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Early sensory cortex is better known for representing sensory inputs
but less for the effect of its responses on behavior. Here we explore
the behavioral correlates of neuronal responses in primary visual
cortex (V1) in a task to detect a uniquely oriented bar—the orienta-
tion singleton—in a background of uniformly oriented bars. This
singleton is salient or inconspicuous when the orientation contrast
between the singleton and background bars is sufficiently large or
small, respectively. Using implanted microelectrodes, we measured
V1 activities while monkeys were trained to quickly saccade to the
singleton. A neuron’s responses to the singleton within its receptive
field had an early and a late component, both increased with the
orientation contrast. The early component started from the outset of
neuronal responses; it remained unchanged before and after train-
ing on the singleton detection. The late component started ∼40 ms
after the early one; it emerged and evolved with practicing the de-
tection task. Training increased the behavioral accuracy and speed of
singleton detection and increased the amount of information in the
late response component about a singleton’s presence or absence.
Furthermore, for a given singleton, faster detection performance
was associated with higher V1 responses; training increased this be-
havioral–neural correlate in the early V1 responses but decreased it
in the late V1 responses. Therefore, V1’s early responses are directly
linked with behavior and represent the bottom-up saliency signals.
Learning strengthens this link, likely serving as the basis for making
the detection task more reflexive and less top-down driven.

perceptual learning | bottom-up saliency | top-down influence |
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Within a visual scene, an item that is distinct from the others
in a simple feature pops out perceptually. One example is a

singleton bar orthogonal to uniformly oriented background bars
(Fig. 1A,Middle). Such a striking visual feature contrast at a visual
field location automatically attracts attention or gaze to this lo-
cation in a stimulus-driven, goal-independent, or bottom-up
manner. This effect is referred to as the visual saliency. The de-
gree of saliency increases with the magnitude of the feature con-
trast, which has been thought to be encoded by early cortical areas.
In V1 of awake and anesthetized monkeys and cats (1–4), a

neuron’s responses to a bar within its receptive field (RF) are
suppressed by the presence of surrounding isooriented bars.
Such isoorientation suppression decreases with increasing ori-
entation contrast between the center and the surround bars. This
effect emerges from early V1 responses and has been viewed as a
correlate of the perceptual pop-out effect. Meanwhile, it has
been argued that V1 simply signals feature discontinuities re-
gardless of saliency. For instance, a red vertical bar among many
red horizontal and green vertical bars is not salient, but V1
neurons still signal its uniqueness (5). However, previous studies
did not involve overt orienting to the singletons, making no di-
rect link between V1 responses and behavioral saliency.
Although it has been proposed that the center-surround

mechanisms in V1 create a saliency map of visual scenes to
guide attention involuntarily to salient locations (6), supporting
evidence has been mainly indirect. In humans, an orientation
singleton bar is more salient when the singleton is presented to

one eye and the background bars to the other rather than the
same eye (7), suggesting that the underlying mechanisms are at
an early cortical stage that represents eye-of-origin information.
When orientation singletons are rendered invisible by backward
masking, they still capture attention, and fMRI signals in human
V1 are significantly correlated with the local orientation con-
trasts (8). In monkeys, orientation singleton detectability is
largely spared after a lesion in V2 (9) or V4 (10). These lines of
evidence point to V1’s role in mediating the saliency map.
However, a recent study argues that the superior colliculus (SC)

is responsible for the initial saliency signals of the orientation
contrast and that the saliency signals in V1 start only in the late
response component (11). Meanwhile, late V1 responses have
been reported to correlate with higher-order perceptual pop-out,
such as a convex oddball defined by shading in a background of
concave balls (12), a contour formed by collinear bars in a back-
ground of randomly oriented bars (13), and a foreground texture
within a background texture (14). These delayed and higher-order
V1 responses are strongly experience and task dependent: learn-
ing to detect the camouflaged contour only enhances the late V1
responses (15); this enhancement becomes much weaker when the
contour is task irrelevant (13), and the contour-related signals are
even abolished under anesthesia (16).
To resolve whether saliency of simple feature singletons is

explicitly related to early V1 signals, we carried out simultaneous
recordings of V1 and behavior responses while monkeys were
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trained to detect an orientation singleton of various orientation
contrasts. We also monitored whether learning to detect the
singleton affected the link between behavior and V1 responses in
both the early and late components.

Results
Two monkeys, MA and MD, each implanted with two micro-
electrode arrays in V1, learned to saccade to an orientation sin-
gleton (the target, sample stimuli in Fig. 1A) in a background of
uniformly oriented bars. The background orientation was fixed
throughout (135° for MA and 45° for MD; relative to horizontal);
the singleton bar tilted randomly from the background bars by
−75° to +90° in multiples of 15°, defining 12 target orientations
that gave rise to seven orientation contrasts from 0° to 90°.
In each trial, after the monkey kept fixation for 1.1–1.6 s at the

central fixation point (Fig. 1B), two patterns appeared in two op-
posite visual field quadrants, one containing the singleton and the
other only the background bars. Each pattern was 8° (for MA) or 6°
(for MD) in diameter, divided into 0.5° × 0.5° compartments, one
for each bar (0.25° × 0.05°). The singleton was randomly placed in
one of the six predefined compartments, three in each quadrant.
The monkey was required to saccade to the singleton within 800 ms
or, if the orientation contrast was 0° (catch trial without a target),
to keep fixating within this 800 ms. A total of 72 target conditions
(12 orientations × 6 locations) were randomly mixed within a block
of trials. Each monkey practiced 30–40 blocks of trials per day.
In 50% of the trials, the target was in the pattern overlying the

two clusters of the RFs recorded by the two electrode arrays

(Fig. 1B; eccentricity of the pattern center was 5° for MA or 3.6°
for MD). The three possible singleton locations were roughly the
vertices of an equilateral triangle, and two of them were within
the two RF clusters. The two stimulus patterns, one with and one
without the singleton, were placed symmetrically about the fix-
ation point. In the other 50% of the trials, the visual stimuli were
made simply by rotating the two patterns 180° around the fixa-
tion point. A pair of conditions linked by such a rotation are
defined as the mirror conditions of each other.
Before collecting data in the detection task, the monkeys

went through a procedural learning process, first by a couple of
thousand trials with striking luminance differences between the
target and background and then by several hundred trials with
salient orientation singletons (>60° contrast). After this pro-
cedure training, which was completed within a single day, we
started collecting data during the formal detection training
(MA/MD 11/10 d).
The accuracy and speed of singleton detection increased with

the orientation contrast (Fig. 1 C and D). Pooling the nonzero
orientation contrasts for each day, we observed significant
practice effects: detection accuracy improved with training days
(Pearson correlation r = 0.84, P = 0.0013 for MA; r = 0.94, P =
4.2 × 10−5 for MD); the reaction time decreased concurrently
(MA, r = −0.74, P = 0.0099; MD, r = −0.88, P = 6.9 × 10−4). The
most pronounced improvements occurred in the first 3 d.

V1 Responses to the Orientation Singleton With and Without Task
Experience. A neuron’s responses to the singleton within its RF
are influenced by two stimulus factors: the orientation matching
factor—the similarity between the target’s orientation and the
neuron’s preferred orientation—and the orientation contrast
factor—the angular deviation of the target from the background.
To examine interactions between these two factors and to isolate
the effects of orientation contrast, we separated the V1 sites
whose RFs covered the target location (Materials and Methods)
into three groups according to their preferred orientations.
As a pretraining control, we first examined V1 responses when

the monkeys performed a fixation task (Fig. 2 A–C). Fig. 2A
shows the group of V1 sites that preferred orientations similar
to that of the background bars. As the singleton’s orientation
deviated away from the background and thus away from
these neurons’ preferred orientations (blue to red in Fig. 2A),
neuronal responses decreased even though the orientation con-
trast increased. This indicates a predominance of the orientation
matching factor in influencing the neural responses, masking the
effects of the orientation contrast.
Fig. 2C shows another group of V1 sites that preferred ori-

entations roughly orthogonal to the background bars. Here the
two influencing factors were also intermingled but in a different
manner: as the singleton’s orientation deviated progressively
from that of the background bars, the orientation contrast and
the orientation match (between the singleton’s orientation and
the neurons’ preferred orientations) increased concurrently,
leading to a progressive increase of neuronal responses.
In the above two groups of neurons, when the orientation

contrast was varied by varying the target’s orientation, their re-
sponse changes could be well explained by neurons’ orientation
tuning alone. It is thus unclear whether the orientation contrast
had any influences on V1 responses.
The remaining group of V1 sites came from pooling two

subgroups that preferred orientations near +45° and −45° from
that of the background bars (Fig. 2B). Hence, the two subgroups
preferred orthogonal orientations: near horizontal and near
vertical. When averaged together, their population responses
were largely invariant to the orientations of gratings and thus
unaffected by the orientation matching factor (SI Appendix, Fig.
S1B). Nevertheless, to the singleton stimuli, the averaged re-
sponses increased significantly with the orientation contrast,
starting from the early responses (Fig. 2B).
The analyses above indicate that saliency by orientation con-

trast is encoded by V1 neurons from their initial responses, even
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Fig. 1. Experimental design and behavioral performance. (A) Sample single-
ton stimulus patterns within a visual field quadrant. The singleton bar was
randomly set at one of the three possible locations and 1 of 12 orientations
(only 3 shown here) relative to the background orientation. (B) Illustration of
the two stimulus patterns in opposite quadrants with the singleton covered by
one of the two RF clusters (illustrated with ellipses). Mean (C) detection ac-
curacies and (D) reaction times as a function of the singleton’s orientation
contrast for monkeys MA and MD for the specified training days.
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though the monkeys are naive to, and not performing, the de-
tection task, in accordance with previous findings (1, 2).
Next, we examined V1 responses during the singleton de-

tection training, which started 5 d (MA) or 1 d (MD) after
collecting the pretraining fixation data.
In all of the three groups of neurons, the initial responses (<80 ms)

were little affected (compare Fig. 2 A–C with Fig. 2 D–F). How-
ever, the late responses (80–200 ms) were dramatically elevated
and became strongly correlated with the orientation contrasts. Par-
ticularly, in the neurons preferring orientations near that of the
background bars, the negative correlation seen before the detection
training was inverted (Fig. 2A vs. Fig. 2D). Hence, practicing the
detection task greatly amplifies the orientation contrast signals in
the late but not the early V1 responses.
The above analyses treated data collected from the same

electrode in different days as coming from the same sample
(a single V1 site). Noticing a substantial change in the recorded
neuronal responses between days (SI Appendix, Fig. S2 A–C), we
repeated the analyses but treated recordings from the same
electrode in different days as independent samples (different V1
sites). Qualitatively similar results were obtained when the data
from the two animals were pooled (SI Appendix, Fig. S2 D–F) or
separated (SI Appendix, Fig. S2 G–L).
Fig. 2 shows the results from V1 sites covering the target loca-

tion. For V1 sites whose RFs were located on the background bars,
their pretraining responses—both early and late components—
were independent of the orientation contrasts of the singleton
outside the RFs (SI Appendix, Fig. S3 A–C); however, practicing
singleton detection induced a negative correlation between the

orientation contrast and the late, but not the early, responses (SI
Appendix, Fig. S3 D–F). This further enhanced the representation
of the target–background contrast in V1 (SI Appendix, Fig. S4).
Focusing on the orientation contrast, we dissociated two dis-

tinct components in V1 responses. The first one was stimulus
driven; it was present before and during detection training and
started from the initial responses. We refer to this component as
the bottom-up saliency signal. The second component was su-
perposed on the late part of the first one. It appeared only after
practicing the detection task. We refer to this component as the
task-dependent signal, which could be a signature of top-down
processing and learning-induced changes.

Decoding Target Presence Using V1 Population Responses. We next
quantified—using a machine learning algorithm known as the
support vector machine (SVM)—the ability of V1 population
responses to detect a target’s presence.
For each target condition (a given location and orientation)

and its mirror condition in the opposite visual field, an SVM
classifier was trained to classify these two paired conditions using
the population spike counts from all of the V1 sites within the
early (0–80 ms) or late (80–200 ms) time window. For each time
window, the average classification accuracy increased with the
target’s orientation contrast (Fig. 3A). However, only the accu-
racy by the late responses improved over training days (Fig. 3B):
the average classification accuracy on the last day was signifi-
cantly higher than that on the first day (MA, P = 2.9 × 10−4; MD,
P = 4.3 × 10−5, one-tailed Wilcoxon signed-rank test). Such a
learning effect was absent in the early responses (MA, P = 0.77;

A

D

B C

FE

Fig. 2. Stimulus-driven and task-dependent components of V1 responses. (A–C) Averaged PSTHs of neuronal responses from both monkeys in the pre-
training fixation task. Only V1 sites with RFs covering the target location (Materials and Methods) contributed to the average. They were separated into three
groups according to the deviations of their preferred orientations from the background orientation: within 22.5° (A; n = 10 sites, 5/5 from MA/MD), between
22.5° and 67.5° (B; n = 20, 15/5 from MA/MD), or larger than 67.5° (C; n = 8, 6/2 from MA/MD). The top Inset schematizes the relationship between a
contributing RF (dashed cyan circle), its preferred orientation (within the cyan sectors), and the six nearest background bars. Each PSTH corresponding to an
orientation contrast (0° to 90° in multiples of 15°, blue to red) is the average of n PSTHs; each in turn is the average of the corresponding PSTHs from a single
electrode across the pretraining days (5 and 3 d for MA and MD, respectively). The preferred orientation associated with an electrode was the average of the
preferred orientations measured across the days. Each orientation contrast involves pooling two target orientations, clockwise and anticlockwise tilted from
the background. Two small panels on the right show the relative mean neuronal responses within 0–80 and 80–200 ms, as a function of the orientation
contrast. Linear regression results are shown in each panel. (D–F) Same as A–C but during the singleton detection task across the training days [11 and 10 d for
MA and MD, respectively; (D) n = 8, 4/4 from MA/MD; (E) n = 34, 19/15 from MA/MD; and (F) n = 7, 5/2 from MA/MD].
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MD, P = 0.39). The improvement in SVM decoding perfor-
mance was most apparent in the first couple of training days (Fig.
3B), mirroring the behavioral progress (Fig. 1C).
Also correlated with the behavior was the time required for

the late responses to reach maximum. This measure, defined as
the time to peak, became shorter with orientation contrast (Fig.
2 D–F) and with training (Fig. 3C and SI Appendix, Fig. S5),
mirroring the decrease of behavioral reaction times (Fig. 1D).

Links Between Neuronal Responses and Behavioral Performance. If
the orientation contrast information in V1 is read out for be-
havior, trial-by-trial fluctuations of V1 responses and of behav-
ioral performance should be correlated. Such a correlation was
observed (SI Appendix, Fig. S6): higher V1 responses, in both the
early and late components, tended to produce shorter reaction
times. To better examine this correlation, we separated the trials
in a given target condition on each day into two pools, the better-
trial pool and the worse-trial pool.
For each target condition, the worse-trial pool started with all of

the miss trials. If this pool had fewer than 50% of all of the trials,
then, among the remaining (hit) trials, the one with the longest
reaction time was moved to this worse-trial pool till it had 50% of
all of the trials for this condition. The better-trial pool contained
the rest of the hit trials (also 50%). However, if the initial worse-
trial pool already had more than 50% of all of the trials, then the
worse- and better-trial pools simply contained the miss and hit
trials, respectively. To ensure a reasonable number of trials in the
better-trial pool, we excluded conditions having hit rate <15%.
After pooling all of the conditions with nonzero orientation

contrasts, the mean V1 responses were higher for the better trials
than the worse trials at both the beginning (Fig. 4A) and the end
(Fig. 4B) of training phases. The response difference is referred to
as the better–worse difference. Training increased this difference
for the early stimulus-driven V1 responses but decreased it for the
late task-dependent responses (Fig. 4 C and D). These changes

could be explained if training not only facilitated the relevance of
the early bottom-up saliency signals to the behavioral task but also
rendered the task less dependent on top-down influences.
To further examine the better–worse difference, we separated

the orientation contrasts into the small (≤45°, hard) and large
(≥60°, easy) conditions (Fig. 4D). In the initial training days, the
better–worse difference in V1’s early responses was statistically
significant only for large orientation contrasts (Fig. 4D, 40–60 ms
group, cyan bars). This is consistent with the idea that V1 ac-
tivities represent the saliency signals for perceptual pop out and
is consistent with the automaticity of such pop-out when the
saliency is sufficient. Because the early V1 signals were in-
dependent of the detection task (Fig. 2) and because the visual
response latencies in V1 are shorter than those in the SC (11)
and other cortical areas, a parsimonious account of such a
better–worse difference is a utilization of the bottom-up saliency

CA B

Fig. 3. Information about the target conveyed by V1 population responses.
(A) Average SVM classification accuracies versus orientation contrast. A sepa-
rate SVM classifier was trained for each target condition on each day, using
the spike counts within 0–80 or 80–200 ms from all of the recorded V1 sites.
The number of contributing V1 sites varied between 46 and 62 for MA and 38
and 57 for MD across days. The classification accuracies of these classifiers were
averaged across days for each orientation contrast, timewindow, andmonkey.
Shading indicates ±SEM. (B) Average classification accuracies versus training
days. The analysis was the same as in A, except that averaging across days was
replaced by averaging across the nonzero orientation contrasts. (C) Time to
peak of the late V1 responses versus training days. For each of the V1 sites with
RF covering a target location, we obtained an average PSTH across the non-
zero contrast conditions. Averaging across these V1 sites on each day, we
measured the time to peak as the time when the population-averaged PSTH
reached maximum during 80–200 ms (SI Appendix, Fig. S5). Black lines are
linear fits to the red dots, with the statistics indicated in each plot.
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Fig. 4. Analysis of trial-by-trial correlation between V1 responses and be-
havior. V1 sites with RFs covering the target were pooled from both mon-
keys. (A) Population-averaged PSTHs separated for trials with better (red
curve) and worse (blue) behavioral performance (see text for definitions)
during the first three training days. Each of these two PSTHs was from av-
eraging over n = 36 sites (23/13 from MA/MD). For each site (electrode), we
first selected for each day the nonzero orientation contrast conditions that
gave rise to PSTH peaks higher than that in the no-target condition (0 ori-
entation contrast); we then pooled and averaged the PSTHs from these
target-present conditions across the first 3 d. The population averaged PSTH
from the no-target condition (black) is also shown for comparison. The
resulting three PSTHs were rescaled so that the peak of the no-target PSTH
was unity. Color bars above the x axis mark the time points when the av-
eraged responses in the better trials are significantly larger than those in the
worse trials (green, P < 0.05; red, P < 0.01; black, P < 0.001, one-tailed paired
t test). (B) As in A but for the last three training days (n = 39, 24/15 from MA/
MD). (C) The cyan and magenta curves show the better–worse differences by
subtracting the blue curve from the red one in A and B, respectively; the gray
curve shows the analogous better–worse difference for the intermediate
training days between A and B (n = 53 sites, 29/24 from MA/MD). (D)
Comparison of mean better–worse differences obtained as follows. Each
curve in C was first remade by using only conditions with small (15°, 30°, and
45° pooled) or large (60°, 75°, and 90°) orientation contrasts. Each resulting
curve was then averaged over the early (40–60 ms, corresponding to the
ascending phase of the PSTH that is putatively stimulus driven) or late (100–
200 ms) window. Error bars represent ±SEM. A better–worse difference
significantly larger than zero is indicated on the data bar (*P < 0.05; **P <
0.01; ***P < 0.001; one-tailed t test). The better–worse differences between
the first three and last three training days were also compared (*P < 0.05;
**P < 0.01; two-tailed t test).
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signals for the detection behavior. In the last training days, the
better–worse difference in V1’s late responses was statistically
significant only for small orientation contrasts (Fig. 4D, 100–200 ms
group, magenta bars), suggesting the importance of top-down in-
fluences on detecting less salient targets.
The analyses in Fig. 4 included miss trials, which could be

taken as trials with reaction times longer than the permitted
response window (800 ms). Qualitatively similar results were
obtained if we included only the hit trials and evenly split them
into the fast- and slow-trial pools (SI Appendix, Fig. S7).
Above analyses treated the data recorded from the same

electrode in different days as coming from the same sample.
Treating these data as independent samples produced qualita-
tively similar results when the data from the two animals were
pooled or separated (SI Appendix, Fig. S8).

Discussion
Using a reaction time task, we simultaneously observed behavioral
orienting to a feature singleton and neural representation of the
corresponding saliency signals in V1. These signals started from
V1 initial responses regardless of the detection task, consistent
with previous findings without the orienting behavior (1). Our
findings provide direct evidence supporting the idea that V1 cre-
ates a bottom-up saliency map through orientation-dependent
contextual interactions (6, 17).
On top of the bottom-up saliency component, a distinct V1

response component emerged when the animal practiced the
singleton detection task. This task-dependent component was
delayed by ∼40 ms relative to the bottom-up signals. Moreover,
task practice had no effect on the bottom-up component but
profoundly modified the task-dependent, late, response compo-
nent by shortening its time to peak and increasing the amount of
information about the presence of the singleton. These learning-
induced changes could result from an interplay between top-
down and bottom-up processes; they might reflect a better uti-
lization of the early neural saliency signals for target detection.
In addition, a significant correlation was observed between the

fluctuations of the neural signals and the fluctuations in behavioral
performance: Given a target condition, higher V1 responses were
associated with faster and more accurate detection. In early V1
responses, this behavior-linked differentiation was present already
in the initial training days for large orientation contrasts (Fig. 4D),
consistent with the idea that attention capture by a sufficiently
salient input is automatically guided by the bottom-up saliency
map. For singletons with both small and large orientation contrasts,
training boosted this behavior-linked differentiation in the early V1
responses but concurrently decreased it in the late task-dependent
responses. This is consistent with the observations that singleton
detection became more preattentive with training (18–21).
Different temporal components of V1 responses are suggested

to play different roles: the late components are related to feedback
modulations (12, 14, 22–24), whereas the initial bursts are largely
driven by bottom-up inputs. Training to detect camouflaged global
contours has been observed to refine neuronal population code in
V1 by affecting only the late responses (15). The current study
discovered a distinct practice effect: besides modifying the late V1
responses, training also increased the correlation between the early
bottom-up saliency signals in V1 and the animals’ target detection
performance. Speculatively, this suggests a better utilization of the
early V1 signals through training, which could be related to the
faster buildup of the late, task-dependent, V1 response component
(Fig. 3C and SI Appendix, Fig. S5).
Contextual interactions enable V1 to compute saliency signals

from simple feature contrasts. For example, isoorientation sup-
pression—suppression between nearby V1 neurons preferring
similar orientations (1, 4, 25)—makes the V1 responses to a bar
higher when this bar is an orientation singleton rather than one of
the background bars because V1 neurons tuned to the singleton’s
orientation escape the suppression. The degree of this escape
decreases with decreasing orientation contrast, mirroring the de-
creasing saliency effect behaviorally. Analogously, iso-color

suppression (26), iso-motion direction suppression (3, 27), iso-
spatial frequency suppression (25), and even iso–eye-of-origin
suppression (28) are all examples of the V1 phenomena re-
ferred to as the iso-feature suppression (6). This mechanism,
which generates relatively higher responses to a feature single-
ton, is most likely responsible for attracting spatial attention
exogenously to the singleton’s location in visual scenes (7, 29).
Modifiable by training, the task-dependent late V1 responses

could be associated with top-down influence from the fronto-
parietal network (30–33). Meanwhile, the early bottom-up sa-
liency map in V1 may provide inputs to the attentional priority
map in the parietal (34) and frontal (35, 36) cortex, which
combine the bottom-up and top-down factors to guide attention
in a task-dependent manner. V1 also projects monosynaptically
to the SC (37, 38), which directs gaze shifts through the brain-
stem. It is likely that this V1-to-SC circuit becomes more in-
volved as training makes the task more reflexive and less top-
down dependent. Indeed, lesioning the SC eliminates express
saccades and prolongs saccadic reaction times, whereas lesioning
the frontal eye field promotes express saccades (39).
A recent study argues that the SC generates the initial,

feature-agnostic, saliency signals by pooling V1 inputs and then
relays these signals back to V1 (11). Surprisingly, that study did
not see any orientation contrast signals in early V1 responses, in
contrast to our current study and previous studies (1, 2).
Lesioning monkey V1 abolishes all visually guided saccades until
after 2 mo of training and recovery (40), suggesting that in
normal circumstances, retina-to-SC projections are insufficient
to generate orienting behavior (except perhaps in lower verte-
brates; ref. 41). Future studies by selective manipulation of
neural activities in monkey V1 and SC will be helpful for dis-
secting their causal relationship.

Materials and Methods
Animal Preparations. Two adult male monkeys (Macaca mulatta, MA andMD)
were first trained, with the head restrained, to perform a simple fixation
task. Afterward, two microelectrode arrays (two 4 × 8 in MA and two 6 × 8 in
MD; Blackrock Microsystems) were implanted in V1. The neighboring elec-
trodes were 0.4 mm apart; all electrodes were 0.5 mm long except for those
in one of the two arrays implanted in MA that were 1.5 mm long (array 1 in
SI Appendix, Fig. S4A). Surgical procedures were performed in aseptic en-
vironment under anesthesia with vital signs maintained. The current study
was conducted 12 mo after the implantation for MA and 3 mo for MD. The
monkeys had been used in an earlier study on global contour detection
within a background of randomly oriented bars, but they were naive to the
singleton detection task. All experimental procedures complied with the US
National Institutes of Health Guide for the Care and Use of Laboratory
Animals (42) and were approved by the Institutional Animal Care and Use
Committee of Beijing Normal University.

Visual Stimuli and Experimental Settings. Visual stimuli were generated by a
stimulus generator (ViSaGe MKII; Cambridge Research Systems) on a 22-inch
cathode ray tube (CRT) monitor (Iiyama HM204DTA, 1,200 × 900 pixels at
100 Hz, 100-cm viewing distance). Eye positions were sampled at 30 Hz (for
MA) by a self-made infrared tracking system (43), or at 500 Hz (for MD) by a
commercial eye tracking system (Eyelink 1000; SR Research Ltd.).

The fixation point was 0.12° in diameter. Fixation had to be held within an
invisible window of 1.2° in diameter. The stimulus bars were 25.8 cd/m2 on a
gray background of 8.6 cd/m2. The position of each bar except the singleton
was jittered randomly from its compartment center by 0–0.18° in random di-
rections. For target-present trials (nonzero orientation contrasts), rewards
were given to valid saccades (within an 800-ms response window after stim-
ulus onset), defined as follows: Once the gaze escaped the fixation window, it
had to enter a target window (3° diameter) centered on the singleton within
100 ms and stay within this window for at least 100 ms. The monkey’s reaction
time was the duration between the stimulus onset and the gaze reaching the
target window. Reward in a catch trial (zero orientation contrast) was twice
the typical size for maintaining fixation during the 800-ms response window.

Training Procedure. We taught the animal the saccade task through the
following transitional steps. (i) We first hid all of the nontarget bars in the
stimuli by setting their luminance to that of the CRT background. The animal
learned to saccade to the isolated target bar after a few hundred trials.
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(ii) We progressively increased the luminance of the nontarget bars but left
them noticeably dimmer than the target bar. The animals learned to saccade
to the target defined by both luminance and orientation contrasts after a
couple of thousand trials within the same day. (iii) We set the luminance of
the target and background bars identical but kept their orientation contrast
large (>60°). As soon as the monkey understood the saccade task simply
based on orientation contrasts after several hundred trials, we started col-
lecting behavioral and V1 data over the course of perceptual training (11 d for
MA and 10 d for MD).

Electrophysiological Recording.Multiunit activities were recorded with a data
acquisition system (Cerebus, Blackrock Microsystems). The raw data were
high-pass filtered (fourth-order Butterworth with 250-Hz corner frequency).
Spikes were detected by applying a voltage threshold with a signal-to-noise
ratio of 4, and their waveforms were sampled and saved at 30 kHz.

For each electrode and on each day, the RF location and size along the
horizontal axis were mapped using a vertically elongated grating patch
(0.3° × 7° in size, square wave, 2 cycles per degree, 99% Michelson contrast,
3-Hz drifting frequency) placed at different horizontal locations. Neuronal
responses were fitted by a Gaussian function of the horizontal position, with
center x0 and SD σx. Analogously, y0 and σy were determined along the
vertical axis using a grating patch elongated horizontally (7° × 0.3°). The RF,
defined as the oval centered at (x0, y0) with axes (σx, σy), is said to cover the
target location when this oval enclosed the center of the target. This oval
area could also cover parts of the background bars, but the results were
insensitive to shrinking or enlarging this area to include less or more back-
ground bars. The preferred orientation was measured with a circular grating
patch (2 cycles per degree) centered on all recorded V1 RFs. Neuronal re-
sponses were fitted by a Gaussian function of the grating orientation to
determine the preferred orientation. The goodness of Gaussian fit was es-
timated using R2. Only electrodes yielding R2 > 0.7 for the RF profiles were
included in data analyses (for Fig. 2 and the analogous plots in SI Appendix,
Figs. S1–S3, R2 > 0.7 for the orientation tuning curve is additionally re-
quired). The contributing electrodes varied between days due to changes in
signal quality. The RF size (σx + σy) was 0.57 ± 0.22° (mean ± SD) for MA and

0.39 ± 0.08° for MD; the orientation tuning width (full width at half height)
was 56 ± 25° (MA) and 58 ± 24° (MD).

Analysis of V1 Responses. For each stimulus condition, the spike trains from
each electrode across trials were binned into 1-ms intervals and smoothed by
a 9-ms square window to construct a poststimulus time histogram (PSTH).
The PSTHs were averaged across V1 sites, conditions, and days if applicable,
as specified in Figs. 2 and 4 and SI Appendix, Figs. S1–S3, S5, S7, and S8.
Considering that the saccadic reaction times toward the recorded RFs
were >160 ms and that the mean response latency of V1 neurons was
∼40 ms, we used neuronal responses within 0–200 ms after stimulus onset
for analysis. We treated V1 responses recorded by the same electrode in
different days as coming from the same sample (a single V1 site) for the
results presented in Figs. 2 and 4. Noticing that the distribution of the firing
rates recorded by the same electrode usually changed significantly from
one day to another (Kolmogorov–Smirnov test; SI Appendix, Fig. S2 A–C), we
also presented in SI Appendix the comparable results from treating these
data as independent samples (different V1 sites).

Decoding Analysis. The SVM classifier had a radial basis function kernel.
Training of each SVM used randomly 90% of the trials from the corre-
sponding conditions; the remaining trials were used to test the accuracy of
the classifier. This process was repeated 1,000 times to calculate the average
classification accuracy. A total of 72 SVMs (for 3 target locations × 12 target
orientations × 2 time windows of V1 responses) were trained for each day.

The data, code, and materials used in the current study are available from
the corresponding authors upon request.
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