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Fig. 1. Responses of a complex cell in V1 to 
presentations of a stationary sinusoidal grating 
(100% contrast) of optimal size, position, ori- 
entation, and spatial phase. The neuron was not 
directionally selective. The solid trace shows 
the mean discharge rate (computed from 40 
stimulus presentations, in 10-ms bins), and the 
dotted traces show the mean i 1 SEM. The 
lower trace identifies the times of onset and 
offset of the grating. The first (0.5 s) presenta- 
tion of the grating desensitizes the cell, dimin- 
ishing its response to the probe presented 200 
ms later. By the time of the second probe, 
almost 2 s later, sensitivity has recovered. The 
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tex. The initial grating presentation also left 
the neuron desensitized, as can be seen by 
comparing the responses to the first probe 
(sensitivity was low) and to the second (sen- 
sitivity had recovered) (4) .  Desensitization 
does not result from light adaptation to the 
stationary image: First, a 0.5-s presentation of 
a grating flickering at 4 Hz was as effective 
an adapter as a stationary one (5); second, 
were light adaptation the cause of the chang- 
es, we would expect an increased response to 
a probe grating of the opposite spatial phase 
to the adapting grating. In fact, in complex 
cells, adaptation almost equally reduced re- 
sponses to probes of either polarity. 

Sensitivity changes in cortical neurons 
have generally been studied after prolonged 
periods of adapting stimulation ( 6 ) ,  although 
evidently brief stimuli can quickly bring 
about significant reductions (Fig. 1) (7). Con- 
trast adaptation, known to originate in cortex 
(8), is thought to adjust the responsivity of a 
neuron to the prevailing levels of contrast in 
the image (9). This prevents saturation of 
responses to strong stimuli and maintains the 

Post-stimulus time (sec) 
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visual selectivity of a neuron in the face of 
variations in stimulus contrast (10). Adapta- 
tion by contrast gain control is thought to 
originate in signals from a pool of neurons 
tuned to a wide range of orientations and 
spatial frequencies (11) and is therefore dis- 
tinguished from stimulus-selective adapta- 
tion, in which losses of sensitivity are great- 
est for stimuli like the adapting one (12). In 
this context, rapid adaptation as in Fig. 1 is of 
special interest, for if the loss of sensitivity is 
stimulus-specific we can place constraints on 
the properties of the underlying mechanisms. 

Rapid, stimulus-specific adaptation would 
have other important implications. During the 
course of a fixation lasting perhaps a few 
hundred milliseconds, the image often re- 
mains nearly constant. A persisting response 
to an unchanging stimulus is metabolically 
expensive and conveys little information. Re- 
ducing the response to the persisting stimulus 
without diminishing a neuron's capacity to 
respond to a new one would be beneficial. It 
would save energy and could also improve 
the capacity to signal small differences be- 
tween stimuli. This in turn might support 
improved perceptual discriminations (13). 

We therefore examined the stimulus se- 
lectivity of the rapid adaptation in Fig. 1. We 
found that adaptation in complex cells was 
pattern-selective and made subsequently pre- 
sented patterns more discriminable. 

Figure 2, A and B, show how interleaved 
brief presentations of adapting gratings in 

different orientations brought about orienta- 
tion-selective losses of sensitivity that were 
greatest near the orientation of the adapting 
grating (14). Adaptation to orientations other 
than the one initially preferred brought about 
a shift in orientation tuning, away from the 
adapting orientation. This shift was signifi- 
cant for the 28 complex cells on which com- 
plete measurements were made (Wilcoxon 
signed-ranks test, P < 0.005) (15). The tun- 
ing tended to become steeper and less vari- 
able in the neighborhood of the adapting 
orientation, potentially improving the neu- 
ron's capacity to discriminate orientation. We 
explored this by measuring how reliably neu- 
rons could distinguish two gratings that dif- 
fered in orientation before and after a brief 
period of adaptation. We express discrim- 
inability as the percentage of trials on which 
the gratings could be correctly identified 
(16). 

Figure 2C shows, for each of these 28 
complex cells, how adaptation altered the 
discriminability of the two gratings. For 20 
of 28 cells (those below the solid diagonal), 
adaptation improved the discriminability of 
gratings. Improvements arose from two 
sources: (i) the response to the grating at 
the adapting orientation fell substantially 
whereas the response to the other grating 
fell less or not at all; and (ii) the variability 
of responses was reduced. Simple cells be- 
haved differently: Adaptation reduced re- 
sponsivity in all 10 neurons that we studied 

I Fig. 2. (A and B) Orientation 
r A I F B  A . tuning of two V1 com~lex - cells, measured with station- 

: : :i. ary gratings, before (solid 
line) and after adaptation to 

P A *..,..*..* each of two stationary grat- - ::{ ..\ c-. ings, at -14' (W) or +14" 
20 (0) relative to the neuron's z 

m i/ ',::,) 20 rn , (initial) preferred orienta- 
.- 

10 .- tion; adapting orientations 
u \ are indicated by arrows. Oc- 

b 
0 ,. casional vertical bars show 

CI 0 , , , I I L  +I SEM. As adaptation re- 
'lank -28 -14 0 14 28 90 'lank -28 - I 4  ' l4 28 duced response, it also re- 

orientation of test grating orientation of test grating duced standard error of 
re preferred re preferred response, in (A) by 30 to 

50%, in (B) by up to 30%. 
(C) Change in the discrim- 

inability of two gratings differing in orientation by 14") after 
adaptation to one of them. Usually the adapting grating lay 14" 
from, and the other grating at, the preferred orientation; both 
gratings were always at orientations to which the neuron 
responded well Each of the 28 complex cells on which com- 
plete measurements were made is represented by a point. 
When adaptation improves discriminability, points fall below 
the diagonal (20 of 28 cells). Adaptation improved perfor- . mance significantly (Wilcoxon signed-ranks test, P < 0.01)) on 
average from 64 to 73% correct. Adaptation in 10 simple cells 
reduced responsivity without improving discrimination (im- 

Portion correct after adaptation proved in 4 of 10 cells). Measurements were made as described 
for (A) and (B); the interval between offset of the adapting 
pattem and the onset of the probe varied between 13 and 215 

ms. For four cells that were unusually narrowly or broadly tuned, the orientations of the adapting stimuli were 
separated less, or more, than the standard 14". (W) The neuron in (A); (*) the neuron in (B). 

exhaustively, but orientation selectivity did 
not depend on the orientation of the adapt- 
ing stimulus. 

Because the improvements in discrim- 
inability are confined to the neighborhood (in 
stimulus space) of the adapting stimulus, they 
will be valuable if successive fixations place 
similarly structured stimuli on a neuron's recep- 
tive field (1 7). Adaptation brings other poten- 
tial benefits: By depressing the responsivity of a 
neuron locally in stimulus space, adaptation 
reduces the correlation among the responses of 
the population of neurons that will respond to a 
particular stimulus. This will increase the infor- 
mation transmitted by each spike (18). Consider 
how the responsiveness of a population of neu- 
rons tuned to similar orientations changes with 
adaptation. Figure 3A shows orientation tuning 
for two complex cells before and after adapta- 
tion to a grating with nominal orientation 0". 
Adaptation sharply reduced both neurons' re- 
sponses to gratings near the adapting orienta- 

-42 -28 -14 0 14 28 42 

Orientation of test grating 
re adapting grating 

Fig. 3. Adaptation reduces the correlation among 
responses of a population of neurons that all 
respond to the adapting pattern, but have differ- 
ent preferred orientations. (A) Tuning curves for 
two complex cells before (solid line) and after (W, 
0 )  adaptation at orientation O0 (arrow). (B) The 
reduction brought about by adaptation in the 
redundancy among responses of a group of 28 
complex cells to probe gratings at different ori- 
entations around the adapting orientation. Re- 
dundancy is most reduced when the orientation 
of the probe is near the adapting orientation. 

1406 27 AUGUST 1999 VOL 285 SCIENCE www.sciencemag.org 



tion. Insofar as ~nultiple neurons respond simul- 
taneously to a grating at a particular location in 
the visual field, reduced responsiveness makes 
responses less redundant. 

A useful info~mation-theoretic measure of 
redundancy is the pairwise cross-correlation 
between the response rates of the population 
of neurons. weighted according to the prob- 
ability of a stimulus of each orientation (19). 
Figure 3B shows, for 28 complex cells, the 
ayerage reduction in redundancy due to each 
orientation. This makes clear that redundancy 
is most reduced locally around the adapting 
orientation. If the responses of the population 
of neurons were statistically independent. the 
correlation measure would be reduced to 
zero. It is most reduced when the orientation 
of the stimulus is near the adapting orienta- 
tion. The greater the likelihood that succes- 
sive fixations of a natural scene Dresent com- 
plex cells with patteins of similar orientation, 
the more adaptation will reduce the redun- 

g'= 10 *, - .-- 'X '- - 
c 'n .- 
1 0  , , , , , I 

Blank -28 -14 0 14 28 90 
z 
0 Orientation of test grating re preferred 

Fig. 4. Orientation tuning of the complex cell of 
Fig. 2A, measured with a stationary grating of 
optimal spatial frequency, size, and position, at 
100% contrast. (Top) Different curves show 
tuning for the probe grating presented alone 
(solid cuwe) and in the presence of a moving 
surrounding grating oriented at -14' (a) or 
14" (0) (arrows) that enclosed but did not 
intrude upon the receptive field. A surround 
grating presented alone elicited no response, 
but depressed sensitivity disproportionately for 
orientations near its own and increased sensi- 
tivity at other orientations. (Bottom) The 
change in response to the probe grating 
brought about by surround gratings at -14' 
(dashed line) and +14" (dotted line). The dis- 
criminability (16) of two gratings differing in 
orientation by 14" is increased from 91% cor- 
rect to 98% correct (28). Twenty-two mea- 
surements contributed to each point. In each 
trial lasting 2 s, test and surround gratings were 
displayed simultaneously for 1.25 s; we ana- 
lyzed the initial 100 ms of response. In control 
trials, the probe grating or the surround grating 
or both were absent, in which case the appro- 
priate region was uniformly lit at the space 
average luminance. In successive trials, presen- 
tations of the different patterns and controls 
were randomly interleaved. 

dancy among their responses. Rapid adapta- 
tion also reduced the redundancy among re- 
sponses of simple cells, but because adapta- 
tion does not change simple cells' orientation 
tuning, the reduction in the redundancy is not 
orientation-selective. 

Rapid adaptation helps to remove correla- 
tions among, and improves the discriminability 
of, signals arising from successively viewed 
images of similar structure. Adjacent regions of 
natural images tend to have similar structure 
(20). Do mechanisms also exist to remove cor- 
relations between, and improve discriininability 
of. signals arising from spatially adjacent re- 
gions? The receptive fields of many V1 neurons 
are enclosed by regions in which a visual 
stimulus alone evokes no response, but can 
powerfully modulate the response to a con- 
currently presented stimulus in the receptive 
field (21).  These sui~ounding regions might 
act to sharpen the neuron's selectivity for 
orientation (22) or spatial frequency (23).  We 
found that a grating surrounding the receptive 
field had much the same effect on orientation 
selectivity as a briefly presented adapting 
grating on the receptive field. 

Figure 4 sholvs (for the neuron of Fig. 2A) 
two orientation tuning curves, measured with 
gratings well-matched to the receptive field. 
Each curve was obtained in the presence of a 
surrounding grating of a different orientation; 
under conditions formally analogous to those 
used for studying adaptation. A surrounding 
grating whose orientation differed from the 
neuron's preferred orientation changed the 
shape of the curve, decreasing the sensitivity 
for orientations near that of the surround and 
increasing sensitivity to other orientations. 
The orientation tuning curve became steeper 
near the orientation of the surrounding grat- 
ing, improving the neuron's capacity to sig- 
nal differences in orientation. This improve- 
ment resulted from both a greater difference 
between the responses to the two gratings 
and, despite increases in absolute discharge 
rate, lower variance. 

Adaptation in coitical neurons has been 
described before (6-8; 12) but has not been 
induced with brief, stationary stimulation of 
the sort to which neurons will be exposed 
through normal fixations. Rapidly induced 
improvements in discrimination of the kind 
we have shown here will be particularly ben- 
eficial if successive fixations result in a re- 
ceptive field being exposed to images of sim- 
ilar structure. Available evidence on this is 
suggestive, though incomplete: Adjacent re- 
gions of images tend to have similar structure 
(20),  and the distribution of saccade sizes in 
free viewing is skewed toward small values 
(24) .  Our finding that lateral interactions aris- 
ing from stimuli surrounding the receptive 
field (21-23) can also improve the discrim- 
inability of similar stimuli falling on the re- 
ceptive field, encourages us to think of lateral 

interaction as a phenomenon that comple- 
ments rapid adaptation; both remove local 
correlations from neuronal signals, one in 
time, the other in space. 

Little existing physiology bears upon the 
mechanism of rapid adaptation. Intracellular re- 
cordings from cortical neurons show that a 
major component of long-term adaptation is a 
tonic hyperpolarization that raises a neuron's 
threshold for discharging action potentials (25). 
but this comes about too slowly to explain the 
changes in sensitivity that we have found (26) .  
Rapid depression of excitatory synapses (27)  
provides an attractive alternative account. The 
different behaviors of simple and complex cells 
can be accommodated by supposing that what- 
ever changes are brought about by adaptation 
occur in simple cells; and a group of simple 
cells in turn drives a complex cell. 

Perceptual benefits of adaptation, ex- 
plored in studies that use long illduction 
times, have not been easy to find (13) Our 
results suggest that it might be worth looking 
for larger benefits in psychophysical experi- 
ments that probe the aftereffects of very brief 
adapting exposures to stationary stimuli. 
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characterized by a conductive hearing loss, a 
flow of perilymph during the opening of the 
stapes footplate, and progressive sensorineural 
deafness (7). Genetic studies have shown that 
DFN3 is caused by mutations in BRN-4IRHS2I 
POU3F4, which encodes a POU transcription 
factor (2). The role of Bm-4 in the development 
of auditoiy function, however, remains unclear. 
Mutations in BRN-3.1/BRN-3c, which encodes 
another POU factor, are responsible for hered
itary nonsyndromic deafness, DFNA15, and 
targeted mutagenesis in mice has suggested that 
the protein plays a critical role in differentiation 
of hair cells in the inner ear (3). During devel
opment, Brn-4 is expressed throughout the in
ner ear in the mesenchyme of both the cochlear 
and vestibular aspects but not in tissues derived 
from neuroepithelial or neuronal cells (4). 

To analyze Brn-4 function in vivo and to 
elucidate possible mechanisms underlying 
DFN3, we generated Bm-4-deficient mice by 
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DFN3, an X chromosome-linked nonsyndromic mixed deafness, is caused by 
mutations in the BRN-4 gene, which encodes a POU transcription factor. Brn-
4-deficient mice were created and found to exhibit profound deafness. No gross 
morphological changes were observed in the conductive ossicles or cochlea, 
although there was a dramatic reduction in endocochlear potential. Electron 
microscopy revealed severe ultrastructural alterations in cochlear spiral liga
ment fibrocytes. The findings suggest that these fibrocytes, which are mes
enchymal in origin and for which a role in potassium ion homeostasis has been 
postulated, may play a critical role in auditory function. 
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