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Abstract

Primary visual cortex (V1) was implicated as an important candidate for the site of perceptual suppression in numerous
psychophysical and imaging studies. However, neurophysiological results in awake monkeys provided evidence for
competition mainly between neurons in areas beyond V1. In particular, only a moderate percentage of neurons in V1 were
found to modulate in parallel with perception with magnitude substantially smaller than the physical preference of these
neurons. It is yet unclear whether these small modulations are rooted from local circuits in V1 or influenced by higher
cognitive states. To address this question we recorded multi-unit spiking activity and local field potentials in area V1 of
awake and anesthetized macaque monkeys during the paradigm of binocular flash suppression. We found that a small but
significant modulation was present in both the anesthetized and awake states during the flash suppression presentation.
Furthermore, the relative amplitudes of the perceptual modulations were not significantly different in the two states. We
suggest that these early effects of perceptual suppression might occur locally in V1, in prior processing stages or within
early visual cortical areas in the absence of top-down feedback from higher cognitive stages that are suppressed under

anesthesia.
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Introduction

Visual information is processed across a distributed network of
interconnected visual areas [1]. The primary visual cortex (V1),
being hierarchically the first cortical area receiving information
from the eyes through the thalamus, constitutes a cornerstone of
the visual system [2,3,4,5,6]. Although V1 has been studied
extensively and is arguably the best-understood area in the
cerebral cortex, its role in visual awareness remains controversial
and has been a subject of intense debate [7,8,9,10,11,12,13].

The use of visual stimuli that induce ambiguous perception has
been established as a classical paradigm to identify the neural
circuits subserving subjective perception [14,15,16,17,18]. Under
these conditions, a single interpretation of the external world
cannot be unambiguously achieved. When the brain is presented
with such stimuli, typically only one possible interpretation is
perceived at a time and after a few seconds the percept switches
abruptly to another [18]. Notably, such perceptual alternations
occur while the sensory input is kept constant, thus offering a clear
dissociation of sensory stimulation and subjective awareness
[9,11,14,19,20,21]. Some celebrated examples of such perceptual
phenomena include binocular rivalry (BR) and binocular flash
suppression (BFS) [22,23,24,25,26,27,28]. Based on many psy-
chophysical studies over decades, the primary visual cortex (V1)
was implicated as an important candidate for the site of perceptual
suppression during BR [29,30,31,32,33]. However, neurophysio-
logical evidence obtained in monkeys did not corroborate this
hypothesis but instead found only a small percentage of neurons
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that modulated their activity in parallel with the subjective
perception of the animals [10,19,34,35,36,37]. In contrast, studies
using functional magnetic resonance imaging (fMRI) in humans
found that V1 is indeed modulated to a large extent by the
subjective percept [12,13,38,39,40].

Possible explanations for this discrepancy include differences in
the stimulus configurations, the species tested, and the exper-
imental methodology. In addition, a major difference between
many of these studies is the extent to which the subject is involved
in attending and consciously reporting the bistable alternations
[41,42,43]. Such higher cognitive processes could be based on
different mechanisms from those subserving local processes and
are only observable in V1 when the subject is awake and behaving
[44,45].

In order to disentangle these two processes and investigate the
role of the local processing during multistable stimulation, we
performed and compared BFS experiments in anesthetized and
awake, passively fixating macaques. We conjectured that any
effects preserved under anesthesia, in the absence of cognitive
feedback from central processes, might reflect local interactions
critically involved in the initiation of competition during incon-
gruent stimulation. We found comparable modulations in neural
activity as reflected in the multi-unit activity (MUA) and local field
potentials (LFPs) in both anesthetized and awake passively fixating
animals. Our results suggest that the small significant modulations
observed under these non-attentive conditions are arising from
circuit mechanisms in early visual areas. It remains to be shown if
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top-down feedback to V1 engaged during active behavior would
elicit larger modulations comparable to the ones previously
reported by fMRI.

Materials and Methods

Ethics Statement

The experimental and surgical procedures were performed with
great care and in full compliance with the German Law for the
Protection of Animals, the European Community guidelines for
the care and use of laboratory animals (EUVS 86/609/EEC), and
the recommendations of the Weatherall report for the use of non-
human primates in research (http://www.mrc.ac.uk/Utilities/
Documentrecord/index.htm?d=MRC003440). The regional au-
thorities (Regierungsprisidium Tiibingen) approved our experi-
mental protocol (Nr. KY1/02) and the institutional representatives
for animal protection supervised all procedures. Animals were kept
in large cages located adjacent to the training and experimental
facilities. Space in these cages allows swinging and jumping, and
enrichment equipment such as toys was changed frequently.
Group housing was maintained to increase the quality of life by
rich visual, olfactory, auditory and social interaction and
stimulation for play. Balanced nutrition and regular veterinary
care and monitoring, were provided. Chamber implantation and
an anatomical scan were performed while the animals were under
general anesthesia and aseptic conditions. To alleviate post-
surgical pain we administered analgesics for a week after the
surgery (see also surgical procedures below). Animals were not
sacrificed after the experiments.

Subjects

Four adult monkeys (Macaca mulatta) where used for anesthe-
tized (N=2; BOl and DOI, 6 years old, weighing 10 and 8 kg
respectively) and awake (N = 2; D98 and F03, aged 12 and 9 years,
weighing 16 and 11 kg respectively) electrophysiological record-
ings.

Surgical procedures

Recording chambers were positioned over the operculum in
area V1 according to stereotaxic coordinates. This was aided by
high-resolution magnetic resonance anatomical imaging. The
anatomical scan and recording chamber implantation were done
while the animals where under general anesthesia. Details of the
procedure can be found elsewhere [37,46].

Visual stimulation and data acquisition

Anesthetized experiments. Data was recorded from two
monkeys (BO1 and DO1) in separate sessions (two sessions for
monkey BO1, three sessions for monkey DO1) under general
anesthesia. The procedure is described in detail previously [46].
Balanced anesthesia was maintained with isoflurane (end-tidal
0.3%) and fentanyl (3 pg/kg/hr). Muscle relaxation was achieved
with mivacurium chloride (3—6 mg/kg/hr). Physiological param-
eters were monitored and maintained within the normal
physiological range [46].

Visual stimuli were presented binocularly using a SVGA fiber
optic system (Avotec, Silent Vision) with a resolution of 800 x600
pixels at 60 Hz frame rate. To focus the eyes on the stimulus
plane, animals were fitted with eye-lenses (Woehlk-Contact-
Linsen). The eyepieces of the presentation system were positioned
by using a modified fundus camera (Zeiss RC250) which ensures
the alignment of the stimulus center with the fovea of each eye
[46]. The size of stimuli varied between 6° to 9° radius in different
sessions.
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Intracortical recordings were conducted with the Eckhorn
multielectrode arrays [47,48]. This allowed us to simultaneously
monitor and record from up to 13 sites. Electrodes were PtggWig
wire (20 pm diameter) with a glass coating (80 um external
diameter) and were guided into the brain through the overlying
dura mater. During the recordings, a custom-made adaptor was
used to distribute the electrodes against the dura in a 4 x4 square
array, with an inter-electrode spacing of 2.5 mm which separated
the neighboring electrode pairs by 2.5 mm, while the pairs on
opposite corners had a physical separation of 10.6 mm.

Data collection was controlled by an industrial PC (Advantech)

running under the OQNX operating system (ONX Software
Systems). The broadband signals from each channel were
amplified by a factor of 8000 and band-pass filtered between
1 Hz and 5 kHz (Alpha Omega Engineering). The signals were
then individually digitized at a rate of 20.83 kHz on a 16-bit
analog to digital board (PCI-6052E; National Instruments) and
stored on a PC for further analysis using custom software written
in MATLAB (The Mathworks Inc.).
Two other animals (D98 and FO03)
were used in the awake sessions. We recorded spiking activity as
well as local field potentials (LFP) from V1 of both monkeys by
custom made tetrodes guided to the brain by manually adjustable
microdrives (Crist Instrument Co.). We also recorded from a
chronically implanted array of tetrodes inside a form-specific
titanium chamber over the operculum of one of the monkeys
(D98). The recording chambers were from either medical-grade
titanium or polyether ether ketone (TECAPEEK; Ensinger
GmbH). Details have been described elsewhere [37,49]. The
animals were implanted with a scleral search coil [50,51] and their
eye movements were monitored online.

Awake experiments.

Visual stimuli were sinusoidal gratings with different orienta-
tions and a typical size of 1°-2° in diameter, displayed using a
dedicated graphics workstation (TDZ 2000; Intergraph Systems)
running an OpenGL-based stimulation program. Dichoptic
presentation of the visual stimuli was through a custom-made
stereoscope with two LCD monitors at both sides running at a
resolution of 1280x1024 and a 60 Hz refresh rate. After eye
calibration and alignment of the displays, a coarse receptive field
mapping was performed to position the stimulus for the
experiments. The multi-unit responses were put through a sound
amplifier (Grass Technologies) so that the experimenter could
evaluate the gross location of the receptive fields and the
preferences of the multi-unit responses towards different orienta-
tions and sizes. Details have been described previously [37].

Multi-unit activity was sampled at 32 kHz, digitized (12 bits),
and stored using the Cheetah data acquisition system (Neuralynx)
and was defined as the events that exceeded a predefined threshold
(25 uV) of the filtered (600 Hz—6 kHz) and digitized signal. LFP
signals were recorded after filtering the raw signal using analog
band-pass filtering (1 Hz—475 Hz) and digitized at 2 kHz (12 bits).

Experimental design

To study the relationship between neural activity and percep-
tual modulations, we used the paradigm of binocular flash
suppression (BFS). During this paradigm, a visual stimulus
presented to one eye is suppressed from awareness as a result of
presenting a different stimulus, referred to as flash, to the other eye
at the location corresponding to the image to the first eye [26].

In anesthetized experiments, monkeys were presented with
blank screen for two seconds in the beginning of each trial.
Subsequently, one of the two stimuli was presented alone to either
the left or the right eye for two seconds, followed by the onset
(flash) of the second stimulus at the corresponding retinal location
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in the contralateral eye and the simultaneous presentation of both
incongruent stimuli for another two seconds until the end of the
trial. The two stimuli have been chosen to elicit maximal
differences in neural activity based on the average responses to a
battery of natural and generic images (N = 50) that were presented
to the animal prior to the BI'S experiment. The time course of an
example trial is depicted in Figure 1A for two stimuli used in our
experiments. Figure 1C shows all four possible configurations of
BFS conditions (1-4) as well as two control conditions termed
physical alternation (5-6). For these conditions, the stimuli are
presented congruently across the two eyes producing the same
perceptual sequence (in awake conditions) and are used as
controls.

The same paradigm was used in awake experiments. The
monkeys had to passively fixate on a central fixation point in order
to initiate the BFS trial. A fixation point (0.2°) appeared in the
center of the screen for 300 milliseconds followed by flash

A C

Conditions

Flash Suppression

2000 ms

1000 ms

1000 ms

Figure 1. lllustration of the binocular flash suppression (BFS)
paradigm for the anesthetized and awake experiments. (A) The
sequence of presentation of the two stimuli to the two eyes in the
anesthetized experiments. An intertrial interval of 2000 ms was
followed by a stimulus presented in corresponding locations to one
of the two eyes for 2000 ms. A second stimulus was added to the other
eye for another 2000 ms. Stimuli have been chosen from a battery of
natural and synthetic images to elicit maximal difference in the neural
activity. (B) Sequence of BFS presentation in the awake experiments.
After an intertrial period (1000-3000 ms) the animal fixated on a central
point for 300 ms in order to initiate the trial and then monocular and
binocular stimuli followed similar to A. Stimulus presentation times
were 1000 ms and the stimuli were static sinusoidal gratings with
orthogonal orientations optimized to elicit maximal (preferred orienta-
tion) and minimal (non-preferred orientation) responses in the recorded
channels. The position of the stimuli was chosen to cover the receptive
fields of the recorded sites and the sizes of the stimuli were 1°-3°. The
animal fixated within a window with radius 0.5° around a small point
throughout the trial to receive juice reward. Unsuccessful trials were
aborted and not further analyzed. (C) Different possible configurations
of BFS and control conditions. Left and right columns present the
monocular and binocular periods respectively. Note that the four
different flash suppression conditions can be split in two pairs (1-2 and
3-4) with identical stimulus presentation across the different eyes albeit
different perceptual outcomes depending on the initial monocular
stimulus (see methods). Physical alternation conditions (5-6) demon-
strate an identical perceptual experience albeit without binocular
conflict and serve as controls.

doi:10.1371/journal.pone.0107628.g001
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suppression stimulation similar to anesthetized condition but with
a duration of one second for each period (Fig. 1B). Stimuli were
static sinusoidal gratings with orthogonal orientations optimized to
elicit maximal differences between the responses to the two
orientations. The sizes of the stimuli were 1°-3°, covering the
receptive fields of the recorded sites. A drop of juice was delivered
to the animal if it maintained the fixation throughout the trial. FFor
more details see [37].

Statistical and data analysis

We used custom programs written in Matlab (The Mathworks
Inc.) for data analysis. Statistical significance (P<<0.05) of physical
and perceptual modulations was assessed by using a nonparamet-
ric Wilcoxon rank sum test for equal medians. For all the
comparisons, we excluded the first 500 ms after the flash to avoid
initial transient biases. We then calculated the preference and
modulation indices by using discriminability index (d'). This was
defined as:

d= K4 —HB
(0% +03)/2

Where p and o are the mean response and the standard deviation
of the conditions put in the comparison. In this paper, we report
the d' indices for either pairs of binocularly presented identical
stimuli (referred to as sensory preference d’y,,) or incongruent
stimuli (referred to as perceptual preference d’p,,.). Bigger values of
d’" indices indicate larger discriminability of responses and thus
larger preference to one of the conditions being compared.

To estimate the time-courses of neural adaptation to prolonged
presentation of the preferred stimulus we fitted exponentials of the
form y=a-+b-e~"/" to the data of the monocular period.

Results

Perceptual modulation of multi-unit activity

We recorded neural activity from V1 of four macaques being
either under general anesthesia (BO1 and D01), or awake, passively
fixating (D98 and F03). This allows the comparison of neural
activity in the anesthetized and awake brains during the BFS task,
which in awake conditions, ensures robust perceptual suppression
of a monocular stimulus upon asynchronous presentation of a
second stimulus to the other eye (see Materials and Methods for
details). Recordings were performed with the Eckhorn mult-
electrode arrays and custom made tetrodes. Unless otherwise
specified, statistical tests were performed using a Wilcoxon two-
sided rank sum test with a critical value of 0.05.

During anesthetized experiments, we recorded multi-unit activity
from 33 electrode penetrations in two monkeys. In monkey BO1, 13
electrodes were used in a single experimental session while in
monkey DOI, 10 electrodes were used in two separate sessions.
From the total of 33 MUAs in two monkeys, 31 (94%) were visually
responsive. Out of these, 29 showed significant tuning to the
physical alternation conditions as measured by the d’ index (see
Materials and Methods). Twenty multi-unit sites (two non-tuned
during physical alternation) showed significant modulations across
at least one pair of binocular incongruent conditions with the same
stimulus configuration. Note that these conditions elicit different
percepts in awake subjects and we will refer to them as “perceptual”’
modulations but keep in mind that the animal was anesthetized.
Some examples of significantly modulating sites are presented in
Figure 2. On average, the magnitude of the perceptual modulations
was substantially smaller a’pm =0.40+0.05<d sons=1.75+0.18
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Figure 2. Examples of multi-unit modulations during binocular flash suppression in anesthetized monkeys (A-C). The spike-density
functions of three example multi-units are shown (A from monkey B01, B-C from monkey D01). Upper diagrams on each panel demonstrate the
conditions with corresponding color outlines as the spike density functions below. The conditions contrasted in each case had the same stimulus
during the binocular period but notably predict different percepts in awake subjects. Note the significant modulations during the binocular (same
stimulus) conditions that are, however, smaller than the preference during the monocular presentation. The shaded areas represent SEM across trials.

Time zero was defined to be the onset of the monocular stimuli.
doi:10.1371/journal.pone.0107628.g002

[W+SEM] in comparison to the physical alternation period
p= 1.8x107%, one-tailed two-sample T-test, N=31 visually
responsive sites).

For awake experiments, we analyzed the spiking activity
recorded from two other animals (D98 and F03). Analysis of the
single unit activity of these two animals has been published
elsewhere [37]; here we report multi-unit activity (MUA) and
compare it with MUA from the anesthetized experiments. From a
total of 393 multi-units, 364 were visually responsive (92%) and
275 units showed sensory tuning to the visual stimuli. Perceptual
modulations were found in 88 of these sites. As in the anesthetized,
the magnitude of the perceptual modulations was substantially
smaller  d'pere=0.2540.01 <d'yps=1.52+0.08 [p+SEM] in
comparison to the physical alternation period (p=0, one-tailed
two-sample T-test, N = 364 visually responsive sites).

Comparison between the two conscious states

To study the effect of unconsciousness (during anesthesia) on
perceptual modulations during flash suppression, we compared the
spiking activity in anesthetized monkeys with those of their awake
counterparts. Differences between the two conditions could
potentially be also attributed to differences in experimental design
and indirect influences of anesthesia (but see Discussion).

Figure 3 compares the activity for the population of multi-units
across the two conscious states. A small but significant modulation
was present in both the anesthetized and awake states during the
flash suppression period (Fig. 3B, D). Furthermore, the relative
amplitudes of the perceptual modulations as measured by the ratio
of perceptual to sensory |d'| were not significantly different for
the two states. This was on average 28% and 25% of the sensory
modulation in anesthetized and awake conditions respectively
(across significantly modulating sites in both animals in each
conscious state, N = 84 in awake and N = 18 in anesthetized). The
close similarity between the relative amplitude of modulations in
the two conditions suggests similar mechanisms for these two
states.

Table 1 summarizes the numbers and percentages of significant
modulations for both conscious states. We tested if the proportion
of perceptually modulating sites (PM) was significantly different in
anesthetized and awake macaques (two-sampled t-test between
proportions, t-value 4.924, p< 1077). This was on average 65% in
anesthetized (20/31 recorded units with a 95% C.I. of 48-81%,
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Figure 3. Population responses of neurons during physical
alternation and binocular flash suppression conditions in
anesthetized (A,B) and awake (C,D) monkeys. Different condi-
tions are depicted on top of the panels with corresponding shaded
outlines as the spike density functions below. Eyes are presented with
preferred (P) and non-preferred (N) stimuli. Left group on the top are
the two conditions of physical alternation and rightward the two flash
suppression conditions eliciting the same perceptual sequence. (A)
Population activity in z-scores during physical alternation conditions
and (B) during binocular flash suppression in anesthetized monkey for
all visually responsive multi-units (N=231) in anesthetized experiments.
Prior to averaging, conditions were sorted to preferred (P) and non-
preferred (N) according to the responses during the monocular
presentation. (C,D) the same as A and B, but in awake passively
fixating monkeys. In all four panels, dark lines represent the responses
to the preferred stimulus followed by non-preferred stimulus after the
flash. Lighter gray lines represent the responses to the non-preferred
stimulus first followed by the responses to the preferred in the second
period. The shaded areas around the lines represent SEM across sites.
Time zero was defined to be the time of the flash or switch of the
stimuli.

doi:10.1371/journal.pone.0107628.9003
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Table 1. Numbers and percentages of significant modulations.

BFS in V1 of Anesthetized and Awake Macaques

Anesthetized Awake
T Total # of multi-units/recorded sites 33 393
VR Visually responsive (% of T) 31 (94%) 364 (92%)
SM Sensory stimulus modulation (% VR) 29 (94%) 275 (76%)
PM Perceptual stimulus modulation (% VR) 20 (65%) 88 (24%)
PasS Perceptual & sensory (% PM) 18 (90%) 84 (95%)
xP Only perceptual (% PM) 2 (10%) 4 (5%)

doi:10.1371/journal.pone.0107628.t001

Bernoulli distribution), which was higher than the average of 24%
in awake macaques (88/364 recorded units with 95% C.I. of 20—
29%, Bernoulli distribution).

Flash suppression and adaptation

Neural adaptation is an inherent potential complication of the
binocular flash suppression (BFS). The different history of
stimulation leading to the two alternative percepts can introduce
differences in the level of adaptation in the neural populations
encoding the competing stimuli. However, a simple model of
adaptation cannot explain the responses of V1 neurons during
BFS. To examine this, we estimated the time course of adaptation
of the first stimulus (preferred) for the whole duration of a trial by
fitting an exponential to the data during the monocular
presentation (see Materials and Methods). We found that the
parallel presentation of the non-preferred stimulus during BFS
mtroduces additional suppression compared to the estimated level
of activity predicted by adaptation (Fig. 4). The time constants of
adaptation (1) were T,, =225 ms for the awake while for the
anesthetized adaptation was slower with T,, =546 ms. These
results demonstrate that interocular and/or stimulus interactions
beyond adaptation are taking place and contribute to the
perceptual modulations during incongruent stimulation. Similar
interactions were also present at the level of single neurons
reported in a previous study (see figure 10 in [37]).

Modulations of the local field potentials

We acquired local field potentials from 33 recording sites in
three anesthetized experiments. Similar to the awake results
reported previously [37], the power of the gamma frequency range
of the LFP (24-90 Hz) showed an increase shortly after the
stimulus onset. Also, a preference for the stimulus was observed in
26 recording sites during congruent stimulation. During the
incongruent presentation, however, only one third of recording
sites (11/33) showed a significant difference in perceptual
modulation. Similar to the MUAs, this difference was substantially
smaller than sensory tuning of the LFPs (Fig. 5).

Lower frequency LFP power (1-12 Hz) showed a significant
increase in oscillatory activity after stimulus onset in only 14 of 33
recording sites. Sensory tuning to the stimulus was observed in the
same fraction of recording sites (14). During the dichoptic phase
(perceptual suppression), this difference was significant in only 4
recording sites of one of the animals (B03). These results indicate
that perceptual modulations of the lower band of the LFP in V1
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The absolute numbers and respective percentages of significant modulations are presented for multi-unit activities (MUA) in the two conscious states. In the first row (T)
the total numbers of multi-units/recorded-sites are reported. The second row (VR) presents the number (percentage) of sites that showed significant visual responses.
The third row (SM) presents the number of sites that were responding differentially two the different congruent stimuli (sensory modulation) and the fourth row (PM)
the number of sites that showed differential responses under the different perceptual conditions (under the same stimulus) as a percentage of visually responsive units/
sites. Note the significant difference in PM between the two conditions. In the last two rows, PaS presents the numbers of perceptually modulating sites that showed, in
addition, sensory modulations and xP presents the numbers of sites that showed exclusively perceptual modulations.

are essentially absent in anesthetized conditions, similar to the
awake passively fixating animals reported previously [37].

Discussion

The neural correlates of visual awareness have been attracting
scientists” interest for decades. In particular, the role of primary
visual cortex (V1) in perceptual rivalry has been a subject of
intense debate [7,8,52]. On one hand, psychophysical data and
the hierarchical position of V1 in the visual system initially
suggested that perceptual suppression is resolved at the level of V1
through interocular competition between the two monocular
channels [29,32,33]. Electrophysiological recordings from multiple
visual areas in the brain including V1, on the other hand, provided
evidence for competition happening at higher visual areas
presumably between internal representations of stimuli rather
than information from monocular channels in V1 [10,14,19,36].
In a comprehensive review, Blake and Logothetis discussed
supporting evidence for each of these alternatives and proposed
a hybrid model of rivalry which involves both mechanisms of local
and global processing at different hierarchical levels [11]. This
model gained further support by a number of psychophysical and
computational studies [53,54,55,56].

Local and global processing in V1 could be based on different
mechanisms. Feedback signals from extrastriate visual areas
modulate V1 activity extensively. The density of such feedback
projections is as much as or larger than the feedforward afferents
[57]. For example, top-down attention is a process that could be
mediated via such projections and has been shown to modulate V1
activity [58,59,60,61,62]. In a series of fMRI studies in human,
perceptual suppression has also been found to strongly modulate
BOLD activity in primary visual cortex [12,13]. In addition, we
have shown previously that the activity of some single cells in V1
also shows significant modulations during perceptual suppression
induced by BFS [37]. However, only a small proportion of
neurons in V1 showed these effects and importantly the amplitude
of perceptual modulations was very small in comparison to the
sensory preference. One possible explanation for the difference
between the strength of modulations in area V1 of human and
monkeys is the extent to which the subjects were asked to
consciously attend to the stimuli [41,63]. It is conceivable that the
effects recorded by fMRI in humans reflect top-down modulations
mediated by changes in attentional state and/or the active
employment of the subject in the task instead of directly reflecting
the competition happening at the level of VI circuitry

September 2014 | Volume 9 | Issue 9 | 107628



- N w

z-score [std]

o

time [s]

time [s]

Figure 4. Effects of adaptation. (A) The suppression caused by the
presence and perception of the non-preferred stimulus (N) compared
with a modeled (red-dashed line) continuous presentation of the
preferred stimulus (P) in awake experiments and (B) in anesthetized
experiments. Shaded red areas indicate the additional suppression
caused by interocular and/or stimulus interactions beyond adaptation.
doi:10.1371/journal.pone.0107628.g004

[39,41,64,65]. On the contrary, most monkey electrophysiology
studies used paradigms with animals passively fixating not directly
being engaged in reporting the perceptual transitions.

Two studies that did require the monkeys to report their
subjective perception also reported small percentages of neurons
showing spike rate modulations [10,35]. Note, however, that these
studies used different stimulus paradigms and could potentially
underestimate the effects. The first study by Leopold and
Logothetis, 1996 used binocular rivalry (BR). Although BR has
many advantages over BIFS, the variability in the animal reaction
times is expected to smooth the average triggered responses
thereby underestimating the effect. The second study by Wilke
et al., 2006 used generalized flash suppression (GFS) that notably
involves no direct interocular interaction of corresponding retinal
locations. Ciritically, the effectiveness of GIFS depends on
parameters like the distance of the surround stimuli to the target,
the density etc. (see [66]). The authors adjusted the parameters so
that the target would disappear only in about 50% of the trials.
This means that the suppression-inducing stimulus was not as
potent as in the case of BIS, for which suppression happens
essentially in 100% of the trials [37], and therefore could also
underestimate the effect.

In the present study, we compared neural activity in V1 during
binocular flash suppression in anesthetized and awake monkeys to
shed light on the mechanisms of perceptual suppression. Some
aspects of global processing such as the attentive and conscious
analysis of a scene have been observed in V1 only in awake and
perceiving animals [64,67,68]. We conjectured that if the small
effects observed in previous electrophysiological studies are due to
influences from central processes these modulations should be
eliminated under anesthesia. However, we found significant
modulations of the multi-unit activity recorded in V1 of
anesthetized macaques during binocular flash suppression. These
modulations were small, albeit comparable to those observed in
passively fixating awake animals. This suggests that these effects
are arising from early processes that initiate the competition
between monocular channels and do not necessarily need
consciousness.

The effects of anesthesia on consciousness are controversial.
Anesthesia disrupts cortical integration [69] which 1s associated
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Figure 5. Population average of the local field potentials (LFP)
of all visually responsive sites (anesthetized experiments). (A)
The average difference in the spectrogram between the two conditions
during physical alternation periods and (B) during flash suppression
conditions. Spectrograms are plotted only for frequencies below
100 Hz. (C,D), Time domain band-passed average of the gamma-band
frequencies (24-90 Hz) for physical alternation and flash suppression
conditions. (E,F), Time domain average of the lower frequency bands
(1-12 Hz), during physical and perceptual alternations, respectively.
doi:10.1371/journal.pone.0107628.g005

with unconsciousness. In particular, it abolishes contextual and
attentional modulation of firing, presumably mediated by feedback
connections [70]. In this study, we employed an optimized
protocol for balanced anesthesia that allows robust and reproduc-
ible activation of primary visual cortex and a number of
extrastriate visual areas, including areas in the superior temporal
sulcus [46]; however, cognitive signals like top-down attention and
post-perceptual feedback to early visual areas were presumably
suppressed in this state. Given the similarly small magnitudes of
perceptual modulation during the awake, passively fixating
condition and the anesthetized condition, we suggest that such
cognitive signals from task-related central processes are a key
ingredient of the larger modulations that have been observed in
human V1 by fMRL

Furthermore, we found that the proportion of perceptually
modulating sites during wakefulness was significantly lower than
that under anesthesia. We note that this result should be
interpreted with caution as the difference could be attributed to
several potential confounds such as stimulus differences and biases
in electrode positioning. Another possible explanation is that
processing during awake stimulation conditions might be actively
reducing perceptual modulations e.g. by decorrelating the
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neuronal ensembles involved in the competition. For example,
neuromodulatory processes like attention have been shown to
decrease correlated variability in neuronal populations [71,72,73].
Such active gain mechanisms can largely change spiking
correlations [74]. Such processes can enrich the information
carried by neuronal populations in VI and at the same time
reduce bottom-up competition as reflected in perceptual modu-
lations in multi-unit sites. Alternatively, this difference could be
arising from factors that are not inherently related to perception.

In a recent study, Wilke and colleagues demonstrated that the
low frequencies of the LFP in the thalamus show robust perceptual
modulations only if the animals are actively reporting their percept
and are ecliminated when the animals passively fixate [75].
Similarly, our previous study in passively fixating animals found
negligible perceptual modulations of the LFP at this frequency
range [37]. Here, we found that lower frequency LFPs in
anesthetized V1 were also not predictive of the percept consistent
with the hypothesis that active engagement of the animal in the
task might be necessary. Given the relationship between the
BOLD signal and the LFP [76], it is conceivable that strong
BOLD activation in V1 during binocular rivalry in humans is
more likely related to the feedback from higher cognitive central
stages. However, differences in the nature of the read-out signals
could be still a possible explanation for these differences.
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Our results confirm that VI is involved in the process of
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