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Neural correlates of visual awareness have been attracting s . 

Bistable and multistable perception phenomena demonstrated great experimental potential to 

address this question (1-5). A nice paradigm which fits perfectly to the study of perceptual 

organization is binocular rivalry (BR) (6). When dissimilar images are presented to the two eyes, 

perception alternates spontaneously between each monocular view, a phenomenon called 

binocular rivalry (7). Because perceptual transitions between each monocular view occur 

without any change in the physical stimulus, neural responses associated with perceptual 

processes can be distinguished from those due to stimulus characteristics. Several single cell 

recording and imaging studies have shown an increasing correlation between the neural activity 

and subjective perception during BR while moving up in visual hierarchy. However, this has 

mainly been done in ventral visual stream (6-8). To date, there is no report of neural correlates 

of perceptual transitions in parietal areas of non-human primates using single cell recording. 

Nevertheless, several imaging studies in humans have highlighted a central role of fronto-

parietal network in perceptual changes during binocular rivalry and bistable views (9, 10). Here 

we investigate the possible role of the most likely homologue parietal areas in rhesus macaque 

in perceptual alternations. 

We recorded extracellular activity from the lateral intraparietal area (LIP) of the right hemisphere 

of two rhesus macaques. Single cell activities were recorded during the paradigm of binocular 

flash suppression (BFS). The subject was initially presented with congruent patterns to the two 

eyes. Then the stimulus was switched in either one or both eyes, resulting in perception of the 

newly presented stimulus. During BFS, subject can perceive the stimulus in any of the two eyes 

depending on the previously shown pair of stimuli to both eyes, thus perceptual state is not 

dictated by the visual stimulus. BFS ensures excellent control over 

state (11), and unlike BR, the subjective report is not mandatory (8). We recorded from 310 

single cells including 278 visual units. The recorded cells typically showed an initial burst of 

activity at stimulus onsets as well as stimulus switches. Previous fMRI studies in humans 



reported no change in the activity of fronto-parietal areas during physical changes (9) (but also 

see (10)), where the perceptual switch is enforced by change in physical stimulus. In contrast, 

we found strong transient activity at the single cell level during physical alternations, where the 

stimulus in both eyes were changed to a new one (fig1a). This signal was also present, but to a 

lesser extent, during binocular flash suppression conditions where the stimulus in only one of 

the eyes was switched. The transient signal was followed by a tonic response in both 

conditions.  

 



The traditional approach to study the neural correlates of perceptual transitions in bistable 

phenomena is to capture the concurrence of activation in populations of neurons responding 

selectively to a particular stimulus, and the subjective perception. This approach can be easily 

employed in feature and object selective areas in ventral stream (12). However, such selectivity 

is hardly found in dorsal stream (13). The tonic response of LIP neurons increased during the 

stimulus presentation but the level of this activity was not significantly different for the two stimuli 

for majority of neurons. This made it difficult to underpin the role of this area in perceptual 

organization. Instead, the activity of LIP neurons has been shown to be modulated by goal 

driven signals and value-based decisions (14-17). Responses in LIP cells scale monotonically 

with the value of a planned saccade, which suggests the neural correlates of process of choices 

or representation of value before a choice in this area. LIP also encodes an abstract 

representation of the relative desirability of external stimuli apart from any specific motor plan 

(15, 18). This motivated us to examine the hypothesis that presenting the animals with visual 

stimuli associated with different reward values can demonstrate bigger modulations in LIP 

activity during perceptual alternations. We paired one of the two stimuli with a bigger reward, 

while the other one resulted in normal small reward. After a few sessions of training, we found a 

large differential activity in favour of the stimulus paired with bigger reward (fig1b, also see 

supplemental figure). 

physical and perceptual correlation in only a subset of neurons (fig1c). Although the effect was 

not as big as reports in object selective areas, but the reward association induced substantial 

selectivity which was necessary to probe the perceptual modulation of neural responses. The 

count of neurons demonstrating different properties and effects is summarized in figure 2. 



 

 

LIP is located a few synapses away from V1 (19), and is massively interconnected with multiple 

visual areas including prefrontal cortex (20-24). We speculate that the transient and sustained 

responses in this area may reflect two separate underlying processes. The short latency 

response may reflect a fast sensory integration signal from early visual cortices in a bottom-up 

manner, while the sustained activity may represent top-down influences originating from higher 

areas in the prefrontal cortex. We conjecture that areas at the high end of the dorsal pathway 

might be involved in multistable perception in a different way in comparison with feature and 

object selective areas of the ventral pathway. The transient signal recorded in LIP neurons 

during perceptual transitions could potentially trigger reorganization of activity in constellations 

of feature selective neurons in the ventral pathway. We further studied whether this transient 

response was also affected by the reward manipulation. We pooled all conditions of the 

experiment and compared the magnitude of the transient signal before and after the reward 

association. After reward manipulation, the onset signal did not change while the switch signal 



increased significantly in magnitude (fig3). We explain this observation with regards to the 

importance of the second half of trials, because the amount of reward was associated with the 

lastly seen stimulus before each trial ended. LIP neurons were likely coding the expectation of 

monkeys for the amount of reward based on the second stimulus, the flash, while also signalling 

the onset of the visual stimuli in the beginning of trials regardless of their behavioural relevance. 

Importantly, this signal was present in a very short time after the stimulus was changed. We 

suggest that LIP is the first relay station in the visual system that receives the input from early 

visual areas with minimum delay and extracts the value of the stimulus with respect to its 

behavioural relevance. The reward-dependent value of the stimulus can then be distributed to 

other processing stages in the brain, including occulomotor cortical and subcortical structures 

responsible for saccadic decision and execution like frontal eye field (FEF) and superior 

colliculus (SC) (25). Tonic activity of majority of LIP neurons, however, was not modulated by 

the perceived stimulus, which is consistent with the non-selective nature of dorsal pathway 

neurons towards objects and shapes (13). Nonetheless, this does not rule out the possibility that 

they correlate with subjective perception in a more complex way. We recently showed that 

spike-field coherence in V1 is significantly modulated by the perceptual state, even though the 

single cell activity in majority of V1 neurons do not correlate with perception (manuscript in 

submission). Orchestration of such coherent activity in V1 can be triggered by the fast feedback 

signals from higher visual areas like LIP. Exploring network characteristics of LIP itself is an 

interesting topic to address in future. 



We previously have shown that single-cell activity in V1 correlates with perceptual state (8). The 

magnitude of perceptual modulations, however, is small in V1 compared to the higher visual 

areas (6, 26, 27). Imaging studies in humans, on the other hand, found that perceptual 

suppression strongly modulates BOLD activity in primary visual cortex (28, 29). In a recent 

study, we suggested that these significantly bigger modulations may be due to the attentional 

demand and/or engagement of human subjects in a task (30, 31). The ideal candidate region 

downstream in the visual system, which can provide immediate modulatory cognitive feedback 

to primary visual cortex is lateral intraparietal area. It is not hard to conceive that the large 

perceptual modulation of V1 activity observed in humans is confounded by the massive and 

low-latency feedback from LIP, which is difficult to disentangle on the temporal resolution of 

BOLD signal.  

bigger reward. Importantly, such preferential activity was in the absence of action planning. LIP 

became selective to the identity of objects paired with differential rewards even during a passive 

task. In a subset of neurons, such selectivity was preserved during binocular flash suppression, 

similar to the neurons in the high end of the object selective pathway. This modulation of the 

 



responses in LIP is, however, not exclusively a reward effect (25). Many related 

neurophysiological experiments do not permit a clean dissociation between reward and 

attention (32). Mere stimulus-reward associations can modify salience, or the ability of a 

stimulus to bias attention (33); an observation which is supported by psychophysical evidence in 

humans (34). Saliency has also been already suggested as a unifying explanation for LIP 

activity (18, 35). Although neural signals in LIP co-

they also modulated by the quality of the sensory evidence (36, 37), and informational 

properties of visual cue, like novelty, independent of the reward associations (38).  Important for 

the current study, reward association induced enough selectivity in LIP neurons to enable us to 

look at the perceptual modulations in the parietal area. 
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Materials and Methods 

Ethics Statement 

The experimental and surgical procedures were performed with great care and were fully 

compliant with the guidelines of the local authorities (Regierungspräsidium Tübingen, protocol 

Nr. KY1/02), the European Community guidelines for the care and use of laboratory animals 

(EUVS 86/609/EEC), and the recommendations of the Weatherall report 

(http://www.mrc.ac.uk/Utilities/Documentrecord/index.htm?d=MRC003440). The regional 

authorities (Regierungspräsidium Tübingen) approved our experimental 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 were 

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 (also see 

surgical procedures below). 

Subjects and surgical procedures 

Two adult male rhesus monkeys (Macaca mulatta) C07 and D10, aged 8 and 6 years, weighing 

9 and 11 kg respectively, took part in the experiments. Medical-grade titanium recording 

chambers were positioned according to stereotaxic coordinates over the intralparietal sulcus of 

the right hemisphere in both monkeys. This was aided by high-resolution magnetic resonance 

anatomical imaging. Dimensions and parameters of the skull extracted from these scans were 

used for designing the head-posts and the recording chambers to fit the skull surface. The 

anatomical scan and recording chamber implantation were done while the animals where under 

general anesthesia and ascetic conditions. A more detailed description of these methods can be 



found elsewhere (8). Recording from the lateral intraprietal area was confirmed by the histology 

performed on one of the animals (C07) after the experiments were finished. 

Data acquisition 

Extracellular recordings were done non-chronically with one or two manually adjustable, 

custom-made microdrives and twisted-wire tetrodes with the help of a grid system. Details have 

been described elsewhere (8, 39). The recording chambers gave access to the lateral 

intraparietal area (LIP) by penetrating area 5 perpendicularly and passing through medial 

intralparietal area (MIP) and the intraparietal sulcus (IPS). We advanced the tetrodes in the 

brain tissue after penetrating the dura by a guide-tube. Advancing the tetrode in the guide-tube 

by hand enabled us to have a vivid feeling of penetrating the sulcus. The physiological 

responses of different areas from the cortex beneath the dura until the target area in LIP was 

confirmed in every recording session. We stopped advancing the tetrodes as soon as we 

entered the LIP right after the sulcus and left them there fixed for approximately one hour for the 

electrodes and the tissue to become stabilized. When a stable and reliable signal was acquired, 

monitored online with non-invasive infrared eye-tracker. 

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 

- 6 kHz) and digitized signal. Following each threshold 

crossing, a segment of 32 samples (1ms) was extracted from all four channels of the tetrode 

and these waveforms were stored for offline clustering. Single-unit spikes were then isolated 

from multiunit activity by a custom-built clustering system (39) that uses features extracted from 

the stored multiunit spike waveforms. 



Visual stimuli 

A dedicated graphics workstation (TDZ 2000; Intergraph Systems) running an OpenGL-based 

program was used for rendering visual stimuli, while the behavioral aspects (e.g. juice reward, 

trial abortion) were controlled using the QNX real-time operating system (QNX Software 

Systems Ltd). The display system comprised of a custom-made mirror stereoscope with an LCD 

monitor (resolution of 1024x768; refresh rate of 60 Hz) on each side, and allowed for dichoptic 

presentation of stimuli. 

Each session began with a calibration procedure52 to ensure that the monkeys could correctly 

overlay (fuse) the central fixation markers (0.2°) on the two displays. Thereafter, a coarse 

receptive field mapping was performed to position the stimuli 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 stimuli, locations and sizes. Details are described previously (8).  

A battery of natural and generic images were presented to the animal and the two stimuli that 

have elicited maximal differences in neural activity were chosen for the experiment.  

Experimental design 

We used the paradigm of binocular flash suppression (BFS) to study the relationship between 

neural activity and perceptual modulations. The subject was initially presented with congruent 

patterns to the two eyes. Then the stimulus was switched in either one or both eyes (binocular 

flash suppression versus physical alternation), both resulting in perception of the newly 

 

In order to initiate the BFS trial, the monkeys had to passively fixate on a central fixation point 

(0.2°) which appeared in the center of the screen for 500 milliseconds. This was followed by 

presentation of one of the images of the selected stimulus pair, to one of the eyes, for one 

second. Then the other image was added to the second eye for another second resulting in 



incongruent stimulation and suppression of the previously presented stimulus/eye. The stimuli 

were placed within the receptive fields of the recorded sites, with a sizes of 4-6°. The animal 

was required to maintain fixation within a window with a radius 0.5-1° from the center of the 

marker throughout the duration of the trial. At the end of each successful trial, few drops of juice 

were delivered as a reward. For modulated reward conditions, one of the two stimuli was paired 

 A failure resulted in abortion of the trial 

without reward. A typical recording session included 200 trials of each condition. For more 

details see (8). 

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 

nonparametric Wilcoxon rank sum test for equal medians. For all the comparisons, we excluded 

the first 500 ms after the flash to avoid transient biases after the switch. We then calculated the 

preference and modulation indices by using discriminability index ( ). This was defined as: 

 

where  and  are the mean response and the standard deviation of the conditions put in the 

comparison. We report  indices for either pairs of binocularly presented identical stimuli 

(referred to as sensory preference sens) or incongruent stimuli (referred to as perceptual 

preference perc). Bigger values of  indices indicate larger discriminability of responses and 

thus larger preference to one of the conditions being compared. Visual responsiveness of 

neurons were determined based on the monocular period of BFS by using the  A 

neuron was considered visually responsive if its onset transient response or the sustained 

activity thereafter was significantly larger than baseline. A neuron was also counted as 



physically or perceptually selective if there was a significant difference between the level of its 

responses to the two stimuli (during physical alternations), or two perceived stimuli (during BFS) 

respectively. 
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7.2 Spike-field coherence reflects perceptual state in monkey primary 
visual cortex 
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7.3 Binocular flash suppression in the primary visual cortex of anesthetized 
and awake macaques 
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