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Effects of Attention on Orientation-Tuning Functions of Single
Neurons in Macaque Cortical Area V4
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We examined how attention affected the orientation tuning of
262 isolated neurons in extrastriate area V4 and 135 neurons in
area V1 of two rhesus monkeys. The animals were trained to
perform a delayed match-to-sample task in which oriented
stimuli were presented in the receptive field of the neuron being
recorded. On some trials the animals were instructed to pay
attention to those stimuli, and on other trials they were in-
structed to pay attention to other stimuli outside the receptive
field. In this way, orientation-tuning curves could be con-
structed from neuronal responses collected in two behavioral
states: one in which those stimuli were attended by the animal
and one in which those stimuli were ignored by the animal. We

fit Gaussians to the neuronal responses to twelve different
orientations for each behavioral state. Although attention en-
hanced the responses of V4 neurons (median 26% increase)
and V1 neurons (median 8% increase), selectivity, as measured
by the width of its orientation-tuning curve, was not systemat-
ically altered by attention. The effects of attention were consis-
tent with a multiplicative scaling of the driven response to all
orientations. We also found that attention did not cause sys-
tematic changes in the undriven activity of the neurons.
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The responses of neurons in extrastriate visual cortex are often
enhanced when an animal must attend to or remember a stimulus
in the receptive field (Desimone and Duncan, 1995; Maunsell,
1995). Attentional enhancement has been found in many different
visual areas, including areas relatively early in visual processing
and in later stages of both the parietal and temporal pathways.
Although these modulations are sometimes modest, their
strength has been shown to depend on the demands of the tasks
(Spitzer et al., 1988; Luck et al., 1997), and in some conditions
robust effects are seen (Moran and Desimone, 1985; Motter,
1994a; Treue and Maunsell, 1996).

These enhanced neural responses could account for the im-
proved behavioral performance associated with attention. At-
tending to a particular object, location, or feature can improve
detection thresholds and speed behavioral responses (Posner et
al., 1980; Humphreys and Bruce, 1989; Rossi and Paradiso, 1995).
Stronger neuronal responses typically have a better signal-to-
noise ratio (Schiller et al., 1976; Heggelund and Albus, 1978;
Geisler and Albrecht, 1997), which might provide the basis for
superior behavioral responses. It is possible, however, that
changes in behavior performance depend on other neurophysio-
logical effects of attention. If attention altered the stimulus selec-
tivities of individual neurons, those cells could signal attributes of
the attended stimulus more precisely. A sharpening of tuning
curves for an attended stimulus dimension, such as orientation or
color, could provide a finer-grained representation that would
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improve the animal’s performance in reporting information about
the stimulus.

The question of whether attention can alter tuning curves has
been considered in earlier studies (Haenny and Schiller, 1988;
Spitzer et al., 1988), which suggested that attention to oriented
stimuli causes a systematic narrowing of orientation-tuning curves
in area V4. On the other hand, some studies of extraretinal inputs
to cortex have either failed to find evidence of narrowing of
spatial or feature-directed tuning profiles (Andersen et al., 1985;
Vogels and Orban, 1990) or were inconclusive (Maunsell and
Hochstein, 1991). We were motivated to reexamine this issue
because of evidence suggesting that the narrowing of tuning
curves is uncommon in stimulus—stimulus interactions. For exam-
ple, increasing the contrast of a visual stimulus typically increases
responses without altering the selectivity of a cell for orientation
or spatial frequency (Tolhurst, 1973; Dean, 1981; Albrecht and
Hamilton, 1982; Sclar and Freeman, 1982). Thus, if attention does
alter the tuning of neurons, it would support the notion that
attentional inputs to cortex operate through mechanisms or path-
ways that are distinct from those primarily involved with sensory
signals.

MATERIALS AND METHODS

Behavioral paradigms. We examined the effects of attention on the ori-
entation tuning and undriven activity of single neurons in cortical area
V4 by recording from neurons in monkeys while they performed a task
that required them to shift their attention between two stimulus loca-
tions. Data were collected from two male rhesus monkeys (Macaca
mulatta). Each sat in a primate chair during training and recording
sessions, which lasted 2-6 hr, and was unrestrained in its home cage at
other times. Water intake was controlled, and each animal was trained to
perform a behavioral task using operant conditioning with a juice reward.
In all cases the animal was required to maintain fixation on a small spot
so that visual stimuli could be placed at known retinal locations. Partway
through training, an aseptic surgery was performed to implant a head
post and scleral search coil (Judge et al., 1980), which were then used to
monitor eye positions (Robinson, 1963). A computer controlled all the
stimulus presentations, monitored the eye position and behavioral re-
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Figure 1. Schematic representation of the delayed match-to-sample task.
Each frame represents the display at a different point in a trial, with the
fixation spot in the center and the receptive field of the neuron indicated
by a dashed oval. The fixation, sample, and delay periods were each 500
msec. The test period could last 1000 msec, but ended when the animal
released the lever. The monkey was required to bring his gaze to the
fixation spot and depress a lever to begin the trial. A Gabor and a colored
Gaussian were presented in the sample period. The monkey attended to
only one of these stimuli in each trial, based on previous instruction trials
in which only one stimulus appeared. In the attended mode, the monkey
was required to pay attention to the orientation of the stimulus in the
receptive field. In the other mode, the monkey was required to pay
attention to the color of the stimulus outside the receptive field. Both
stimuli were removed during the delay period. In the test period, the
animal had to report whether the test stimulus at the attended location
matched the sample stimulus previously presented there. In the case
illustrated, if the animal had been instructed to pay attention to the
oriented stimuli, the animal would be required to keep the lever depressed
to receive a juice reward because the orientations do not match. Con-
versely, if the animal had been instructed to pay attention to the colored
stimuli, the animal would be required to release the lever within 500 msec
of the test stimulus onset to receive juice because the colors match.

sponses of the animal, and recorded the behavioral and neuronal data.
Stimuli were presented on a color video monitor, positioned 70 cm from
the animal.

The animals performed a delayed match-to-sample task (Fig. 1). The
trial began when the animal looked at the fixation point and depressed a
lever. Both animals were required to keep their gaze within 0.7° of the
center of the fixation point throughout the trial. After 500 msec, sample
stimuli appeared at two different locations. Only one location was be-
haviorally relevant on a given trial. After a sample presentation of 500
msec, the stimuli were removed for a 500 msec delay period. Then two
test stimuli appeared, at which point the animal had to indicate whether
the test stimulus at the relevant location matched the sample stimulus
previously presented at that location. If the test stimulus matched, the
animal had to release a lever within 500 msec of its onset to receive a
reward. If the test stimulus did not match the previously presented
sample, the animal had to keep the lever depressed for 750-1000 msec,
after which time he received a reward.

The animal was trained to attend only to stimuli in one location on a
trial. The relevant location was cued using instruction trials in which
stimuli were only presented in one location. After the animal performed
two instruction trials correctly the stimuli at the second location were
reintroduced. The stimuli at one location were Gabors. The Gabors were
constructed by multiplying a sinusoidal grating and a two-dimensional
Gaussian. The contrast of these stimuli was modulated sinusoidally in
time at 4 Hz, although the mean luminance of the stimulus averaged over
space and time was the same as the background. The animal had to
report whether the sample and test Gabor orientations matched when
instructed to attend to that location. The stimuli at the other location
were isoluminant colored patches whose saturation varied with a two-
dimensional Gaussian profile. The animal had to report whether the
sample and test colors matched when instructed to attend to that loca-
tion. Matches and nonmatches at the two locations were uncorrelated so
that the animal could get no advantage from attending to the wrong
location. Animals were instructed to shift their attention from one
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location to the other after correctly completing 24 trials using one
location. The first animal, A, had no problems remembering which
location he was supposed to attend to, and he only received two instruc-
tion trials for each shift in location. The second animal, B, was more
easily distracted and occasionally extra instruction trials were required
within a block. A single instruction trial was given to him whenever he
missed or ignored three trials in a row.

By presenting the same visual stimuli to the animal when he was
performing the color matching task and when he was performing the
orientation matching task, differences in neuronal responses occurring
between the two types of trials could be attributed to differences in
behavioral state between the tasks. The Gabors were always placed inside
the receptive field of the neuron being recorded. The Gaussian patches
were placed outside the receptive field of the neuron, diametrically
opposed at the same eccentricity. Although the animal was attending to
something in both task modes, we define an attention difference with
respect to whether the neuronal signals we recorded were relevant or
irrelevant to the current task. Thus, when the animal performed the
orientation matching task, the neuron from which we recorded was
responding to the relevant stimulus, so we refer to this mode as the
“attended” mode. When the animal performed the color matching task,
the neuron was still responding to the Gabor, but because this stimulus
was now irrelevant to the animal’s task, we refer to this mode as the
“unattended” mode.

Attention effects in area V4 have been attributed to both spatial
attention (Moran and Desimone, 1985; Motter, 1993; Connor et al., 1996,
1997) and to feature-directed attention (Maunsell et al., 1991; Motter,
1994a,b). The attentional modulation that we measured with this task
design could have been caused by either of these forms of attention
because the attended and unattended stimuli differed in both location
and relevant dimension (orientation or color). We chose this design to
increase the chances of encountering attentional modulations in area V4.

Neuronal recording and data collection. In both animals data were
collected from V4, with additional recordings made in V1 for compari-
son. After the animals were trained, a recording chamber (20 mm
diameter) was implanted on intact skull overlying the operculum of V1.
When recordings were completed, this chamber was removed, and a new
chamber was positioned over V4. Animal A received a second V4
chamber, so that data were collected from three hemispheres in two
animals. Recordings were usually made daily during a 3-5 week session.
At the start of each session, a 5-8 mm craniotomy was made inside the
chamber leaving the dura mater intact. Two or three craniotomies were
made in each chamber. Each day a hydraulic microdrive was mounted on
the recording chamber, which was then filled with sterile mineral oil and
sealed. Transdural recordings were made using Pt/Ir recording elec-
trodes of 1-2 MQ at 1 kHz (Wolbarsht et al., 1960). A small fraction of
the data (30 of 262 cells) was recorded from the parts of V4 in the
superior temporal sulcus using guide tube recordings with similar elec-
trodes. Signals from the microelectrode were amplified, filtered, and
monitored on an oscilloscope and audio monitor using conventional
equipment. Recordings were made only from cortex within 3 mm of the
surface using the transdural electrodes and up to ~6 mm from the
surface using guide tubes in one chamber.

The animal performed the match-to-sample task while we searched for
responses. Units were isolated on the basis of waveform, with the re-
quirement that the peak of the action potential be at least three times the
background noise. When a unit was isolated, its receptive field was
mapped with a bar moved by hand while the animal fixated a small spot
of light. The receptive fields of the neurons were between 1 and 5°
eccentric. The Gabor stimuli were then adjusted in spatial frequency,
color, and size to yield the best response using the match-to-sample task,
as judged by listening to the audio monitor. The spatial frequencies used
ranged from 1 to 5 cycles/®. The size of the stimuli were taken as the SD
of the Gabor and ranged from 0.6 to 2.2°. The spatial frequency and SD
were varied independently; the range of the ratios of spatial frequency to
SD was 0.8-8.3 cycles/degree? with a median of 2.2 cycles/degree>.
Colors for the Gabors were selected from five options (black/white,
blue/yellow, red/green, cyan/red, and magenta/green). Perhaps one in
five neurons did not have any obvious orientation tuning or could not be
driven well and was not examined further. For ~15% of the neurons
recorded, the animal would not work using the best stimulus we could
find for that neuron. These stimuli were typically high spatial frequencies
or small for their eccentricity. For those neurons, a suboptimal stimulus
was used, provided that the neuron remained selective for orientation.
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Once stimulus parameters were set, those parameters were used for all
data collected from the neuron.

Data analysis. We measured neuronal responses during the presenta-
tion of the sample stimulus. We collected at least eight repetitions of
twelve orientations in each of the two task modes, in which task mode is
defined by whether the animal attended to the stimulus inside (attended
mode) or outside (unattended mode) the receptive field. Only correctly
completed trials, excluding instruction trials, were counted and used in
data analysis. Task mode alternated after obtaining two repetitions of
each of the twelve orientations; so for most units four cycles of the
attended and unattended task modes were collected. Undriven activity
was estimated from the activity of the neuron during the period while the
animal was fixating a central spot and before a stimulus was presented in
the receptive field.

Orientation-tuning curves from cortical neurons are generally well
represented by a Gaussian function (Henry et al., 1973; Geisler and
Albrecht, 1997). We constructed orientation-tuning functions for each
task mode by fitting the averaged responses for each orientation with a
Gaussian using a nonlinear least squares optimization procedure that
incorporated both the variance and the magnitude of the responses
(Levenberg-Marquardt method, Press et al., 1989). The Gaussians had
four free parameters: amplitude, SD, asymptote, and mean. We used the
Gaussian SD as a measure of tuning width and the mean as a measure of
the preferred orientation of the cell. The quality of fits was dependent on
both the averaged responses and the variability of the responses to each
orientation. The acceptability of each Gaussian fit was determined by
performing an F test that compared the goodness of fit from the Gaussian
with the goodness of fit obtained from a line of any slope. Only the
neurons meeting a minimal criterion for a good fit (F test; p < 0.05) were
used in comparisons across the two task modes; the median r2 for these
fits was 0.40. To determine statistical significance of the changes in the
fitted parameters across the two task modes for individual neurons, a set
of parameters for each mode was produced by fitting a Gaussian tuning
curve for each of the stimulus repetitions. A Mann—Whitney U test was
then performed on each parameter to determine which units had indi-
vidually significant changes in amplitude, width, preferred orientation,
and asymptote.

Additionally, a two-factor ANOVA was performed on each neuron to
confirm the presence of both orientation tuning and attention modula-
tions independent of fitting procedures. The ANOVA was performed by
sorting the responses of each neuron by the orientation of the sample
Gabor and the behavioral mode of the animal and then determining the
amount of the total variance that could be attributed to the sample
orientation and the behavioral (attentional) state. Neurons were consid-
ered to have individually statistically significant changes if the ANOVA
resulted in a p < 0.05.

Eye position analysis. Our task required that the monkey maintain
fixation within 0.7° of a central spot throughout the data collection
period. Although identical visual stimuli were presented in the two
behavioral tasks, differences in the responses might have resulted from
small systematic differences in the animals’ eye positions within the
fixation window between the two tasks. This possibility is a concern
because the two tasks differed in location of the attended stimuli. Several
factors suggest that eye movements were not a problem. First, we mea-
sured the difference in fixation position for each task mode for each
neuron recorded. The median fixation position difference across the two
tasks was <0.1° in both animals. Second, the stimuli were selected to
reduce the effects of small differences in eye position between the tasks.
We chose Gabors and Gaussians because they have relatively little high
spatial frequency content and this should help reduce the potential of
microscopic eye movements to affect the neuronal response (Parker and
Hawken, 1985; Shapley and Victor, 1986). Also, the stimuli were isolu-
minant with the background of the monitor over space and time, which
should also reduce the chances of small stimulus offsets causing a sys-
tematic change in response.

Histology. When the experiments were completed, each animal was
deeply anesthetized, and fiducial pins were inserted into V4 using the
same equipment that had been used to position the microelectrodes. The
animal was then anesthetized with an overdose of barbiturates and
perfused with PBS followed by 4% paraformaldehyde.

Reconstruction of the recording regions based on the pins showed that
all recordings were in V4 in the anterior part of the prelunate gyrus,
dorsal to the end of the inferior occipital sulcus. Deeper recording made
with guide tubes were located on the posterior bank of the superior
temporal sulcus. No reconstruction was made of the V1 recording sites,
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which were from the opercular region well away from the vertical merid-
ian representation that defines the V1/V2 border.

RESULTS

Effects of attention on orientation-tuning curves

We examined the effects of attention on the orientation tuning of
262 isolated neurons in area V4 in two monkeys. We selected
orientation-tuned neurons and excluded an estimated 20% of the
neurons we isolated because we could not drive them differen-
tially with different orientations of a Gabor. The average rate of
firing during the presentation of the sample stimulus was signif-
icantly modulated by orientation for 85% (223 of 262) of the
recorded neurons and by attention for 55% (145 of 262) of the
recorded neurons (two-factor ANOVA; p < 0.05). Neurons with
significant effects for both orientation and attention made up 47%
(122 of 262) of the neurons, consistent with these properties
occurring independently. Most neurons with significant effects of
attention had increased firing rates in the attended condition
(86%; 125 of 145). The orientation-tuning data were well fit by a
Gaussian in both behavioral conditions for 75% of the neurons
(197 of 262; F test; p < 0.05). We will consider these cells here
and take up the remaining cells later.

Data from a neuron showing a clear effect of attention are
shown in Figure 2. The histograms (Fig. 24) plot the responses
around the time the sample stimulus was presented (shaded). The
top row shows the responses obtained during the attended trials;
the bottom row contains the corresponding data from the unat-
tended trials. Responses to each of the orientations were stronger
when the animal was attending to the stimulus, with greater
response increments for stronger responses.

Figure 2B plots the average firing rate of this neuron as a
function of orientation. Gaussians were fitted separately to the
attended and unattended responses by varying four parameters:
amplitude, SD, asymptote, and preferred orientation. The ampli-
tude of the fitted function for the attended condition was 43%
greater (57 spikes/sec vs 40 spikes/sec; p < 0.001, Mann—Whitney
U test, see Materials and Methods), but there were no significant
changes in the fitted width, asymptote, or preferred orientation
(p > 0.05). This result was typical of the cells we sampled.

The distributions of change in the tuning parameters for V4
neurons are displayed in Figure 3. The change in the amplitude of
the orientation-tuning curves associated with attention is shown
in Figure 34. The median ratio in our population is 1.26, indi-
cating that attention systematically strengthened responses to the
attended stimuli. This increase was significant (Wilcoxon signed
rank test; p < 0.001). Attention produced individually statistically
significant changes in amplitude in 20% of the cells (39 of 197;
Mann-Whitney U test; p < 0.05). These are marked in black in
the histogram. All but two of the cells with significant changes
had increases in response strength by attention. These results are
consistent with previous studies demonstrating that attention
increases neuronal firing rate.

One question we sought to answer was whether attention sys-
tematically makes tuning curves narrower, thereby providing a
more precise representation of orientation. Figure 3B shows the
change in orientation-tuning width (SD of the fitted Gaussian) for
the population. If attention narrowed tuning curves, the distribu-
tion would be shifted to the left. However, our population is
evenly distributed around a ratio of 1.0, which corresponds to no
change in width (Wilcoxon signed rank test; p > 0.5). Only 9% of
the neurons showed individually significant changes in width
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Figure 2. Data from one V4 cell showing enhanced responses in the
attended mode (black) relative to the unattended mode (gray). A, Histo-
grams showing the responses elicited by sample stimuli of four different
orientations. The histograms in the top row were taken from trials when
the animal was attending to the receptive field stimulus, and the histo-
grams in the bottom row were taken from trials when the animal was
attending to the stimulus outside the receptive field. The average response
during the sample period (shaded) was used to construct tuning curves. B,
Tuning curves were constructed for this neuron for each task mode by
fitting the responses for each condition to a Gaussian. This cell had a
significant increase in amplitude in the attended mode (solid symbols)
relative to the unattended mode (open symbols), but no significant changes
in the preferred orientation, width, or asymptote. The undriven activity of
the cell during the attended trials is shown in the black dashed line, and
the undriven activity of the cell during the unattended trials is repre-
sented by the gray dashed line.

(Mann—Whitney U test; p < 0.05), and those cells included about
as many width increases as width decreases.

The asymptote of the orientation-tuning curve reflects the
responses of the neurons to the least preferred orientations.
Figure 3C shows the change in the orientation-tuning asymptote
with attention. Although the median ratio is 1.0, the population is
skewed to the right and shows a statistically significant increase in
asymptote with attention (Wilcoxon signed rank test; p < 0.005).
Individually significant changes in asymptote were found in 13%
(25 of 197; Mann—Whitney U test; p < 0.05) of the cells, and most
of those cells (21 of 25) show increases in asymptote.

The final parameter of the tuning curve is the preferred orien-
tation of the cell. Figure 3D plots the difference between the
preferred orientations for the two conditions. The axes of this
plot are different than those in the other panels. There was no
reason to expect a change in the preferred orientations by atten-
tion, and the median difference in fitted orientation for the two
modes was well under 1° and not significantly different than no
change (Wilcoxon signed rank test; p > 0.29). Only 8% of the cells
showed individually significant changes in preferred orientations
(Mann—Whitney U test; p < 0.05).
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Figure 3. The changes in the parameters of orientation tuning by atten-
tion are characterized using index values for the amplitude (A4), width
(B), asymptote (C), and the difference in preferred orientation (D). The
index value is the difference in the fitted Gaussian parameters, (attend-
ed — unattended) divided by their sum (attended + unattended). The
index value was selected for binning because it is bounded for both
positive and negative changes, but the axis is labeled in the corresponding
ratios. All of the plots display the changes in the fitted parameters for the
197 V4 neurons whose orientation-tuning curves were well fit by a Gauss-
ian. Cells showing individually significant changes in a given parameter
are drawn in black.
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Figure 4. The population-tuning curves for the V4 neurons that were
tuned in both the attended (solid squares) and unattended (open circles)
task modes. The preferred orientation for each cell was estimated for the
purpose of aligning the population-tuning curves by smoothing the data
sets of each neuron, fitting Gaussians to the smoothed data for each task
mode, and then averaging the fitted attended and unattended preferred
orientations. Gaussians were then fit to the averaged data for each
behavioral mode. The dashed lines represent the average undriven activ-
ity, measured as the firing rate during the fixation period for all trials for
each task mode, with the darker line corresponding to the undriven
activity during the attended mode and the lighter line corresponding to the
undriven activity during the unattended mode.

Table 1. Attention effects on orientation tuning in V4

V4 Unattended Attended
Amplitude (spikes/sec) 12.0 14.8
Width (°) 39.2 373
Asymptote (spikes/sec) 4.7 4.7

The median Gaussian values for the attended and unattended modes for all neurons
with acceptable tuning in both modes from area V4 (n = 197).

Another way to visualize the overall changes in orientation
tuning associated with attention is to construct population-tuning
curves for the two task modes. The responses in Figure 4 were
determined by aligning the responses of each cell on its preferred
orientation, normalizing responses to the response in the at-
tended mode at the preferred orientation, and then averaging the
responses to different stimuli and task modes across cells. These
curves provide a picture of the average change in orientation
tuning produced by attention among orientation-tuned cells in
area V4. They show a 22% increase in amplitude with attention
and a 13% increase in asymptote with attention, with no appre-
ciable change in the width or preferred orientation.

In summary, attention appears to scale the entire orientation-
tuning function. Table 1 contains the median fitted values for
amplitude, width, and asymptote for the 197 V4 cells showing
orientation tuning in both task modes. The possibility that differ-
ences in fixation or eye movements of the animals across the
behavioral states might contribute to this effect is addressed in a
later section.

Cells that lacked orientation tuning
The preceding analysis treated the 75% of the population that
had statistically significant Gaussian orientation tuning for both
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Figure 5. Tuning curves for a single V4 unit that had acceptable orien-
tation tuning in the attended mode (black) but not in the unattended
mode (gray). Same format as in Figure 2B.

the attended and unattended task modes. Another subset of the
V4 neurons only had acceptable Gaussian tuning fits in the
attended mode but not in the unattended mode. These cells
comprised 16% (42 of 262) of the population.

Responses from one such neuron are shown in Figure 5. The fit
of the tuning curve is acceptable in the attended mode (F value of
10.4; p < 0.001) but not in the unattended mode (F value of 1.4;
p > 0.50). Parameters from an unacceptable fit usually do not
provide meaningful information. For this neuron, the fitted
widths are 53° in the attended condition and 94° in the unattended
condition. Taken at face value, these values suggest a dramatic
narrowing of orientation tuning by attention, and the average
width ratio for this subset of cells corresponds to a 51% narrow-
ing of orientation tuning by attention. This apparent narrowing is
misleading because the data for the unattended condition are
comparably well fit by a straight line, and therefore could be
described as tuning curves that have approached zero amplitude
with no change in width.

One way to assess whether attention leads to a genuine nar-
rowing of the low amplitude tuning curves is to improve their
signal-to-noise ratio by averaging their responses before fitting
functions to the data. Figure 6 shows the result of creating
population-tuning curves by averaging the 65 neurons that failed
to meet the criterion for a Gaussian fit in either or both task
modes, using the same methods as in Figure 4. These neurons
include 42 cells with acceptable tuning in the attended mode only,
17 cells that were not acceptably tuned in either mode, and 6 cells
that had acceptable tuning only in the unattended mode. The
combined responses show a large attention effect, with the am-
plitude more than doubling. However, the width of the two curves
is not appreciably different.

Normalized population-tuning curves constructed from all 262
neurons recorded from area V4, tuned and untuned, are shown in
Figure 7A. This figure differs from Figure 4 in that it includes data
from every V4 neuron examined rather than only those showing
significant tuning in both conditions. The resulting curves show
the overall changes in orientation tuning that attention produces
across all cells in V4. Attention leads to a 31% increase in the
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Figure 6.  Population-tuning curves for the V4 neurons that were not well
fit by a Gaussian tuning curve in one or both task modes. Same format as
in Figure 4. Both the attended (black) and unattended ( gray) population-
tuning curves reach our criterion for orientation tuning. Although there is
a large difference in amplitude, there is little difference in the width of the
curves.

amplitude, a 13% increase in the asymptote, and no appreciable
change in width in the population tuning curve.

Multiplicative scaling

A multiplicative scaling of orientation-tuning curves by attention,
without a change in tuning width, would be reminiscent of the
response changes that have been described in V1 and elsewhere
when a stimulus parameter such as luminance or contrast is varied
(see Discussion). For example, increasing the contrast of a sinu-
soidal grating typically increases the response of a neuron to all
orientations proportionately, so that a tuning curve constructed
from responses to high-contrast stimuli is a multiplicatively scaled
version of one made using lower contrast stimuli (Dean, 1981;
Sclar and Freeman, 1982; Skottun et al., 1987).

An amplitude change with no width change is consistent with
multiplicative scaling, but can occur when scaling is not multipli-
cative. Whether scaling is multiplicative can be tested by exam-
ining whether the neuronal responses at each orientation change
proportionately. Figure 7B replots the data from Figure 74, such
that the normalized population response in the attended mode is
plotted against the normalized population response in the unat-
tended mode. If attention causes a proportional change in the
evoked response, these data should be well fit by a straight line.
The slope of a linear regression of the attended responses on the
unattended responses is 1.32, reflecting a 32% enhancement of
the neural responses by attention. The correlation coefficient for
these points is 1.00, strongly supporting the notion that attention
produces proportional changes in the stimulus response. Addi-
tionally, the fitted line intersects the undriven activity of the
neurons (dashed lines), which is also expected if attention pro-
duced a multiplicative scaling of the evoked responses without
scaling the undriven activity of the neurons.

Time course

Several earlier experiments have examined effects of attention on
time course in area V4 using different experimental paradigms.
Motter (1994a) reported a 150-200 msec delay after stimulus
onset for the emergence of an attention effect, using an experi-
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ment in which attention was directed to a particular feature
before the onset of a stimulus array. Other studies separated the
effects of attention from stimulus responses more completely by
providing an attention cue that selects some stimuli from an array
after the array is present. In these studies, attentional effects
appeared between 50 and 300 msec after the attention cue was
provided (Motter, 1994b; Preddie et al., 1995; Bricolo et al., 1997,
Makous et al., 1997). In our experiments, the animal was cued to
attend to a spatial location well before stimulus onset, so that an
attention effect might be present during the earliest portion of the
response.

In Figure 84, population histograms of the responses to the
preferred orientation of each cell in the attended and unattended
modes are shown. These histograms were constructed by averag-
ing the responses to the preferred orientation for every neuron
for each task mode. The periodicities in the response correspond
to half-cycles of the counterphasing of the Gabor stimulus (4 Hz)
that were visible in the responses of some cells. Figure 8 B shows
the ratio of the responses in Figure 84 as a function of time. This
ratio is a measure of attentional modulation and slowly rises from
the stimulus onset to reach a value of ~1.5 of the unattended
response. The 31% increase reported above is effectively the time
average of this curve. This time-plot of the attention effect shows
that although the relevant location was known before stimulus
onset, the effects began after the stimulus was presented and
increased during the 500 msec stimulus presentation period.

The results presented in Figure 7B show that attention system-
atically and multiplicatively scales responses across orientations
regardless of the magnitude of the response. Another issue is
whether there is a multiplicative scaling for responses to different
orientations across time. This can be examined by comparing
population histograms of the attended and unattended responses
as a function of orientation. The time course of the ratio of the
attended response to the unattended response for three other
orientation differences relative to the preferred orientation are
also shown in Figure 8C. The attention input has a similar time
course and reaches approximately the same level of enhancement
for each stimulus condition.

Because our task used a block mode in which the animal
attended to one spatial location for at least 26 trials before
attention was directed to the other location, the activity of the
cells could have been modulated by attention during periods
when no stimulus was present. Although the population histo-
grams in Figure 8 suggest that attentional modulation did not
begin until the stimulus appeared, this question can also be
examined in the single cell data. In Figure 9, the undriven activity
of each neuron in the attended mode is plotted against its un-
driven activity in the unattended mode. Although 24% of the
neurons (63 of 262) showed individually significant changes in
undriven activity (¢ test; p < 0.05), those changes included a
similar number of increases and decreases (filled circles). The
population also shows no statistically significant difference be-
tween the undriven activity in the attended mode and the unat-
tended mode in our task (Wilcoxon signed rank test; p > 0.5;
median 3.6 spikes/sec attended mode, 3.6 spikes/sec unattended
mode), and the best fit line has a slope close to one (slope 0.92;
r = 0.98). Thus, the attention effect was evident in area V4 only
in the presence of a visual stimulus. Luck et al. (1997) reported
that spatial attention increased the undriven activity of V4 neu-
rons by an average of three spikes per second. Those investigators
used a different behavioral task and found an overall higher level
of undriven activity (15 spikes/sec).
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Figure 7. A, The normalized population-tuning curves for all V4 neurons. Same format as in Figure 4. Although there is a large difference in amplitude,
there is little difference in the widths of the curves. B, The attended response is plotted against the unattended response for each of the 12 orientations.
The line shown is the linear regression of the attended responses on the unattended responses. It has a slope of 1.32, corresponding to a 32% increase
in response with attention. The pairs of dashed lines mark = 1 SEM undriven activity. The excellent fit (> = 1.00) and the intersection with the undriven

activity are consistent with a multiplicative scaling of the evoked responses.

Behavioral performance

We found differences in performance of the animals across our
two task modes, with both animals performing worse on orienta-
tion (attended mode) than on color (unattended mode). Col-
lapsed over all data-collection trials from each animal (but ex-
cluding those trials in which the animal broke fixation or ignored
outright), animal A’s performance was 83% on the orientation-
matching task and 92% on the color-matching task, and animal
B’s performance was 82% on the orientation-matching task and
88% on the color-matching task. The difficulty of each task
depends on how different the nonmatching stimulus is from the
matching stimulus. For the orientation task, this is primarily
determined by the rotation between the sample and test orienta-
tions. This rotation was 45° for animal A and 90° for animal B. We
fixed the orientation difference and then tried to adjust the
animal’s performance in the color task to a similar level. The
color stimuli were selected to be isoluminant with the gray back-
ground screen. Five sample colors were available: pink, red,
yellow, green, and cyan. The test colors were created by slightly
changing the sample hue. We were unable to adjust the color
difference finely enough to balance the performance on the color
task with that on the orientation task.

Because differences in task difficulty alone can produce atten-
tion effects (Spitzer et al., 1988; Spitzer and Richmond, 1991), we
were interested in whether the attention effect that we measured
could be caused by the difference in difficulty across task modes.
One approach to this question is to determine whether cells
showing the largest attentional modulations were those recorded
while the animal had large differences in performance between
the task modes. Because the Gabor stimulus was repositioned and
reconfigured for each cell, behavioral performance varied from
cell to cell. An attentional modulation index (attended ampli-
tude — unattended amplitude)/(attended amplitude + unat-
tended amplitude) and a performance index (attended perfor-
mance — unattended performance)/(attended performance +
unattended performance) were calculated for each cell. Although
the correlation was low, it was significant (r = 0.13; p = 0.04), but
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Figure 8. The time course of the attentional effect. A4, Population histo-
grams of the activity in response to the preferred orientation are shown
for the attended (black) and unattended (gray) modes. The dashed lines
indicate stimulus start and stop. B, The ratio of the attended activity
relative to the unattended activity from the population histograms in A is
shown. C, The ratios for three other stimulus orientations. The darkest
line corresponds to a stimulus orientations 15° away from the preferred
orientation of each cell, the next darkest line is a stimulus orientation 45°
from the preferred orientation, and the lightest line corresponds to a
stimulus orientation 75° from the preferred orientation. Although these
stimuli resulted in responses of different magnitudes, the attentional
modulation has the same time course and same proportional
enhancement.
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Figure 9. Undriven activity. The undriven activity for each neuron,
measured as the average firing rate during the fixation period for the
attended mode is plotted against the undriven activity generated in the
unattended mode of the task. The solid circles are those cells with
individually significant changes in activity (¢ test; p < 0.05) across condi-
tions. One V4 cell was excluded because it had zero undriven activity in
one condition.

it was opposite to the direction expected if the attention effect
depended on difficulty. This suggests that the attentional modu-
lation described here stemmed mainly from selective attention for
either spatial location, stimulus feature (color or orientation), or
both.

Effects in area V1

We obtained orientation-tuning data from 135 V1 neurons. These
data provide information about whether attentional modulations
exist in the earliest level of cortical processing. Another reason
for acquiring the V1 data were to provide an estimate of the
magnitude of task effects that might be attributable to small
differences in eye position. In principle, eye movements within a
1° fixation window can change neuronal responses. Because the
small V1 receptive fields can be extremely sensitive to stimulus
offsets (De Valois et al., 1982), V1 neurons should be more
susceptible to artifacts from small eye movements than neurons in
areas like V4. Data from V1 can therefore serve as an upper
estimate of possible eye movement contributions to the V4 data.

The V1 data were collected before recording the V4 data from
each animal. This is relevant because both animals’ fixation
improved as recording progressed. The first animal had an aver-
age eye position difference across the two tasks of 0.09° during the
V1 data collection period but only a 0.04° eye position difference
during the V4 data collection period. For our stimuli, a 0.09°
offset corresponds to 4.1 pixels on the stimulus monitor; the
fixation target was 8 X 8 pixels. The eye position offset across the
tasks usually brought the animal’s fovea closer to the target it was
attending. The second animal had an average eye position differ-
ence of 0.10° during the V1 data collection period and a 0.05° eye
position difference during the V4 data collection period. This
animal’s eye position offset across the tasks was not as dependent
on the location of the attended stimulus, but appeared to be a
stereotyped systematic fixation offset at two different locations for
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Table 2. Attention effects on orientation tuning in V1

V1 Unattended Attended
Amplitude (spikes/sec) 21.0 221
Width (°) 352 37.6
Asymptote (spikes/sec) 4.1 4.4

The median Gaussian values for the attended and unattended modes for all neurons
with acceptable tuning in both modes from area V1 (n = 125).
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Figure 10. The population-tuning curves for V1 neurons for the attended
(black solid squares) and unattended ( gray open circles) task modes. Only
124 of the total 135 V1 neurons recorded could be used to construct these
population-tuning curves because we used a 10° sample spacing for 11
finely tuned V1 neurons, rather than the 15° sample spacing used for all
V4 and most of the V1 neurons. The dashed line indicates the relative
magnitude of the undriven activity, which did not differ across the con-
ditions. The overall increase in response amplitude in V1 was ~6%.

the two task modes. Thus, the V1 data are probably more likely to
contain eye position artifacts that the V4 data, not only because
V1 cells are more prone to artifacts but also because the animals
offset their fixation more when the V1 data were collected.

The V1 data set shows small differences in the responses
obtained during the two tasks. Attended and unattended
orientation-tuning curves were recorded from 135 V1 neurons. As
in V4, we selected for orientation-tuned cells and did not collect
data from ~20% of the cells we isolated. The average rate of
firing during the presentation of the sample stimulus was signif-
icantly modulated by orientation for 99% (134 of 135) of the
neurons and by attention for 31% (42 of 135) of the neurons
(two-factor ANOVA; p < 0.05). Of the units showing significant
task modulation, 83% (35 of 42) exhibited increased responses in
the attended condition. The orientation-tuning data were well fit
by a Gaussian in both behavioral conditions (F test; p < 0.05) for
125 neurons. For these cells, we found that attention led to an 8%
increase in tuning curve amplitude (Wilcoxon signed rank test;
p < 0.001), a 1% increase in width (Wilcoxon signed rank test;
p > 0.15), no change in asymptote (Wilcoxon signed rank test;
p > 0.3), and no change in preferred orientation (Wilcoxon signed
rank test; p > 0.5). A summary of the single cell data are provided
in Table 2. The V1 population tuning curves in Figure 10 show a
6% increase in amplitude, an 8% increase in asymptote, and a 1%
increase in width with attention. Other studies have reported
attentional effects of comparable magnitude in area V1 (Motter,
1993; Press and Van Essen, 1997).

We cannot be sure whether our V1 effects are caused by eye
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position differences or whether they represent an attention effect.
However, we can take the size of these V1 effects to be an upper
limit on the size of effects that might be attributable to eye
position artifacts for this particular data set. Because the mea-
sured median task effect in area V4 was approximately threefold
greater than the task effect in area V1, we believe that the task
effect in area V4 is caused by an extraretinal signal.

The systematic increase in responses in the attended mode
hints that the V1 change arises from attention, because eye
movements should not generally have a systematic effect. It would
be unsafe to draw that conclusion, however. Although the recep-
tive field was mapped while the animal was only fixating, many V4
neurons do not respond well during passive fixation (Maunsell et
al., 1991). The Gabor was moved if it did not appear to be driving
the cell well while the animal performed the task. Because in-
struction trials for the unattended mode do not present a stimulus
in the receptive field, adjustments to the position of the Gabor
stimuli were usually performed while the animal attended to the
Gabor. Therefore, the stimulus may have been more optimally
positioned for the fixation position occurring in the attended
mode, leading to increased responses for the attended mode
relative to the unattended mode.

DISCUSSION

Orientation selectivity

A primary goal of these experiments was to determine whether
attention altered the orientation selectivity of neurons in ma-
caque area V4. Our task revealed attentional modulation of the
amplitude and the asymptote of orientation-tuning curves in area
V4, but there was little evidence for change in the width of tuning.
The principal action of attention appeared to be a multiplicative
scaling of responses.

Previous studies of V4 suggested that attention narrows
orientation-tuning and color-tuning curves (Haenny and Schiller,
1988; Spitzer et al., 1988). Although there are several sources that
may contribute to this discrepancy, the main factor is likely to be
the definition of width. Both earlier studies measured tuning
curve width at some fraction of the peak of the curve, without
compensating for the asymptote of the fitted curves, which will be
nonzero if there is undriven activity or a response to the least
preferred orientation. In the presence of a nonzero asymptote,
this measure will yield narrower widths when responses above
undriven activity increase proportionately. This behavior is illus-
trated in Figure 11A4. The tuning curves in the top panels are
multiplicatively scaled versions of the tuning curves in the bottom
panel. The peak of each curve is measured as the height above
either the undriven activity or a spike rate of zero (either repre-
sented by the x-axis). The half-width measured at half-height is
larger in the bottom panel than in the top panel. This change in
measured width will occur whenever there is a response to the
least preferred orientation (tuning curve asymptote is above
undriven activity). The measure we have used is the SD of a fitted
Gaussian, that is, the curve width at a fraction between the
maximal height and the base of the curve. This measure preserves
width when responses increase proportionately. In Figure 11B,
the height is measured as the amplitude of the Gaussians and is
the difference between the peak response and the asymptote
responses (dotted line). The half-width, measured at half-height,
is the same in the top and bottom panels.
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Figure 11. Effects of changes in response strength on different measures
of width. The fop panels are multiplicatively scaled versions of the tuning
function in the lower panels. 4, Height measured relative to undriven
activity or zero activity. The vertical double-headed arrow is the assigned
height of each curve, at which the x-axis represents either undriven
activity or no activity. The horizontal double-headed arrow is the half-
width at half-height. The width differs for the two curves (vertical dashed
line). B, Height measured relative to the asymptote of the tuning function.
The vertical double-headed arrow is the assigned height of each curve, at
which the dotted line represents the asymptote of the tuning function. The
horizontal double-headed arrow is the half-width at half-height. The width
is the same for the two curves (vertical dashed line).

Multiplicative scaling

A multiplicative scaling of neuronal responses by attention is
significant because this effect is also seen when stimulus param-
eters are manipulated. For example, changing the stimulus con-
trast can cause large changes in neuronal responses, but typically
does not change the preferred orientation or sharpness of tuning.
Instead, the orientation-tuning curve is scaled as contrast
changes. Pairwise studies of many stimulus dimensions have
shown this type of behavior. These include contrast and orienta-
tion or direction of motion (Dean, 1981; Sclar and Freeman, 1982;
Skottun et al., 1987); contrast and spatial frequency (Dean, 1981;
Holub and Morton-Gibson, 1981; Albrecht and Hamilton, 1982;
Skottun et al., 1987; Geisler and Albrecht, 1997); contrast and
spatial position (Geisler and Albrecht, 1997); orientation and
direction of motion (Geisler and Albrecht, 1997); and spatial
frequency and temporal frequency (Ikeda and Wright, 1972;
Tolhurst and Movshon, 1975; Holub and Morton-Gibson, 1981;
Bisti et al., 1985; Foster et al., 1985; Galli et al., 1988; Hamilton
et al., 1989; Friend and Baker, 1993; McLean and Palmer,
1994a,b). One exception is direction selectivity, in which the
responses to space and time that generate direction selectivity are
not separable (Adelson and Bergen, 1985). Other neurons have
sensitivities to spatial and temporal frequencies that interact, as in
the case of preferring a particular speed (Ikeda and Wright, 1972;
Foster et al., 1985; Friend and Baker, 1993). But even for those
neurons, the interactions are often separable within individual
quadrants of the frequency domain (Hamilton et al., 1989;
McLean and Palmer, 1994a,b). Despite these exceptions, multi-
plicative scaling seems to be the most common type of interaction
among stimulus attributes.

The current results suggest that the interactions between sen-
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sory signals and attentional modulations may also be multiplica-
tive. Multiplicative scaling only affects responses to sensory stim-
uli; the undriven activity of the neuron was not changed by
attention. Other types of extraretinal inputs to visual cortex also
appear to cause a multiplicative scaling of sensory responses:
signals related to the angle of gaze appear to scale receptive field
profiles of neurons in posterior parietal cortex (Andersen et al.,
1985); behavioral differences between reward contingent and
nonreward contingent stimuli scale orientation-tuning curves in
inferotemporal cortex (Vogels, 1994); and receptive field profiles
of V4 neurons appear to scale multiplicatively when attention is
directed to different points around the receptive field (Connor et
al., 1996, 1997). Thus, multiplicative scaling might be a normal
mode of interaction between all inputs to cortex. Although mech-
anisms that would produce multiplicative scaling have been de-
scribed (Albrecht and Geisler, 1991; Carandini and Heeger,
1994), it is not known why such separability of response sensitiv-
ities may be important for cortical processing. Nevertheless, the
phenomenological similarity between the effects of attention and
the effects of stimulus manipulations raises the possibility that
attention involves neural mechanisms that are similar to those
used in processing ascending signals from the retinas, and that
cortical neurons treat retinal and attentional inputs equivalently.

There is an important counterexample to multiplicative scaling
by attention. The effects of attention on the spatial tuning of V4
neurons (i.e., the receptive field profile) has been examined in
two studies. Moran and Desimone (1985) positioned two stimuli
in the receptive field of a V4 neuron and directed the animal’s
attention to one of the stimuli. The neural responses were con-
sistent with the idea that attention caused the receptive field to
shrink around the attended area of space. This would alter
receptive field profile in a way inconsistent with multiplicative
scaling. Support for this hypothesis was provided by Connor et al.
(1996, 1997), who measured the neuronal responses to a bar
placed at different locations within the receptive field while di-
recting the animal’s attention to different areas adjacent to the
receptive field. Their results suggested that the receptive field of
the neuron shifted toward the attended location.

It remains to be seen whether this shift in the receptive field
profile represents a different mode of action for attentional mod-
ulation. It is important to note that this effect could arise from a
multiplicative scaling of attention of the receptive fields of corti-
cal neurons in earlier stages of cortex. Receptive fields of cortical
neurons increase in size in later stages of cortical processing,
because of the convergence of inputs from preceding visual areas.
Because attention can be localized to a specific spatial location
(Posner, 1980; Eriksen and St. James, 1986), attention might only
modulate responses of neurons whose receptive fields overlap
that location. The site of action of attention might be earlier in
visual cortex when a small domain is attended and later in cortex
when a large domain is attended. But what happens if we record
from a neuron whose receptive field size is greater than the size
of the location to which attention was directed? That neuron will
receive inputs from neurons whose responses were enhanced by
attention, as well as inputs from neurons whose responses were
not altered by attention because their receptive field did not
contain the attended location. The experimenter will measure a
shift in the receptive field profile toward the attended location
because the inputs from the attended location will have been
enhanced by attention relative to the inputs from the unattended
location. Although the immediate effect of attention was a mul-
tiplicative scaling, the consequences at later stages would not be.
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This hypothesis assumes that attention can selectively target
either cells at earlier stages of visual processing with smaller
receptive fields or target the inputs to a neuron that arrive from
different spatial locations. Area V4 is relatively early in sensory
processing, but inputs arriving from area V2 or area V1 may show
some attentional modulations. Our experiments found that 31%
of the V1 neurons were modulated by attention, and others have
reported similar results (Motter, 1993; Press and Van Essen,
1997). A spatial shifting of V4 receptive fields may be caused by
the asymmetry that arises in the inputs to the V4 cells, when some
of those inputs cover an enhanced or attended location, and
others arise from neighboring unattended regions.

The current experiments have shown that attention causes a
multiplicative scaling of orientation-tuning functions in area V4.
Because multiplicative scaling is also seen in the interactions of
many stimulus dimensions with each other, it is likely to represent
an important aspect of cortical signaling. It will be important to
determine whether the result is general to other tasks, stimulus
dimensions, and areas. If extraretinal and retinal inputs routinely
use similar mechanisms to modulate neuronal responses, charac-
terizing the integration of behavior and sensory signals might be
greatly simplified.
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