.g. CV6), cell number (R4), and experimental run number (3).

where contrast sequentially increased, then decreased in a step-
wise fashion over the same range. Here each datum resulted
from 3 s of stimulation (2 s of averaging) with a 3-s rest at the
end of the cycle. With 0.15 log unit steps, an entire cycle was
completed in 54 s. Each cycle was repeated 20 times to yield the
same averaging duration as in Fig. 1A. Figure 1B shows the re-
sults, with the response vs. log contrast function from ran-
domized presentation overlaid for comparison. The responses
from sequential presentation are represented by the hatched
region, where the left-hand edge (upward drrows) is composed
of straight lines connecting the response levels attained as con-
trast was incremented and the right-hand edge (downward ar-
rows) showing the responses as contrast decreased. The resulting
envelope describes a clear response hysteresis, or lack of retrace-
ability that is dependent on the immediate past history of stim-
ulation. Responses to a given level of contrast.were always
higher when that level was preceded by a lower contrast than
when it was preceded by a higher contrast. A simple figure of
merit for the degree of hysteresis is the difference in contrast re-
quired for a response of half the maximum response on both
the upward and downward path, shown in Fig. 1B by the hor-
izontal arrows. In this case, 0.36 log less contrast is required on
the rising edge than on the falling edge to generate a response
of half maximum amplitude. ’

Similar patterns of hysteresis were found in every cell tested.
In 17 simple and 19 complex cells, the mean contrast shift with
the standard stimulation regimen described above was 0.36 log
units, with a standard deviation of 0.15 log units. In this sam-
ple, the greatest hysteresis seen was about 1 log unit and the
least about 0.1 log unit. Figure 2 shows eight examples result-

ing from the same stimulation conditions, with responses to
randomized contrast presentations (filled circles) overlaid. In
general, the responses to randomized presentations had lesser’
amplitude at lower contrasts and greater amplitude at higher
contrasts than responses to sequential stimulation. This is con-
sistent with the notion that the hysteresis represents a gain con-
trol sensitive to recent history of stimulation. For randomized
presentation, the expected contrast value for the previous stim-
ulation is simply the logarithmic mean of the set, typically 14%.
At low contrasts, this figure is higher than the known previous
value for sequential stimulation, resulting in response attenu-
ation, and for high contrasts it is lower than the previous value
for sequential stimulation, resulting in response enhancement.
This means that response vs. log contrast functions measured
with randomized presentation generally show higher contrast
gain (a steeper slope) but lower contrast sensitivity (rightwafd
shift of threshold) than those functions measured on the ledd-
ing edge of ordered presentation:,

This analysis was quantified by leastrsquares linear fits to the
response vs. log contrast curves. Although fits to some saturat-
ing function might have been marginally. more accurate, the lin-
ear model provided reasonable and unambiguous estimates of
slope and intercept. Data for the fits were restricted to those
points clearly above threshold but below saturation. Contrast
sensitivity was taken as the inverse of the intercept of these fits
with the resting discharge level. Paired measurements utilizing
both random and ordered presentation of contrast were made
in 33 cells. Of these, in 30 cases contrast sensitivity rose with or-
dered presentation on average 36%, with a greatest increase of
about 300%. In the three cases where contrast sensitivity
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Fig. 2. Examples of response hysteresis (hatched area) across a sample of eight cells. Curves measured with randomized pre-
sentation (filled circles) are overlaid. Measurement conditions are standardized as described in Fig. 1.
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dropped, the greatest loss was 19%. The average contrast sen-
sitivities across the sample were 39.3 and 28.8 for ordered and
random presentation, respectively. In 23 of the 33 cases, the
slopes of the curves decreased with ordered presentation, but
the slope change over the whole sample was not statistically sig-
nificant.

The maximum firing rate seen during hysteresis measure-
ment varied across the sample from a low of 3.2 impulses/s to
a high of 88 impulses/s (d.c. level for complex, first harmonic
for simple cells) with a mean of 35.3 impulses/s (+22.4 im-
pulses/s s.D.). Substantial hysteresis was found for cells with
peak firing rates of 15-30 impulses/s (e.g. Fig. 2D-2G) as well
as over 80 impulses/s (e.g. Fig. 2B, C, H). Linear regression be-
tween the magnitude of hysteresis and the maximum firing rate
(Fig. 3) is slightly positive but not significant, suggesting that
the hysteresis is independent of firing rate and is thus not likely
to originate as a result of simple fatigue. Neither was hystere-
sis strongly dependent on cell type, with an average of 0.32 log
hysteresis found for simple cells (# = 17) and 0.39 log for com-
plex cells (n = 19). A marginally larger reduction in response
with adaptation was also seen in complex cells by Albrecht et al.
(1984). In four cases, a peculiar non-monotonicity was seen in

" the form of a “hook” on both the rising and falling edges (e.g.

Fig. 2E, F).

Movshon and Lennie (1979) and Ohzawa et al. (1985) also
applied their adapting techniques to LGN cells and found es-
sentially no contrast adaptation, concluding that the effect was
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of cortical origin. Four LGN cells, whose fibers were recorded
in the cortex, were exposed to sequential contrasts under the
standard conditions of stimulation described above. Of these,
only one showed hysteresis of magnitude about 0.1 log unit of
contrast. There was no noticeable difference in response ampli-
tude on the rising and falling legs for the remaining three, fur-
ther validating the concept that this type of gain control
originates in the cortex.

Saturation is usually used to describe the absolute output
limitation of a system. In the case of cortical cells, it refers to
a flattening of the response vs. log contrast function at higher
contrasts (Dean, 1981; Tolhurst et al., 1981; Albrecht & Ham-
ilton, 1982; Li & Creutzfeldt, 1984). Cortical response satura-
tion might result simply from a hard physiological limit on the
firing rate that a cell can generate. In this case, one would ex-
pect that the cell would fire at a constant rate for all contrasts
that cause saturation; the curves for ascending and descending
contrasts would thus be coextensive in the region of saturation.
Such behavior was rarely seen. In the examples of Figs. 1B, 2,
and 4, while the response level is flat (or turns down) for as-
cending contrasts in the saturation region, there is a significant
drop in firing rate for the first (and subsequent) contrast dec-

. rement(s). Once the firing rate of a cell reaches the saturation

level, exposure to higher contrasts results in no change (or even
a decrease) in response amplitude. Constant response at higher
contrasts means a loss in overall contrast gain, which is main-
tained for some time after stimulus contrast is decreased. This
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Fig. 3. Hysteresis magnitude (shift in log contrast required to generate a response of half maximum amplitude) vs. peak re-
sponse amplitude. Although there is a slight positive trend, it is not significant, indicating that simple fatigue from high firing

rates is not a major influence in adaptation.
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Fig. 4. Hysteresis as a function of stimulus timing. A series of curves measured in the same cell with total sequence durations
of 545 (A), 18 s (B), 10 5 (C), and 6 s (D). The medium durations (B, C) are dominated by a failure of recovery, whereas the

briefest duration (D) has a higher peak firing rate, suggesting less than complete adaptation.

is evident from lower response levels on the falling contrast legs
of the curves. The lag in recovery from “response saturation’s:
suggests that it results from a dynamic process rather than from:
a simple physiological limitation of the highest frequency of fir=
ing of the cell*

Temporal characteristics

The usefulness of the contrast gain control depends in large part
on the speed with which the response level is set and the rate of
recovery. Other studies of contrast adaptation (Vautin & Berk-
ley, 1978; Albrecht et al., 1984; Ohzawa et al., 1985; Berkley,
1990) have suggested that adaptation occurs within seconds and
recovery over tens of seconds to minutes. Stimulation with or-
dered contrasts would bear this out. A complex cell was exposed
to contrast sequences four times with the same minimum
(3.5%) and maximum (56%) contrasts in all cases, but the time
required to ascend to the maximum contrast and return was
varied. In Fig. 4A, each contrast level was presented for 3 s.
The total trial duration was 54 s, including a 3-s null presenta-
tion between each complete trial (not shown). Peak firing rate
was 52 impulses/s and the hysteresis at half amplitude was 0.4
~ log contrast. Figure 4B-4D shows the results from total trial du-

rations of 18, 10, and 6 s respectively. The duration of the pre-
sentations was decreased to 1 s, and in Fig. 4C and 4D the short
cycles were achieved by omitting intermediate contrast levels.
All show peak firing levels less than that of Fig. 4A and hyster-
esis that decreases monotonically as the cycle time decreases.
The peak firing rates of Fig. 4C and 4D are slightly higher than
that of Fig. 4B. Similar behavior was seen in each of three other
cells tested this way.

Two opposing forces seem to be at work. It is clear that re-
duction of contrast over 9 s or less is insufficient to permit full
recovery of the cell, since in Figs. 4B-4D the firing rate at ev-
ery contrast (and especially the lowest contrasts) is less than that
in Fig. 4A, and it is not even assured that measurement in
Fig. 4A was long enough to permit complete recovery. On the
other hand, the slightly higher peak firing rates seen in Fig. 4C
and 4D suggest that 1 or 2 s spent at higher contrasts (above
14%) are not sufficient to adapt the response as much as seen
in Fig. 4B, where 5 s were spent at contrasts above 14%.

At least within the limits of the adaptation incurred within
the 27-s period of increasing contrast, the 27 s during which
contrast was reduced appeared to be adequate for recovery,
since in these examples (Figs. 1, 2, and 4) the curves are closed
at the bottom. In five cells, the 3-s delay (while no contrast was






