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Attention to a location in a visual scene affects neuronal responses in visual cortical areas
in a retinotopically specific manner. Optical imaging studies have revealed that cortical
responses consist of two components of different sizes: the stimulus-nonspecific global
signal and the stimulus-specific mapping signal (domain activity). It remains unclear
whether either or both of these components are modulated by spatial attention. In
this study, to determine the spatial distribution of attentional modulation at columnar
resolution, we performed cerebral blood volume (CBV)-based optical imaging in area
V4 of monkeys performing a color change detection task in which spatial attention
was manipulated. We found that spatial attention enhanced global signals of the
hemodynamic responses, but did not affect stimulus-selective domain activities. These
results indicate the involvement of global signals in neural processing of spatial attention.
We propose that global signals reflect the neural substrate of the normalization pool in
normalization models of attention.

Keywords: spatial attention, intrinsic signal optical imaging, column, normalization model, global signals,
mapping signals, cerebral blood volume

INTRODUCTION

Electrophysiological studies have demonstrated that attention directed to a specific spatial
location in the visual field (spatial attention) enhances activities of neurons whose receptive fields
correspond to the attended location (e.g., Connor et al., 1996, 1997; Treue and Maunsell, 1996;
McAdams and Maunsell, 1999; Reynolds et al., 2000; Williford and Maunsell, 2006). The spatial
distribution of such attentional modulation can be visualized by functional imaging techniques.
Blood oxygenation level-dependent (BOLD) functional MRI (fMRI) revealed that the distribution
of attentional modulation in visual cortical areas is organized in a retinotopically specific manner
(Tootell et al.,, 1998; Brefczynski and DeYoe, 1999; Gandhi et al., 1999; Kastner et al.,, 1999;
McMains and Somers, 2004). In addition, voltage-sensitive dye (VSD) imaging revealed that the
membrane potentials of a population of neurons, which are thought to primarily reflect synaptic
input to these cells, are also enhanced by spatial attention in an additive and stimulus-nonspecific
manner (Chen and Seidemann, 2012). The enhancement of these neuronal activities could account
for the improved behavioral performance associated with attention (Ress et al., 2000; Cohen and
Maunsell, 2010, 2011b).

Intrinsic signal optical imaging (ISOI) is a high-resolution optical analog of fMRI
(Fukuda et al, 2006) that can visualize cortical hemodynamics at columnar resolution
(~50 pwm; Frostig et al., 1990; Bonhoeffer and Grinvald, 1991). Typically, ISOI reveals two
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different-sized complementary components of stimulus-evoked
hemodynamic response in the cortex: the “global signal” and
“mapping signal” (Frostig et al.,, 1990; Malonek and Grinvald,
1996; Vanzetta et al., 2004; Fukuda et al., 2005). The global
signal spreads laterally over several millimeters or more in the
cortex and is stimulus-nonspecific (not significantly different
across stimuli), whereas the mapping signal is localized within a
lateral extent of about 0.5 mm, forming a domain-like structure,
and is stimulus-specific. For researchers who are interested in
mapping stimulus preferences, such as orientation preference, in
the cortex and visualizing functional domains (columns), global
signals are unnecessary and usually removed by post-processing
(e.g., Frostig et al., 1990; Tsunoda et al., 2001; Tanigawa et al.,
2010). Even though the global signal is substantially larger than
the mapping signal (Frostig et al., 1990; Fukuda et al., 2005), the
functional significance of global signals is less clear than that of
the mapping signal.

In this study, we used ISOI to examine the spatial distribution
of attentional modulation at columnar resolution in area
V4 of monkeys performing a color change detection task
in which we manipulated spatial attention by cueing the
location in a block design. We performed ISOI at 570 nm
wavelength (an isosbestic, or equal absorption point of oxy-
and deoxyhemoglobin), which emphasizes changes in cerebral
blood volume (CBV; Frostig et al, 1990; Malonek et al,
1997). CBV-based hemodynamic signals are well correlated with
neuronal activities in the cortex, including spiking activities
and local-field-potential (LFP) measurements (Sheth et al., 2003;
Nemoto et al., 2004; Niessing et al., 2005; Lima et al., 2014).
We visualized maps of global and mapping signals of stimulus-
evoked CBV-based hemodynamic responses under different
attentional conditions and evaluated how these two types of
signals were affected by attention. We found that global signals,
but not mapping signals, of CBV-based hemodynamic responses
were enhanced by spatial attention. Such stimulus-nonspecific
large-scale attentional enhancement may reflect the spatial
distribution of the normalization pool in normalization models
of attention (Lee and Maunsell, 2009; Reynolds and Heeger,
2009).

MATERIALS AND METHODS

Animal Preparation

Two adult rhesus monkeys (Macaca mulatta; monkey M1, male,
7 kg; monkey M2, female, 5 kg) were used for experiments.
All procedures were approved by the Vanderbilt Animal
Care and Use Committees and conformed to the guidelines
of the US National Institutes of Health. Prior to training
and imaging, under sterile surgical conditions, each monkey
was anesthetized and implanted with a head post for head
fixation and a chronic nylon chamber overlying dorsal (D)
V4 for optical imaging. The chamber was located on the right
hemisphere of M1 and on the right hemisphere of M2. Native
dura in the chamber was replaced with a clear artificial dura
(Tecoflex, Thermedics Polymer Products). After the surgery, the
chamber was sealed with a nylon cap and opened under sterile

conditions for image acquisition. The procedures for surgery,
anesthesia and chamber maintenance were previously described
in detail (Chen et al., 2002; Lu and Roe, 2008; Tanigawa et al,,
2010).

Passive Viewing Task

To determine optimal stimulus parameters for the imaged
cortical region, we first carried out optical imaging (described
below) in that region while the monkey passively viewed various
grating stimuli (passive viewing task). Stimuli were created
using ViSaGe (Cambridge Research Systems) and presented
on a CRT monitor (100 Hz refresh rate, 800 x 600 pixels,
gamma corrected) positioned 122 cm from the eyes. Eye
position was monitored with an infrared eye tracker (iView X,
SensoMotoric Instruments). The monkey initiated the trial by
fixating on a spot (0.15°) on a gray background (26.8 cd m™2)
and maintained fixation until the spot disappeared (fixation
window radius, <0.75°) in order to obtain a juice reward. After
a 0.5 s pre-stimulus period, a circular patch of isoluminant
red/green or luminance-contrast (100%) white/black drifting
sinusoidal gratings (1 cycle/® spatial frequency, 1°/s drift rate,
one of four different orientations) was presented for 3.5 s. The
average luminance of gratings was identical to the background
luminance. The phase and drift direction of gratings were
randomized on each trial. By systematically altering the location,
size and grating orientation of patch (see Tanigawa et al., 2010),
we optimized these parameters so that the stimulus could activate
the center portion of the imaged region and visualize at least
multiple color- and orientation-preferring domains (described
below). In all cases, stimuli closer to the vertical meridian
activated regions closer to the lunate sulcus (lu), consistent
with known retinotopy in V4 (Gattass et al., 1988). For both
M1 and M2, the patch was 3° and 4° in diameter and centered
at 5.5° and 5.5° eccentricity, 22.5° counterclockwise and 33.75°
clockwise away from the vertical meridian in the lower visual
field, respectively. We refer to a stimulus at these locations as
the stimulus inside the population receptive field (pRF) of the
imaged region, where pRF refers to the region of visual space that
activates the recording site (Victor et al., 1994).

Color Change Detection Task

To study attentional modulation in V4, we employed a color
change detection task (Figures 1A, 2A). The stimulus parameters
in the task were same as those in the fixation task described
above, except for the following details. The task consisted of five
events. The monkey initiated the trial by fixating on a fixation
spot. After a 0.5 s pre-stimulus period (event 1), two circular
patches of red/black or green/black drifting sinusoidal gratings
(100% luminance contrast; tilted 45° or 135° counterclockwise
from the horizontal for M1, 70° or 160° for M2) were presented
(event 2). The two patches were identical except for their
locations. One of them was positioned inside the pRF of the
imaged region. The other stimulus was positioned 90° (for
M1) or 112.5° (for M2) counterclockwise away at the same
eccentricity, causing no activation in the imaged region. After
a specified time from the onset of stimuli, the color of the
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gratings in one of the stimuli changed to either yellowish or
bluish (event 3). More exactly, in the CIE 1931 xy chromaticity
diagram, the grating color, either red (0.63, 0.34) or green
(0.28, 0.61), shifted by a certain amount to either yellow (0.39,
0.53) or blue (0.15, 0.07), maintaining the same luminance.
The degree of color shift was determined in the CIE 1976 u’v’
chromaticity diagram to be close to the monkey’s detection
threshold (0.1-0.2). A short time after the onset of color change,
both grating stimuli disappeared, followed by a delay period
(event 4). Then, the fixation spot also disappeared, and instead
two blue target spots (0.15°) appeared for 1 s (event 5). The
targets were located at 4.7° (for M1) or 4.5° (for M2) eccentricity,
away from the pRF of the imaged region, and separated by 5°
(for M1) or 4° (for M2). The monkey was given a juice reward
for making a saccade to the correct target within 0.5 s after
the target onset. The location of correct target was associated
with the type of grating color change (e.g., left target for
yellowish change and right target for bluish change). After
target spots disappeared (the end of event 5), there was a 10 s
interval before the next presentation of a fixation spot. Fixation
was not required during this interval. Even though the total
length of the task (from events 1-5) was fixed to 4.5 s, there
were small differences in the durations of events 3-5 between
the two monkeys (see Figures 1A, 2A). This is because we
manipulated task difficulty by changing the duration of these
events, as well as by changing the degree of color shift of gratings,
so that the monkeys performed the task at 80%-90% success rate.
Because these parameters were held constant between different
attentional conditions for each monkey, differences in these
parameters between animals should not affect our conclusions
about attentional modulation.

The location of the patch with the color change alternated
between two locations in a block design. Blocks consisted of
27 trials. At the beginning of each block, the monkey performed
three instruction trials in which only one of the patches was
shown; the monkey performed the task on that patch. On
subsequent trials within the block, which were used for the
analysis, the stimulus at the same location always showed a color
change (cued stimulus). The cued location was also indicated
by a short line next to the fixation spot, pointing to the
location. In approximately 20% of all trials with two patches,
the uncued stimulus (distractor) also displayed a color change
simultaneously with the cued stimulus, but the type of color
change was different from that of the cued stimulus (yellowish or
bluish). We used these trials to probe the attention bias for a cued
stimulus. Each block contained eight stimulus conditions (two
colors, two orientations, and two cued stimulus position) and one
blank condition in which the monkey fixated for 3.5 s and was
then given a reword but neither grating stimulus nor target spot
appeared. These conditions were repeated in a pseudo-random
order. Each imaging session consisted of 6-9 blocks.

Optical Imaging in Awake Monkeys and

Data Analysis
The detailed imaging and data analysis methods have been
described previously (Chen et al., 2002; Tanigawa et al., 2010).

Under 570 nm illumination, images of light reflectance were
captured from a portion of dorsal V4 cortex within the imaging
chamber using a CCD video camera (504 x 504 pixels,
8 mm x 8 mm; 1IM60P, Dalsa) with a tandem lens system focused
on the cortical surface; images were digitized using Imager
3001 (12-bit resolution, 4 frames/s, Optical Imaging). Image
acquisition started at the onset of the pre-stimulus period (0.5 s)
and continued for at least 10 s for each trial that were analyzed.
Image frames were analyzed offline using custom software
written in MATLAB (Mathworks). For each trial, the average
of frames obtained in the pre-stimulus period was subtracted
from all frames on a pixel-by-pixel basis, and then the differences
were divided by the same average value, to generate maps of
reflectance change (AR/R map). The AR/R map obtained in the
blank condition (described above) in the same block was then
subtracted from the AR/R maps generated in the previous step
on a frame-by-frame basis to extract stimulus-evoked signals
(blank subtraction). Finally, the AR/R maps were averaged over
a range of frames and across trials in a particular condition (e.g.,
color, orientation, cued stimulus location) to form the single
condition map for that condition. Difference maps between two
conditions were obtained by calculating the average difference
of AR/R maps between the conditions. To extract locally evoked
reflectance changes (mapping signals: ~0.5 mm) from large-scale
changes (global signals: several millimeters or more), each AR/R
map was convolved with a 1.6 mm x 1.6 mm median filter
and subtracted from the original map (high-pass filtering) before
blank subtraction.

Statistical Analysis

We used a two-tailed t-test and an ANOVA to evaluate a
modulation in signal changes among conditions. The P value
was calculated by these statistics at each pixel (statistical map).
For multiple comparison correction, we adopted a cluster-
extent based thresholding procedure (see Woo et al.,, 2014) in
which only regions that consisted of at least 200 contiguous
pixels with P < 0.05, contained a pixel with P < 0.001, and
reproduced in another session were regarded as regions with
significant modulation; regions that did not meet these criteria
were excluded. To remove high-spatial-frequency noise from the
statistical maps, we smoothed each AR/R map before analysis
using a 200 pm x 200 pm median filter. Signals from pixels
on and near large vessels were less reliable because of large
trial-by-trial fluctuation, something that occurred even without
visual stimulation. To exclude these regions from the analysis, we
calculated pixel-wise standard deviation (SD) of blank-condition
images across trials. Pixels with large SD (>the upper limit of
95% one-sided confidence interval based on the x? distribution)
were eliminated from further analysis (shaded in dark green in
the statistical maps).

RESULTS

We trained two monkeys (M1 and M2) to perform a color change
detection task (Figures 1A, 2A). While the monkeys fixated on
the central fixation spot on the monitor, two patches of gratings
were presented: one inside and one outside the pRF of imaged
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FIGURE 1 | Stimulus-evoked hemodynamic responses in different attentional conditions. (A) Sequence and duration of events in a trial of the covert

attention task for monkey M1. Broken circles and solid arrows indicate the cued location and correct saccade, respectively, but were not actually present on the

monitor. (B) A view of the cortical surface of M1, including dorsal V4, through the chamber. The red rectangle indicates the imaged region for this monkey.

(C) Examples of time courses of average stimulus-evoked reflectance change from the baseline under 570 nm illumination. The sampled site is indicated by a red dot

in (B). Error bars represent standard error of the mean (SEM). The rightmost plot indicates the reflectance change from the baseline, measured at the beginning of
(Continued)
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FIGURE 1 | Continued

pre-stimulus period of the subsequent trial. Green horizontal line and black
arrowhead indicate the period of stimulus presentation before color change
and the timing of disappearance of fixation dot, respectively. These features
are also shown in (A). (D) The top and bottom panels show maps of
reflectance changes evoked by four different stimuli, as indicated on the top,
obtained in the imaged region under attend-out (top) and attend-in (bottom)
conditions respectively. To make these maps, we averaged the signals from
2 s-6.5 s after the stimulus onset, as indicated by the magenta rectangle in
(C), on a pixel-by-pixel basis, and applied blank subtraction to extract
stimulus-evoked signals (see “Materials and Methods” Section). Color scale
indicates percent change from the baseline. Dark green regions indicate pixels
with large cross-trial variability (see “Materials and Methods” Section). A,
anterior; D, dorsal; Iu, lunate sulcus; st, superior temporal sulcus. Scale bar
represents 1 mm.

V4 region. After a certain time from the onset of stimuli, the
color of the gratings in one of the patches changed to either
yellowish or bluish. The monkeys reported the type of color
change (yellowish or bluish) by making a saccade to the target
associated with that type. The location of the patch with color
change alternated between the two locations and was cued in a
block design. For imaging, each monkey performed two sessions
of the color change detection task.

To determine whether attention was directed more to the
cued patch than the uncued patch (distractor), in approximately
20% of trials, the distractor also exhibited a color change
simultaneously with the cued stimulus, but the type of color
change was opposite to that of the cued stimulus. When the
color change occurred only in the cued patch, the performance
on the attention task was 81% correct for M1 and 88% correct
for M2 in trials without a fixation break (n = 311 trials for
M1 and 304 trials for M2 in two imaging sessions per monkey).
When the color change also occurred in the uncued patch,
the performance dropped significantly, to 63% and 70% for
M1 and M2, respectively (x? test, P < 0.001), but remained
significantly higher than chance (x? test, P < 0.05). These
results indicate that the monkeys did not completely ignore the
distractor, but that they gave priority to the cued patch when
the two patches were in conflict. Therefore, we considered that
the monkeys allocated more attention to the cued patch than
to the distractor. We defined the “attend-in” condition as the
cued patch inside the pRF, and the “attend-out” condition as
the cued patch outside the pRF. By comparing hemodynamic
responses in the attend-in and attend-out conditions, we could
estimate attentional effects on the responses. In the following
sections, we report results regarding attentional enhancement
based on images captured in trials with a correct behavioral
response and stable imaging throughout the trial. Trials with
imaging containing a large motion artifact due to the animal
movement were regarded as less stable, and were excluded from
the imaging analysis.

Attentional Enhancement of Global Signals
of Stimulus-Evoked Hemodynamic

Responses in V4
Using ISOI at a wavelength of 570 nm, we measured
stimulus-evoked CBV-based hemodynamic responses with blank

subtraction (i.e., subtracting the response in the no-stimulus
condition; see “Materials and Methods” Section) on a pixel-
by-pixel basis in a portion of dorsal V4 (Figures 1B, 2B)
of monkeys performing the color change detection task. The
time courses of the responses were roughly monophasic, as
described in other studies (Sheth et al., 2003; Nemoto et al., 2004;
Sirotin et al., 2009), with some fluctuations (Figures 1C, 2C),
peaking at 4-5 s after the stimulus onset (note that a negative
reflectance change indicates an increase of CBV). There was
a difference of about 1 s in the response latency between the
two monkeys. This difference might have been due to differences
in the timing of when the monkeys started to direct their
attention to the stimuli. At the sampled sites of both monkeys,
responses were enhanced in the attend-in conditions relative
to attend-out conditions. Significant attentional enhancements
could already be observed just before the timing of the color
change in the patch (one imaging frame (0.25 s) prior to
the onset of the color change; two-tailed t test; P < 0.05,
n = 76 trials for M1 and 135 trials for M2), indicating that the
enhancement was initiated voluntarily prior to the color change.
After the 10 s inter-trial interval, the hemodynamic response
was reduced to almost the baseline and did not significantly
differ between two attentional conditions (Figures 1C, 2C;
rightmost point; two-tailed t test; P > 0.05). Because we
observed large enhancements around the peak of the response,
we calculated the average responses across a time interval
(4.5 s) centered at the peak and across trials on a pixel-
by-pixel basis for each stimulus and attentional conditions,
and used this information to create maps of hemodynamic
responses (Figures 1D, 2D). We performed pixel-by-pixel
two-way ANOVAs in which one factor was the stimulus type
(four combinations of two colors and two orientations) and the
other factor was the attentional conditions (attend-in vs. attend-
out), and identified regions with significant increases in attend-in
vs. attend-out conditions (P < 0.05 and the lowest P in each
region < 0.001, n = 76 trials for M1 and 135 trials for M2,
and replicated in another imaging session, n = 124 trials for
M1 and 161 trials for M2). However, there was no significant
difference across stimulus type, and no interaction between
the two factors. These results suggest that spatial attention
enhances hemodynamic responses in a stimulus-nonspecific
manner.

To examine the attentional effects of stimulus-nonspecific
global signals of hemodynamic responses, we averaged the
responses across all stimulus conditions examined, in agreement
with the definitions given by previous studies (Frostig et al.,
1990; Malonek and Grinvald, 1996). Pixel-by-pixel statistical
maps revealed that the averaged responses were enhanced in
the attend-in condition relative to the attend-out condition in
most of the stimulus-evoked regions (Figure 3A; fourth row,
two-tailed ¢ test, P < 0.05 and the lowest P in each region < 0.001,
n = 76 trials for M1 and 135 trials for M2; bottom row,
replicated in another imaging session, n = 124 trials for M1 and
161 trials for M2). The attentional enhancement was not always
simply additive or multiplicative. In fact, in some cases, greater
enhancements were biased toward the ventral regions from the
peak of the response under the attend-out condition (closer to
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FIGURE 3 | Spatial distribution of attentional effects on global signals of hemodynamic responses. (A) The first two rows show maps of stimulus-evoked
reflectance changes averaged across all stimuli for both animals (global signals; M1, left; M2, right) under attend-out (first row) and attend-in (second row) conditions.
The third row shows the difference maps between attend-in and attend-out conditions. The fourth row shows statistical maps in which regions with a significant
difference in reflectance change between attend-in and attend-out conditions are color-coded according to the level of significance (P value). Regions exhibiting a
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attentional enhancements. Scale bar represents 1 mm. (B) Plots of average reflectance changes in the imaging session shown in the first row of (A), sampled along
the lines across the cortical surface for both animals (M1, top; M2, bottom), nearly parallel to the lunate sulcus, as indicated by the cyan lines in the top panels of (A).
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the x axis. Error bars represent SEM. The range of points showing significant differences between the two plots (attend-out vs. attend-in) is indicated by the pink
thick lines along the x axis. For each attentional condition and animal, Gaussian curves were fitted to the plots and are shown as dotted lines (all R? values were
above 0.94). Arrowheads indicate the sampling points giving the maximal difference between the two fitted curves under attend-out and attend-in conditions for
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the foveal representation) in M1 and toward the dorsal region
(further from the foveal representation) in M2 (Figure 3B). In
summary, these data indicate that spatial attention enhances
global signals of hemodynamic responses in V4 and that these
enhancements are biased from the centers of the responses. The
latter may be due to uneven attention in the stimulus. Because
we determined the size of stimulus patches in such a manner
as to activate multiple stimulus-selective functional domains, the
patches might have been too large for a single focus of attention.
Therefore, the monkeys might have attended to a part of the
patch to perform the task.

Although attentional enhancement was observed prior to the
color change of the patch (Figures 1C, 2C), it is possible that
most of the observed enhancements were due to exogenous
spatial attention, which might be involuntarily drawn to the
color change (Carrasco, 2011). To determine the effect of
such exogenous attention on the observed enhancement, we

conducted a control experiment in which the monkey performed
a passive viewing task while two patches were presented, followed
by a color change in a patch either inside the pRF (change-in)
or outside the pRF (change-out), as in the covert attention task
(Figure 4). The difference in hemodynamic responses between
change-in and attend-out conditions did not reach statistical
significance at any pixel (two-tailed f test, P < 0.05 and the lowest
P in each region, n = 215 trials for M1 and 124 trials for M2),
suggesting that exogenous attention was not responsible for the
enhancement of hemodynamic responses.

Attentional Effects on Stimulus-Evoked
Hemodynamic Responses of V4 Functional

Domains
Next, we examined the attentional effects on the stimulus-
specific mapping signals of hemodynamic responses. On a trial-
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FIGURE 4 | Stimulus-evoked hemodynamic responses in passive
viewing conditions. These maps were obtained from a control experiment in
which, in alternating blocks of trials, the color of the patch either outside or
inside the population receptive field (pRF) of the imaged region changed
(change-out and change-in, respectively), as the attention task, but the
monkeys only received a reward after fixation without saccades. Therefore, the
monkeys were not required to attend to the patches. All conventions are as in
Figure 3.

by-trial basis, maps of hemodynamic responses were spatially
low-pass filtered and subtracted from the original map to remove
global signals (see “Materials and Methods” Section). After blank
subtraction, we calculated difference maps between two different
color conditions (red vs. green) to generate color preference
maps (Figure 5A), and between two orthogonal orientation
conditions to generate orientation preference maps (Figure 5B).
Using the same methodology, we successfully visualized mapping
signals and identified color-preferring and orientation-preferring
domains in V4 (Tanigawa et al, 2010). Cortical regions that
repeatedly exhibited a significant preference for a particular color
or orientation in multiple imaging sessions were regarded as
functional domains for analysis (see “Materials and Methods”
Section). We extracted four types of functional domains: red-
and green-preferring domains for both monkeys, 45°- and
135°-preferring domains for M1, and 70°- and 160°-preferring
domains for M2, and averaged hemodynamic response for each
type of domains, respectively (Figure 6). Two-way ANOVAs
in which one factor was the stimulus type (preferred vs.
non-preferred stimulus feature) and the other factor was the
attentional condition (attend-in vs. attend-out) revealed that
for any type of domain, there was no significant difference in
responses between the attentional conditions and no interaction
between the two factors (P > 0.05, n = 76 trials for M1 and
135 trials for M2). Of course, as expected from the definitions of
domains, there were significant differences in responses between
preferred and non-preferred stimulus features for all types of
domains, regardless of the attentional conditions (P < 0.0005).
These results indicate that there is no attentional effect, at least

on the amplitude of stimulus-specific hemodynamic responses of
functional domains.

DISCUSSION

In this study, we used optical imaging techniques to reveal
the spatial distribution of attentional modulation in macaque
V4 at columnar resolution. We found that stimulus-evoked
but stimulus-nonspecific global components of hemodynamic
responses (global signals) were enhanced by spatial attention.
The enhancements were not simply additive or multiplicative,
and the peak of enhancement was slightly shifted from the
peak of stimulus-evoked responses. We visualized feature-
preferring domain activities (mapping signals) by removing the
global signals with spatial filtering and differential mapping
and found that the feature selectivity of domain activities
was not affected by spatial attention. Given these results, we
will propose a relationship between global signals and domain
activities involved in normalization models of attention (Lee and
Maunsell, 2009; Reynolds and Heeger, 2009).

Neural Correlate of CBV-Based

Hemodynamic Responses

In this study, we mapped stimulus-evoked hemodynamic
responses by measuring light reflectance changes under 570 nm
illumination. Light at this wavelength is equally absorbed by
oxyhemoglobin and deoxyhemoglobin (an isosbestic wavelength,
Prahl, 1998); therefore, the reflectance from the cortex provides
a measure of local cortical tissue hemoglobin concentration,
i.e., CBV. CBV-based hemodynamic signals had been thought
to be more closely related to evoked local field potentials (LFPs)
than to spiking activities (Logothetis et al., 2001; Sheth et al.,
2003; Nemoto et al., 2004). Recently, Sirotin and co-workers
have revealed that hemodynamic signals contain substantial
task-related but stimulus-independent components that are not
linked to neural activity, such as LFP and spiking activity
(Sirotin and Das, 2009; Sirotin et al., 2012). Instead, stimulus-
related components of CBV-based hemodynamic signals, which
are obtained by removing task-related components with blank
subtraction, are correlated linearly with spiking activities (the
median determination coefficient R*> = 0.83) more effectively
than with LFP measurements (Cardoso et al., 2012; Lima et al.,
2014). In this study, we also used blank subtraction to extract
stimulus-related components in different attentional conditions.
Therefore, the maps of CBV-based hemodynamic responses that
we obtained should reflect the spatial distribution of stimulus-
evoked spiking activities.

Functional Significance of Global Signals
in Spatial Attention

We revealed that stimulus-nonspecific global signals of
CBV-based hemodynamic responses are subject to attentional
enhancement. In primary visual cortex (V1), cortical spread
of global signals evoked by a point-like, spatially focused
stimulation, known as cortical point spread, is typically
more than several millimeters (Frostig et al, 1990; Sirotin
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FIGURE 5 | Examples of color-preferring/orientation-preferring domains revealed in a difference map using high-pass filtered images. (A) The first two
panels show maps of reflectance changes evoked by patches of red/black (first) and green/black (second) gratings, averaged across two attentional conditions for
M2. The third panel shows a difference map in response to red/black minus green/black gratings, constructed from high-pass filtered and blank-subtracted images.
The fourth panel shows a statistical map in which regions exhibiting significant differences in their responses to red/black and green/black gratings are color-coded.
Colored areas (red or green) indicate significantly larger response to either red/black or green/black gratings, according to the key shown on the right. The brightness
of the color indicates the significance level: P < 0.05 (dark) and P < 0.001 (bright; two-tailed t test, n = 135 trials). The bottom panel shows another statistical map
constructed with the same method as the fourth panel, but from data acquired 2 days later, to indicate the reproducibility of the domains (n = 161 trials). (B) The first
two panels show maps of reflectance changes evoked by patches of gratings tilted 45° (first) and 135° (second) counterclockwise from the horizontal, averaged
across two attentional conditions for M2. The third panel shows a difference map in response to 45°-135° gratings, constructed from high-pass filtered images. The
fourth panel shows a statistical map in which regions exhibiting a significant difference in their responses to 45° and 135° gratings are color-coded (two-tailed t test,
n = 135 trials). The bottom panel shows another statistical map constructed from data acquired 2 days later (n = 161 trials). Scale bar represents 1 mm.
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FIGURE 6 | Attentional effects on stimulus-specific hemodynamic responses of functional domains. (A,B) Red-preferring (A) and green-preferring (B)
domains revealed in statistical maps, as indicated in Figure 4, for both monkeys. The stimuli preferred by the domains are indicated above the maps. For M1, no
green-preferring domain was observed in the imaged region. (C,D) Average reflectance changes of red-preferring (C) and green-preferring (D) domains, evoked by
stimuli with preferred and non-preferred colors under different attentional conditions. (E,F) Orientation-preferring domains revealed in statistical maps for both
monkeys. As described in “Materials and Methods” Section, the orientations of stimuli differed between monkeys: 45° and 135° counterclockwise from the horizontal
for M1, 70° and 160° for M2. (G,H) Average reflectance changes of orientation-preferring domains, evoked by stimuli with preferred and non-preferred orientations
under different attentional conditions. For visualization purposes, in (C,D,G,H), we set the average reflectance changes of the non-preferred stimulus feature under
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et al, 2009). The amplitude of these signals was more than
10 times larger than the amplitude of stimulus-specific mapping
signals (Frostig et al., 1990; Fukuda et al., 2005), but less stable
(Tanigawa et al., 2010). For the purpose of mapping stimulus

preference in the cortex, such as orientation preference, global
signals are often regarded as less important and removed by
calculating differences between different stimulus conditions
(Frostig et al., 1990) and/or by using spatial high-pass filtering
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(Tsunoda et al., 2001; Tanigawa et al., 2010). Our results shed
light on the functional significance of global signals.

Normalization models of attention (Lee and Maunsell,
2009; Reynolds and Heeger, 2009) have been proposed to
describe the effects of attention on sensory responses with
divisive normalization (Heeger, 1992) and can successfully
account for most of the known modulatory effects of attention
(Carandini and Heeger, 2012). In this model, the initial stimulus-
specific activation of neurons (stimulus drive) is suppressed (or
normalized) by the summed activity of a broadly tuned pool
of neighbor neurons (normalization pool). The normalization
pool is driven by the stimulus drive and works for stimulus
non-specific suppression. In a normalization model of attention
(Reynolds and Heeger, 2009), top-down attention enhances
the stimulus drive before normalization and, as a result,
also enhances the summed activity of normalization pool. In
another normalization model of attention (Lee and Maunsell,
2009), however, attention enhances the summed activity of the
normalization pool, but not through the stimulus drive. In
any of these models, the characteristics of the normalization
pool for attention are very similar to those of global signals
observed in our study. Suppression by the normalization pool
is thought to be mediated by local inhibitory interneurons (Lee
and Maunsell, 2009); fast-spiking neurons, which are presumed
to be inhibitory interneurons (McCormick et al., 1985; Nowak
et al., 2003), have higher spontaneous firing rates and larger
attention-dependent increases in firing rate than regular-spiking
neurons, which are presumed to be excitatory (Mitchell et al.,
2007). As we discussed, CBV-based hemodynamic responses are
well correlated with spiking activities and are therefore sensitive
to local increases in firing rate. These speculations might suggest
that global signals of CBV-based hemodynamic responses reflect
the spatial distribution of normalization pool.

An optical imaging study using VSD also revealed the
spatial distribution of attentional modulation in macaque
V1 (Chen and Seidemann, 2012). The authors revealed that
attentional modulation of VSD imaging signals is stimulus-
nonspecific and acts in an additive manner, in which the
spatially uniform baseline component of VSD signals is
enhanced but neither the amplitude nor the shape of the
Gaussian component is affected by attention. Given that
VSD signals are linearly related to membrane potentials
(Salzberg et al., 1973), the attentional enhancement of
VSD baseline signals might reflect top-down inputs to a
population of neurons in the imaged region (Chen and
Seidemann, 2012). It would be interesting to examine the
spatial distributions of attentional modulation using both VSD
and CBV-based optical imaging in the same experimental
conditions, in order to understand the spatial relationship
between attentional top-down inputs and resultant spiking
activities.

Possible Attentional Effects on the

Responses of Functional Domains
In contrast to global signals, stimulus-specific hemodynamic
responses (mapping signals), which are extracted by removing

global signals with spatial filtering and exhibit domain-like
structures, are not significantly affected by spatial attention.
Because mapping signals are by definition stimulus-specific,
these signals seem to correspond to the stimulus drive
in normalization models of attention. If so, our results
might support the Lee and Maunsell’s normalization model
of attention, which supposes that top-down attention
controls the normalization pool without the mediation of
the stimulus drive. To evaluate the validity of the models
in detail using optical imaging, it would be necessary to
determine whether the response to stimuli with various
contrasts under different attentional conditions follows the
models.

Besides changes in response amplitude, there are other
ways in which attention can affect neuronal processing,
such as enhanced gamma-band synchronization (Fries
et al., 2001, 2008), reduced trial-to-trial neuronal variability
(Mitchell et al., 2007), and reduced interneuronal correlation
in trial-to-trial fluctuations (noise correlation; Cohen and
Maunsell, 2009; Mitchell et al., 2009). These types of attentional
modulation might affect the responses of functional domains.
Indeed, our preliminary results showed that attention can
enhance the correlation in hemodynamic responses among
stimulus-evoked domain-like structures (Zhang et al., 2016).
In addition, it is well known that feature-based attention,
i.e, attention directed at a specific stimulus feature (e.g.,
orientation, direction, or color), also modulate neuronal
processing (Treue et al, 1999; McAdams and Maunsell,
2000; Cohen and Maunsell, 2011a). This type of attention
might affect the stimulus-specific hemodynamic responses,
and should be further examined using optical imaging
methods.

AUTHOR CONTRIBUTIONS

HT and AWR designed the experiment, HT performed the
experiment and analysis, GC assisted HT with experimental
procedures, HT wrote the manuscript, HT, GC and AWR
discussed and reviewed the manuscript.

FUNDING

This work was supported by a Grant-in-Aid for Scientific
Research (15K01851) from Japan Society for the Promotion of
Science (JSPS) to HT; grants from National Natural Science
Foundation of China (31471052), Fundamental Research Funds
for the Central Universities (2015QN81007), Zhejiang Provincial
Natural Science Foundation of China (LR15C090001) to GC;
and grants from Chinese NSF No. 81430010, Chinese 863 Grant
No. 2015AA020515, US National Institutes of Health grant
EY11744, Vanderbilt Vision Research Center and Vanderbilt
University Center for Integrative and Cognitive Neuroscience
to AWR.

ACKNOWLEDGMENTS

We thank members of the laboratories for valuable discussions.

Frontiers in Neural Circuits | www.frontiersin.org

1

December 2016 | Volume 10 | Article 102


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Tanigawa et al.

Spatial Distribution of Attentional Modulation

REFERENCES

Bonhoeffer, T., and Grinvald, A. (1991). Iso-orientation domains in cat visual
cortex are arranged in pinwheel-like patterns. Nature 353, 429-431. doi: 10.
1038/353429a0

Brefczynski, J. A., and DeYoe, E. A. (1999). A physiological correlate of the
“spotlight” of visual attention. Nat. Neurosci. 2, 370-374.

Carandini, M., and Heeger, D. J. (2012). Normalization as a canonical neural
computation. Nat. Rev. Neurosci. 13, 51-62. doi: 10.1038/nrn3136

Cardoso, M. M. B., Sirotin, Y. B., Lima, B., Glushenkova, E., and Das, A.
(2012). The neuroimaging signal is a linear sum of neurally distinct stimulus-
and task-related components. Nat. Neurosci. 15, 1298-1306. doi: 10.1038/
nn.3170

Carrasco, M. (2011). Visual attention: The past 25 years. Vision Res. 51, 1484-1525.
doi: 10.1016/j.visres.2011.04.012

Chen, L. M., Heider, B., Williams, G. V., Healy, F. L., Ramsden, B. M., and
Roe, A. W. (2002). A chamber and artificial dura method for long-term optical
imaging in the monkey. J. Neurosci. Methods. 113, 41-49. doi: 10.1016/s0165-
0270(01)00475-7

Chen, Y., and Seidemann, E. (2012). Attentional modulations related to spatial
gating but not to allocation of limited resources in primate V1. Neuron 74,
557-566. doi: 10.1016/j.neuron.2012.03.033

Cohen, M. R., and Maunsell, J. H. (2009). Attention improves performance
primarily by reducing interneuronal correlations. Nat. Neurosci. 12, 1594-1600.
doi: 10.1038/nn.2439

Cohen, M. R., and Maunsell, J. H. R. (2010). A neuronal population measure of
attention predicts behavioral performance on individual trials. J. Neurosci. 30,
15241-15253. doi: 10.3389/conf.fnins.2010.03.00256

Cohen, M. R., and Maunsell, J. H. R. (2011a). Using neuronal populations to
study the mechanisms underlying spatial and feature attention. Neuron 70,
1192-1204. doi: 10.1016/j.neuron.2011.04.029

Cohen, M. R., and Maunsell, J. H. R. (2011b). When attention wanders: how
uncontrolled fluctuations in attention affect performance. J. Neurosci. 31,
15802-15806. doi: 10.1523/jneurosci.3063-11.2011

Connor, C. E., Gallant, J. L., Preddie, D. C., and Van Essen, D. C. (1996). Responses
in area V4 depend on the spatial relationship between stimulus and attention.
J. Neurophysiol. 75, 1306-1308.

Connor, C. E, Preddie, D. C., Gallant, J. L., and Van Essen, D. C. (1997). Spatial
attention effects in macaque area V4. J. Neurosci. 17, 3201-3214.

Fries, P., Reynolds, J. H., Rorie, A. E., and Desimone, R. (2001). Modulation of
oscillatory neuronal synchronization by selective visual attention. Science 291,
1560-1563. doi: 10.1126/science.1055465

Fries, P., Womelsdorf, T., Oostenveld, R., and Desimone, R. (2008). The effects
of visual stimulation and selective visual attention on rhythmic neuronal
synchronization in macaque area V4. J. Neurosci. 28, 4823-4835. doi: 10.
1523/jneurosci.4499-07.2008

Frostig, R. D., Lieke, E. E,, Ts'o, D. Y., and Grinvald, A. (1990). Cortical
functional architecture and local coupling between neuronal activity and the
microcirculation revealed by in vivo high-resolution optical imaging of intrinsic
signals. Proc. Natl. Acad. Sci. U S A 87, 6082-6086. doi: 10.1073/pnas.87.16.
6082

Fukuda, M., Moon, C. H., Wang, P, and Kim, S. G. (2006). Mapping
iso-orientation columns by contrast agent-enhanced functional magnetic
resonance imaging: reproducibility, specificity and evaluation by optical
imaging of intrinsic signal. J. Neurosci. 26, 11821-11832. doi: 10.
1523/jneurosci.3098-06.2006

Fukuda, M., Rajagopalan, U. M., Homma, R., Matsumoto, M., Nishizaki, M.,
and Tanifuji, M. (2005). Localization of activity-dependent changes in blood
volume to submillimeter-scale functional domains in cat visual cortex. Cereb.
Cortex. 15, 823-833. doi: 10.1093/cercor/bhh183

Gandhi, S. P., Heeger, D. J., and Boynton, G. M. (1999). Spatial attention affects
brain activity in human primary visual cortex. Proc. Natl. Acad. Sci. U S A 96,
3314-3319. doi: 10.1073/pnas.96.6.3314

Gattass, R., Sousa, A. P., and Gross, C. G. (1988). Visuotopic organization and
extent of V3 and V4 of the macaque. J. Neurosci. 8, 1831-1845. doi: 10.
1093/cercor/8.8.685

Heeger, D. J. (1992). Normalization of cell responses in cat striate cortex. Vis.
Neurosci. 9, 181-197. doi: 10.1017/50952523800009640

Kastner, S., Pinsk, M. A., De Weerd, P., Desimone, R., and Ungerleider, L. G.
(1999). Increased activity in human visual cortex during directed attention
in the absence of visual stimulation. Neuron 22, 751-761. doi: 10.1016/s0896-
6273(00)80734-5

Lee, J., and Maunsell, J. H. (2009). A normalization model of attentional
modulation of single unit responses. PLoS One 4:¢4651. doi: 10.1371/journal.
pone.0004651

Lima, B., Cardoso, M. M. B., Sirotin, Y. B., and Das, A. (2014). Stimulus-related
neuroimaging in task-engaged subjects is best predicted by concurrent spiking.
J. Neurosci. 34, 13878-13891. doi: 10.1523/jneurosci.1595-14.2014

Logothetis, N. K., Pauls, J., Augath, M., Trinath, T., and Oeltermann, A. (2001).
Neurophysiological investigation of the basis of the fMRI signal. Nature 412,
150-157. doi: 10.1038/35084005

Lu, H. D., and Roe, A. W. (2008). Functional organization of color domains in
vl and v2 of macaque monkey revealed by optical imaging. Cereb. Cortex 18,
516-533. doi: 10.1167/6.6.405

Malonek, D., and Grinvald, A. (1996). Interactions between electrical activity
and cortical microcirculation revealed by imaging spectroscopy: implications
for functional brain mapping. Science 272, 551-554. doi: 10.1126/science.272.
5261.551

Malonek, D., Dirnagl, U., Lindauer, U., Yamada, K., Kanno, I, and Grinvald, A.
(1997). Vascular imprints of neuronal activity: Relationships between the
dynamics of cortical blood flow, oxygenation and volume changes following
sensory stimulation. Proc. Natl. Acad. Sci. U S A 94, 14826-14831. doi: 10.
1073/pnas.94.26.14826

McAdams, C. J., and Maunsell, J. H. (1999). Effects of attention on orientation-
tuning functions of single neurons in macaque cortical area V4. J. Neurosci. 19,
431-441.

McAdams, C. J., and Maunsell, J. H. (2000). Attention to both space and
feature modulates neuronal responses in macaque area V4. J. Neurophysiol. 83,
1751-1755.

McCormick, D. A., Connors, B. W., Lighthall, J. W., and Prince, D. A.
(1985). Comparative electrophysiology of pyramidal and sparsely spiny stellate
neurons of the neocortex. J. Neurophysiol. 54, 782-806.

McMains, S. A., and Somers, D. C. (2004). Multiple spotlights of attentional
selection in human visual cortex. Neuron 42, 677-686. doi: 10.1016/s0896-
6273(04)00263-6

Mitchell, J. F., Sundberg, K. A., and Reynolds, J. H. (2007). Differential
attention-dependent response modulation across cell classes in macaque

visual area V4. Neuron 55, 131-141. doi: 10.1016/j.neuron.2007.
06.018

Mitchell, J. F., Sundberg, K. A, and Reynolds, J. H. (2009).
Spatial ~ attention  decorrelates intrinsic  activity ~fluctuations in
macaque area V4. Neuron 63, 879-888. doi: 10.1016/j.neuron.2009.
09.013

Nemoto, M., Nemoto, M., Sheth, S. A., Guiou, M., Pouratian, N., Chen, J. W. Y,
et al. (2004). Functional signal- and paradigm-dependent linear relationships
between synaptic activity and hemodynamic responses in rat somatosensory
cortex. J. Neurosci. 24, 3850-3861. doi: 10.1523/jneurosci.4870-03.
2004

Niessing, J., Ebisch, B., Schmidt, K. E., Niessing, M., Singer, W., and
Galuske, R. A. W. (2005). Hemodynamic signals correlate tightly with
synchronized gamma oscillations. Science 309, 948-951. doi: 10.1126/science.
1110948

Nowak, L. G., Azouz, R., Sanchez-Vives, M. V., Gray, C. M., and McCormick, D. A.
(2003). Electrophysiological classes of cat primary visual cortical neurons
in vivo as revealed by quantitative analyses. J. Neurophysiol. 89, 1541-1566.
doi: 10.1152/jn.00580.2002

Prahl, S. (1998). Tabulated molar extinction coefficient for hemoglobin in water.
Available online at: http://omlc.ogi.edu/spectra/hemoglobin/summary.html

Ress, D., Backus, B. T., and Heeger, D. J. (2000). Activity in primary visual cortex
predicts performance in a visual detection task. Nat. Neurosci. 3, 940-945.
doi: 10.1038/78856

Reynolds, J. H., and Heeger, D. J. (2009). The normalization model of attention.
Neuron 61, 168-185. doi: 10.1016/j.neuron.2009.01.002

Reynolds, J. H., Pasternak, T., and Desimone, R. (2000). Attention increases
sensitivity of V4 neurons. Neuron 26, 703-714. doi: 10.1016/s0896-
6273(00)81206-4

Frontiers in Neural Circuits | www.frontiersin.org

12

December 2016 | Volume 10 | Article 102


https://doi.org/10.1038/353429a0
https://doi.org/10.1038/353429a0
https://doi.org/10.1038/nrn3136
https://doi.org/10.1038/nn.3170
https://doi.org/10.1038/nn.3170
https://doi.org/10.1016/j.visres.2011.04.012
https://doi.org/10.1016/s0165-0270(01)00475-7
https://doi.org/10.1016/s0165-0270(01)00475-7
https://doi.org/10.1016/j.neuron.2012.03.033
https://doi.org/10.1038/nn.2439
https://doi.org/10.3389/conf.fnins.2010.03.00256
https://doi.org/10.1016/j.neuron.2011.04.029
https://doi.org/10.1523/jneurosci.3063-11.2011
https://doi.org/10.1126/science.1055465
https://doi.org/10.1523/jneurosci.4499-07.2008
https://doi.org/10.1523/jneurosci.4499-07.2008
https://doi.org/10.1073/pnas.87.16.6082
https://doi.org/10.1073/pnas.87.16.6082
https://doi.org/10.1523/jneurosci.3098-06.2006
https://doi.org/10.1523/jneurosci.3098-06.2006
https://doi.org/10.1093/cercor/bhh183
https://doi.org/10.1073/pnas.96.6.3314
https://doi.org/10.1093/cercor/8.8.685
https://doi.org/10.1093/cercor/8.8.685
https://doi.org/10.1017/s0952523800009640
https://doi.org/10.1016/s0896-6273(00)80734-5
https://doi.org/10.1016/s0896-6273(00)80734-5
https://doi.org/10.1371/journal.pone.0004651
https://doi.org/10.1371/journal.pone.0004651
https://doi.org/10.1523/jneurosci.1595-14.2014
https://doi.org/10.1038/35084005
https://doi.org/10.1167/6.6.405
https://doi.org/10.1126/science.272.5261.551
https://doi.org/10.1126/science.272.5261.551
https://doi.org/10.1073/pnas.94.26.14826
https://doi.org/10.1073/pnas.94.26.14826
https://doi.org/10.1016/s0896-6273(04)00263-6
https://doi.org/10.1016/s0896-6273(04)00263-6
https://doi.org/10.1016/j.neuron.2007.06.018
https://doi.org/10.1016/j.neuron.2007.06.018
https://doi.org/10.1016/j.neuron.2009.09.013
https://doi.org/10.1016/j.neuron.2009.09.013
https://doi.org/10.1523/jneurosci.4870-03.2004
https://doi.org/10.1523/jneurosci.4870-03.2004
https://doi.org/10.1126/science.1110948
https://doi.org/10.1126/science.1110948
https://doi.org/10.1152/jn.00580.2002
http://omlc.ogi.edu/spectra/hemoglobin/summary.html
https://doi.org/10.1038/78856
https://doi.org/10.1016/j.neuron.2009.01.002
https://doi.org/10.1016/s0896-6273(00)81206-4
https://doi.org/10.1016/s0896-6273(00)81206-4
http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

Tanigawa et al.

Spatial Distribution of Attentional Modulation

Salzberg, B. M., Davila, H. V., and Cohen, L. B. (1973). Optical recording of
impulses in individual neurones of an invertebrate central nervous system.
Nature 246, 508-509. doi: 10.1038/246508a0

Sheth, S. A., Nemoto, M., Guiou, M., Walker, M., Pouratian, N., and Toga, A. W.
(2003). Evaluation of coupling between optical intrinsic signals and neuronal
activity in rat somatosensory cortex. Neuroimage 19, 884-894. doi: 10.
1016/S1053-8119(03)00086-7

Sirotin, Y. B., and Das, A. (2009). Anticipatory haemodynamic signals in sensory
cortex not predicted by local neuronal activity. Nature 457, 475-479. doi: 10.
1038/nature07664

Sirotin, Y. B., Cardoso, M., Lima, B., and Das, A. (2012). Spatial homogeneity
and task-synchrony of the trial-related hemodynamic signal. Neuroimage 59,
2783-2797. doi: 10.1016/j.neuroimage.2011.10.019

Sirotin, Y. B., Hillman, E. M. C,, Bordier, C., and Das, A. (2009). Spatiotemporal
precision and hemodynamic mechanism of optical point spreads in alert
primates. Proc. Natl. Acad. Sci. U S A 106, 18390-18395. doi: 10.1073/pnas.
0905509106

Tanigawa, H., Lu, H. D., and Roe, A. W. (2010). Functional organization for color
and orientation in macaque V4. Nat. Neurosci. 13, 1542-1548. doi: 10.1038/nn.
2676

Tootell, R. B., Hadjikhani, N., Hall, E. K., Marrett, S., Vanduffel, W., Vaughan, J. T.,
et al. (1998). The retinotopy of visual spatial attention. Neuron 21, 1409-1422.
doi: 10.1016/s0896-6273(00)80659-5

Treue, S., and Maunsell, J. H. (1996). Attentional modulation of visual motion
processing in cortical areas MT and MST. Nature 382, 539-541. doi: 10.
1038/382539a0

Treue, S., Humphreys, M., and Martinez-Trujillo, J. C. (1999). Feature-based
attention influences motion processing gain in macaque visual cortex. Nature
399, 575-579. doi: 10.1016/j.tins.2006.04.001

Tsunoda, K., Yamane, Y., Nishizaki, M., and Tanifuji, M. (2001). Complex objects

are represented in macaque inferotemporal cortex by the combination of
feature columns. Nat. Neurosci. 4, 832-838. doi: 10.1038/90547

Vanzetta, L., Slovin, H., Omer, D. B., and Grinvald, A. (2004). Columnar resolution
of blood volume and oximetry functional maps in the behaving monkey:
implications for fMRI. Neuron 42, 843-854. doi: 10.1016/j.neuron.2004.
04.004

Victor, J. D., Purpura, K., Katz, E., and Mao, B. (1994). Population encoding of
spatial frequency, orientation and color in macaque V1. J. Neurophysiol. 72,
2151-2166.

Williford, T., and Maunsell, J. H. R. (2006). Effects of spatial attention on contrast
response functions in macaque area V4. J. Neurophysiol. 96, 40-54. doi: 10.
1152/jn.01207.2005

Woo, C. W,, Krishnan, A., and Wager, T. D. (2014). Cluster-extent based
thresholding in fMRI analyses: pitfalls and recommendations. Neuroimage 91,
412-419. doi: 10.1016/j.neuroimage.2013.12.058

Zhang, Y. F., Tanigawa, H., Yang, S. R., Friedman, R. M., and Roe, A. W. (2016).
Attentional enhancement of stimulus activation domains in Macaque V4. J. Vis.
16:600. doi: 10.1167/16.12.600

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Tanigawa, Chen and Roe. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution and reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neural Circuits | www.frontiersin.org

13

December 2016 | Volume 10 | Article 102


https://doi.org/10.1038/246508a0
https://doi.org/10.1016/S1053-8119(03)00086-7
https://doi.org/10.1016/S1053-8119(03)00086-7
https://doi.org/10.1038/nature07664
https://doi.org/10.1038/nature07664
https://doi.org/10.1016/j.neuroimage.2011.10.019
https://doi.org/10.1073/pnas.0905509106
https://doi.org/10.1073/pnas.0905509106
https://doi.org/10.1038/nn.2676
https://doi.org/10.1038/nn.2676
https://doi.org/10.1016/s0896-6273(00)80659-5
https://doi.org/10.1038/382539a0
https://doi.org/10.1038/382539a0
https://doi.org/10.1016/j.tins.2006.04.001
https://doi.org/10.1038/90547
https://doi.org/10.1016/j.neuron.2004.04.004
https://doi.org/10.1016/j.neuron.2004.04.004
https://doi.org/10.1152/jn.01207.2005
https://doi.org/10.1152/jn.01207.2005
https://doi.org/10.1016/j.neuroimage.2013.12.058
https://doi.org/10.1167/16.12.600
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org/
http://www.frontiersin.org/Neural_Circuits/archive

	Spatial Distribution of Attentional Modulation at Columnar Resolution in Macaque Area V4
	INTRODUCTION
	MATERIALS AND METHODS
	Animal Preparation
	Passive Viewing Task
	Color Change Detection Task
	Optical Imaging in Awake Monkeys and Data Analysis
	Statistical Analysis

	RESULTS
	Attentional Enhancement of Global Signals of Stimulus-Evoked Hemodynamic Responses in V4
	Attentional Effects on Stimulus-Evoked Hemodynamic Responses of V4 Functional Domains

	DISCUSSION
	Neural Correlate of CBV-Based Hemodynamic Responses
	Functional Significance of Global Signals in Spatial Attention
	Possible Attentional Effects on the Responses of Functional Domains

	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


