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Jin, Dezhe Z., Valentin Dragoi, Mriganka Sur, and H. Sebastian
Seung. Tilt aftereffect and adaptation-induced changes in orientation
tuning in visual cortex. J Neurophysiol 94: 4038—-4050, 2005. First
published August 31, 2005; doi:10.1152/jn.00571.2004. The tilt af-
tereffect (TAE) is a visual illusion in which prolonged adaptation to
an oriented stimulus causes shifts in subsequent perceived orienta-
tions. Historically, neural models of the TAE have explained it as the
outcome of response suppression of neurons tuned to the adapting
orientation. Recent physiological studies of neurons in primary visual
cortex (V1) have confirmed that such response suppression exists.
However, it was also found that the preferred orientations of neurons
shift away from the adapting orientation. Here we show that adding
this second factor to a population coding model of V1 improves the
correspondence between neurophysiological data and TAE measure-
ments. According to our model, the shifts in preferred orientation have
the opposite effect as response suppression, reducing the magnitude of
the TAE.

INTRODUCTION

The tilt aftereffect (TAE) is a striking visual illusion in
which prolonged adaptation to an oriented visual stimulus
causes subsequent stimuli to appear rotated away from the
adapting orientation (Gibson and Radner 1937; He and Mac-
Leod 2001; Magnussen and Johnsen 1986; Mitchell and Muir
1976). Explaining this and other aftereffects in terms of neural
mechanisms has been an important outstanding problem. His-
torically, a popular explanation of the TAE has been a hypoth-
esized relative suppression of neurons tuned to the adapting
orientation (Clifford et al. 2000; Coltheart 1971; Sutherland
1961; Wainwright 1999). Recent physiological studies have
confirmed that adaptation leads to suppression of neural re-
sponses near the adapting orientation. These experiments have
also identified an additional effect of adaptation: the preferred
orientations of neurons repulsively shift away from the adapt-
ing orientation (Dragoi et al. 2000, 2001). Here we construct a
population coding model that includes both factors and show
that the repulsive shifts of preferred orientations are important
for quantitatively explaining the TAE. According to the model,
the TAE is indeed caused by the relative suppression of neural
responses. However, it is substantially weakened by the pre-
ferred orientation shifts. We suggest that the visual system uses
the repulsive shifts of preferred orientations to reduce the
perceptual error in orientation that could be induced by neural
response suppression.

Quantitative measurements of the TAE are schematically
summarized in the graph of Fig. 1A, which depicts the differ-
ence between the perceived and true orientation of a test
stimulus as a function of the difference between the test and
adapting orientations. According to this graph, the perceived
orientation is similar to the true orientation, but rotated away
from the adapting orientation by up to 4 deg (Clifford et al.
2000; Gibson and Radner 1937; Magnussen and Johnsen 1986;
Mitchell and Muir 1976). That is, the adapting orientation
“repels” the perceived orientation.

Neurons in the primary visual cortex (V1) respond selec-
tively to the orientation of a stimulus (Hubel and Wiesel 1962).
Orientation selectivity is generally characterized by a tuning
curve depicting the firing rate of a neuron as a function of
stimulus angle. Two major changes in tuning curves of VI
neurons are observed after adaptation, particularly when the
adapting orientation is close to a cell’s preferred orientation
(Dragoi et al. 2000) (Fig. 1B). First, the amplitude of the tuning
curve on the flank near the adapting orientation depresses after
adaptation; this is often accompanied by an increase in re-
sponse amplitude on the opposite or far flank. Second, the
location of the peak response, or preferred orientation of the
cell, shifts away from the adapting orientation, so that the
effect is “repulsive.” The amount of the shift, which depends
on the difference between the preferred and the adapting
orientations, can be on the order of 10 deg (Dragoi et al. 2000)
(Fig. 1B).

To show that the adaptation-induced changes of the tuning
curves of V1 neurons are quantitatively consistent with the
TAE, we mathematically analyze a population coding model.
Similar to previous models (Clifford et al. 2000; Gilbert and
Wiesel 1990; Pouget et al. 2000; Vogels 1990; Wainwright
1999), our model assumes that the population response profile
of V1 neurons to a stimulus determines its perceived orienta-
tion. The analysis unveils a quantitative relationship between
adaptation-induced changes of the perceived orientations and
those of the tuning curves: The amplitude suppression of the
tuning curves near the adapting orientation is positively corre-
lated with the sum of the repulsive shifts of perceived orien-
tations and the preferred orientations of neurons. We use this
quantitative relationship to check the consistency between the
psychophysical and physiological data. From the measured
amount of the TAE and the shift of the preferred orientations,
we predict the response suppression of the tuning curves near
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FIG. 1. Summary of psychophysical and physiological data
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adaptor (Gibson and Radner 1937; He and MacLeod 2001;
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causes repulsive shifts of the preferred orientations of neurons
in primary visual cortex (V1) (Dragoi et al. 2000). Left: tuning
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the tuning curve of a neuron before adaptation. Black curve is
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the adapting orientation. This prediction is then compared with
the observed response suppression. The results confirm that the
TAE is quantitatively consistent with the measured changes of
tuning curves of V1 neurons under adaptation. The relationship
further illustrates that, for a given response suppression, the
repulsive shift of the preferred orientation reduces the amount
of the TAE and thus the perception error.

The relationship between the changes of the orientation
tuning curves and those of the orientation perceptions has been
discussed qualitatively before (Clifford et al. 2000; Coltheart
1971; Gilbert and Wiesel 1990; Sutherland 1961; Teich and
Qian 2003; Wainwright 1999; Yao and Dan 2001). However,
such qualitative discussions cannot resolve the issue of the
consistency between the adaptation-induced changes of the
tuning curves and the TAE; a quantitative analysis is neces-
sary. Our novel mathematical analysis enables the quantitative
comparison between the physiological and psychophysical
data.

METHODS
Experimental data

In this paper we use data from physiological and psychophysical
experiments documented previously. Here we briefly describe these
experiments. In the physiological experiments (Dragoi et al. 2000),
the orientation tuning curves of neurons in V1 of anesthetized cats
were measured by presenting high-contrast square-wave drifting grat-
ings at 16 orientations (equally spaced at 22.5 deg), and recording the
spike trains. The gratings had a spatial frequency of 0.5 cycle/deg, and
temporal frequency of 1 Hz. Before adaptation, each orientation was
presented for ten trials, with each trial lasting 2.5 s. Neuron spike rates
were averaged over trials for each orientation. Adaptation was in-
duced by presenting a drifting grating at the adapting orientation for
2 min. After adaptation, each of the 16 orientations was presented for
112 trials, with each trial lasting 2.5 s, preceded by a 5-s presentation
of the adapting orientation to maintain the effects of adaptation.

In the psychophysical experiments that measured the TAE (Clifford
et al. 2000, 2003) human subjects were presented with contrast
reversing, stationary sinusoidal gratings with spatial frequency 1
cycle/deg and temporal frequency 1 Hz. The TAE was measured using
adapting stimuli at six orientations of equal spacing of 15 deg. Each
adapting stimulus was presented for 1 min. After adaptation, the

90  preferred orientation after adaptation and the preferred orienta-
tion before adaptation as a function of distance between the
preferred and adapting orientations.

perceived vertical orientation was measured using test stimuli with
orientations progressively closer to the subjects’ judgment of vertical
orientation. Each testing stimulus lasted 400 ms followed by a 5-s
presentation of the adapting stimulus to maintain the effects of
adaptation. The test stimuli were presented for 60 trials. The differ-
ence between the true and perceived vertical orientation was the TAE.

The model

The central feature of our model is the rate function, which is a
compact description of the tuning curves of the neuronal population.
Our goal is to show how the activity of the neuron population, as
defined by the rate function, changes as a result of the response
suppression and orientation shift of tuning curves. We describe three
different procedures for calculating, through the rate function, the
relationship between the changes of the tuning curves and those of
population responses, and illustrate our results in detail with one
method, the winner-take-all method (see APPENDIX). We then show
that the other two methods, the population vector method and the
maximum-likelihood method, lead to similar results.

RESULTS

Orientation perception is commonly presumed to arise from
the population responses of V1 neurons to oriented stimuli
(Clifford et al. 2000; Gilbert and Wiesel 1990; Pouget et al.
2000; Vogels 1990; Wainwright 1999). From this perspective,
it is straightforward to see how adaptation-induced changes in
the tuning curves of V1 neurons lead to errors in orientation
perception because such changes alter the population response
profiles of V1 neurons. Thus, the neural basis of the TAE is
simple to grasp qualitatively. However, it is not obvious that
the specific changes of tuning curves observed in physiological
experiments (Dragoi et al. 2000) are quantitatively compatible
with the TAE. The experiments show that the preferred orien-
tations of neurons shift away from the adapting orientation;
moreover, maximum firing rates are reduced especially for
neurons with preferred orientations near the adapting orienta-
tion. Do these changes lead to shifts of the perceived orienta-
tion away from the adapting orientation, as in the TAE?
Moreover, are the amounts of change of tuning curves consis-
tent with the magnitude of perception shifts in the TAE? We
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address these questions by mathematically analyzing the rela-
tionship between the changes of tuning curves and those of
orientation perception in a population coding model.

To do this, two issues about population coding models must
be addressed. The first issue concerns the diversity of orienta-
tion tuning properties of V1 neurons. Tuning curves of V1
neurons, even for those with the same preferred orientations,
may have quite different widths and maximum rates (Hubel
and Wiesel 1962). Such diversity makes our mathematical
analysis difficult. We overcome this difficulty by replacing all
neurons of the same preferred orientation with a single “rep-
resentative neuron.” The tuning curve of this single neuron is
the average of those of the neurons with the same preferred
orientation. Thus, in our population coding model, there is one
neuron for each preferred orientation. Before adaptation, the
tuning curves of all neurons have the same Gaussian shape.
Each neuron is labeled with its preferred orientation in the
unadapted state. After adaptation, the tuning curves remain
Gaussian; however, the preferred orientations may shift from
the neuron labels. Moreover, the amplitudes and the widths of
the tuning curves may change as well.

The second issue concerns how the rest of the brain “reads
out” orientation from V1 neuron responses. This is not a settled
matter in population coding models in general (Pouget et al.
2000). Among many possible proposals, three methods are
commonly used in the literature: the winner-take-all, the pop-
ulation vector, and the maximum-likelihood methods. In the
winner-take-all method, the perceived orientation is set to the
label of the neuron that fires maximally to the stimulus. In the

Tuning Curves

‘ — Perception shift

A Adapting orientation Adapting orientation
61 62 03 61 62
B
' |5
C }
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population vector method (Georgopoulos et al. 1982; Gilbert
and Wiesel 1990; Vogels 1990), each neuron contributes a
two-dimensional vector with orientation equal to twice its label
and length equal to its firing rate; summation of these vectors
results in a population vector, whose orientation is taken as
twice the perceived orientation. In the maximum-likelihood
method (Paradiso 1988; Pouget et al. 2000), each perceived
orientation is associated with a predetermined template of
population responses. These templates are compared to the
population response to a stimulus and the one that best matches
determines the perceived orientation. In our analysis of the
neural basis of the TAE, we use all three methods and show
that they lead to similar results. The winner-take-all method is
the simplest and is amenable to mathematical analysis; we
therefore explain our results mostly in terms of this readout
method. The results from the other two methods are presented
later and compared.

Before presenting the detailed quantitative analysis, we
explain qualitatively how adaptation-induced changes of
tuning curves are related to the TAE. We first examine the
two types of changes—response suppression and orientation
shift—separately, and then combine them. Without loss of
generality, we assume that the adapting orientation is at
0, = 0.

Figure 2A shows that the suppression of tuning-curve am-
plitudes near the adapting orientation causes repulsive shifts of
the perceived orientations, which is the essence of the fatigue
model of TAE (Clifford et al. 2000; Coltheart 1971; Sutherland
1961; Wainwright 1999). Consider the population response to

Population Response Curves

FIG. 2. Relationship between changes of tuning curves and
shifts of perception. Left: tuning curves of 3 neurons with
preferred orientations at ; = 0 < 6, < 6; < 90 (indicated in
green, red, and blue, respectively) before adaptation. Thin lines
are tuning curves before adaptation, whereas thick lines are
those after adaptation. Green arrows indicate the adapting
orientation 6,. Colored dots indicate the firing rates of each
neuron to a test stimulus at 0, after adaptation. Right column:
population response curves to the test stimulus. Population
curves before and after the adaptation are indicated with thin
gray and thick black lines, respectively. Green arrows indicate
the adapting orientation. Colored vertical lines indicate the
firing rates of the green, red, and blue neurons, respectively,
and the colored dots indicate the firing rates of the neurons after
adaptation. Perceived orientations are given by the maxima of
the population response curves. Pink arrows indicate the direc-
tions and magnitudes of shifts of the perceived orientations
after adaptation. A: adaptation induces only amplitude suppres-
sion of the tuning curves. Amplitude suppression is progres-
sively smaller because the preferred orientation of the neuron is
further away from the adapting orientation. Consequently, the
population response curve shifts away from the adapting ori-
entation, resulting in a repulsive shift of the perceived orienta-
tion, as in the tilt aftereffect (TAE). B: adaptation induces only
repulsive shifts of preferred orientations of neurons, which
makes the peak of the population response curve shift toward
the adapting orientation, leading to an attractive shift of the
perceived orientation, contrary to the TAE. C: adaptation in-
duces both amplitude suppression and repulsive shifts of pre-
ferred orientations. Opposing effects of these 2 changes on the
perceived orientation leads to a smaller total shift of the
perceived orientation than that with suppression alone.

Y

Stimulus orientation Neuron labels

Y
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a test stimulus at 6, > 6, = 0. Before adaptation, the neuron
with label 0, responds maximally to the stimulus because its
preferred orientation matches the stimulus orientation; and
neurons with labels equidistant to 6, have the same firing rates
because their tuning curves are identical in shape and symmet-
ric around the neuron label. Thus the population response
curve, which describes the firing rates of neurons to the
stimulus 0, as a function of their labels, is symmetric around
0,; and the perceived orientation of the stimulus is 6,. After
adaptation, the firing rates of neurons with labels in between
the adapting and the test orientations are suppressed more than
those with labels larger than the test orientation. This asym-
metric suppression leads to a skewed population response
profile with the peak position larger than 6,, which causes a
repulsive shift of the perceived orientation.

Figure 2B shows that the repulsive shift of preferred orien-
tation leads to attractive shift of the perceived orientation, as
has been discussed in previous qualitative studies (Gilbert and
Wiesel 1990; Teich and Qian 2003; Yao and Dan 2001).
Consider the firing rate of neuron 0, to the test stimulus at 6,.
Before adaptation, this neuron has the maximum firing rate
compared to that of other neurons. After adaptation, its pre-
ferred orientation shifts to an orientation larger than 6,. The
test stimulus is no longer at the preferred orientation and the
neuron’s firing rate drops. The firing rates of all neurons with
labels >0, also drop because the repulsive shifts make the test
orientation farther away from the new preferred orientations.
The situation is different for the neurons with labels between 0
and 6,; the firing rates of some of them actually go up because
the test orientation is now closer to the new preferred orienta-
tions. These asymmetric changes of firing rates lead to a
skewed population response profile with peak position <6,,
which causes an attractive shift of the perceived orientation,
opposite to the TAE.

The above discussion demonstrates that the amplitude sup-
pression and repulsive shift of preferred orientations have
opposite effects on how the population response and thus the
perceived orientation shifts. When both types of change coex-
ist, the direction of the perception shift depends on which type
predominates. Figure 2C shows that, if the amplitude suppres-
sion predominates, the perceived orientation shifts repulsively
as in the TAE, but the magnitude of the shift is smaller than
that with the amplitude suppression alone. On the other hand,
if the repulsive shift dominates, the perceived orientation shifts
attractively, opposite to the TAE. Which directions of percep-
tion changes are predicted by the physiological data, and
whether the data are consistent with the TAE, can be addressed
only through quantitative analysis of the relative contributions
of the two types of change.

A straightforward way of accessing the consistency between
the physiological data and the TAE is as follows: Construct
tuning curves of the V1 neurons after adaptation using the
measured amplitude suppressions and preferred orientation
shifts, obtain the population response profiles to all stimulus
orientations, and calculate the resulting shifts of the perceived
orientations, as shown in Fig. 2C for one stimulus. This
approach, although intuitive and simple however, is not the
best way of quantitatively checking the consistency because
the two types of change lead to opposite effects on the
perceived orientation. This situation is analogous to experi-
mentally checking whether the relationship A = B — C holds

4041

for three positive variables A, B, C, with A much smaller than
B and C. Data on these quantities are inevitably noisy. In
general, the variance of data is positively correlated to the
mean, unless the measurements are controlled to high preci-
sion; thus, it is reasonable to assume that var (B) and var (C)
are much larger than var (A). Note that var (B — C) = var
(B) + var (C) and is much larger than var (A). Thus, the mean
of B — C can be buried by the variance and is not easily
compared to data on A. A better way is to check the equivalent
relationship B = A + C. Here, var (A + C) = var (A) + var
(C). However, because var (A) is much smaller than var (C),
the variance of the sum is not too much larger than var (C) and
is comparable to var (B). Thus, the mean of A + C is not buried
by the variance, which makes checking the relationship B =
A + C far more reliable.

A way of checking the consistency between the physiolog-
ical data and the TAE, which is analogous to checking the
relationship B = A + C discussed above, is as follows: Use the
measured repulsive shifts of the preferred orientations and the
measured TAE to predict the required amount of amplitude
suppressions of the tuning curves and compare the prediction
to the data. This approach takes advantage of the small vari-
ance of the TAE measurement (Clifford et al. 2000). In the
following, we derive a mathematical relationship that relates
the shifts of the preferred orientations and the TAE to the
amplitude suppressions. This relationship is then used to verify
the consistency between the physiological data and the TAE.

We first define symbols and functions that are useful for our
analysis. As stated previously, each neuron in the population
has a label, which is its preferred orientation s in the unadapted
state. It should be emphasized that s is an invariant label. After
adaptation, the label of each neuron remains the same as before
adaptation, even though its preferred orientation may change
substantially. The rate function F(i, ¢) is defined as the firing
rate of neuron s to a stimulus with orientation ¢. Note that the
two Greek letters are mnemonic. Because the orientation of the
stimulus is a “physical” quantity, it is denoted by the letter ¢
(“phi”). The label of a neuron is a “psychic” quantity, so it is
denoted by the letter s (“psi”’). When considered as a function
of the stimulus orientation ¢ only, F is the tuning curve of the
neuron with label . When considered as a function of the
neuron label ¢ only, F is the population response to a stimulus
with orientation ¢. Therefore the rate function F is a complete
description of both population responses and tuning curves.
The rate function can be visualized with a three-dimensional
graph of firing rate versus neuron label and stimulus orientation
(Fig. 3). Two curves on the surface of the rate function are
convenient to define. The first is the perception line i,(¢),
which marks the perceived orientation of stimulus ¢. In the
winner-take-all method, ¢s,(¢) is computed by maximizing the
rate function F(s, ¢) with respect to the neuron label ¢ for
fixed stimulus orientation ¢. The second is the neuron line
¢, (), which marks the preferred orientation of neuron ¢, and
is the maximum of the rate function F(¢, ¢) with respect to the
stimulus orientation ¢ for fixed neuron label . Before adap-
tation, ¢,,(i) is equal to ¢, although it may shift after adapta-
tion.

Figure 3 illustrates the relationship between the rate function
(left) and the neuron and perception lines (right) in various
situations. Both the population responses (blue) and tuning
curves (red) are shown in the left graphs. The maxima of the
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