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Dissociating attentional modulation and the limited capacity of 
attention
James Bisley, University of California, Los Angeles

Covert attention enhances the responses of neurons in many visual areas and this has widely been thought to be 
the neural mechanism underlying visual attention. We asked whether neuronal responses in V4 and LIP could 
explain the limited ability of subjects to attend multiple items in a display. We trained animals to perform a 
change detection task in which they had to compare two arrays of stimuli separated briefly in time. Each animal’s 
performance decreased as function of set-size. Neuronal responses in LIP were inversely correlated with set-size, 
but responses in V4 were not. In addition, neuronal discriminability in V4 was consistent across set-sizes, but was 
worse with higher set-sizes in LIP. The introduction of an attentional bias produced attentional enhancement in 
V4, but this could not explain the vast improvement in performance, whereas the enhancement in LIP responses 
could. These data suggest that set-size effects seen in performance and the sudden improvement in performance 
with focused attention may not be related to traditional attentional modulation in V4 but, instead, may be 
processed in LIP.
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Signal transformations and noise correlation between MT and 
LIP during decision-making
Jacob L. Yates, Il. Memming Park,  Leor N. Katz, Jonathan W. Pillow, and Alexander C. Huk

Perceptual decisions require neural circuits that can accumulate sensory evidence in favor of the possible choice 
outcomes. During motion-discrimination, neurons in the middle temporal area (MT) are thought to represent the 
instantaneous motion evidence and neurons in the lateral intraparietal area (LIP) have activity that resembles the 
accumulation of motion evidence. Although the responses of single neurons in these areas have been studied in 
the context of motion-discrimination for over two decades, no simultaneously recorded data exists to constrain 
their relationship on single trials. We therefore recorded simultaneously from neurons in MT and LIP while 
monkeys discriminated the direction of motion in a reverse-correlation stimulus with precisely controlled, and 
independently varied, local motion energy. To quantify the signal transformations and noise correlation in and 
between both areas, we used a generalized linear model of single trial spike trains. We found that MT neurons 
exhibited non-trivial temporal dynamics, where they were more directionally selective early in motion viewing. 
This early weighting in MT was sufficient to explain the temporal dependence on motion present in LIP responses, 
however, there was no evidence that LIP neurons depended on trial-by-trial variability in MT.  Taken together, 
these results suggest that intervening stages between MT and LIP perform substantial computation not solely 
confined to temporal integration.

Talk session I: Parietal & action
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The relative roles of parietal and prefrontal cortex in visual 
attention
Tirin Moore, Stanford University

The control of visual selective attention appears to be a principal function both of parietal and prefrontal cortex, 
and that control involves both bottom-up and top-down modulation of sensory signals during goal-directed 
behavior. I will talk about recent work that addresses the relative contributions of prefrontal and parietal cortex in 
these two distinct forms of attention. In particular, I will focus on recent work in which we have begun testing the 
contribution of parietal cortical areas, including the lateral intraparietal area (LIP), to the representation of salient 
stimuli within prefrontal cortex, as well as on saliency-driven behavior. The results of these studies thus far 
suggest that parietal cortex contributes uniquely to the representation of stimulus salience.

Talk session I: Parietal & action
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Making sense of brain activity during natural free viewing
David Leopold, National Institute of Mental Health

A prominent feature of the primate brain is the existence of several cortical areas in which neurons respond 
categorically to certain visual stimuli.  Most notably are the so-called "face patches", defined as regions in which 
fMRI responses are stronger to face images than to other types of visual objects. Recent advances in our 
laboratory have made it possible to record longitudinally from individual neurons across weeks and months, 
opening the door for new types of experiments to investigate face-selective neurons.  In my talk I will describe the 
results of several such experiments.  For example, we found that the visual selectivity of neurons in face patch AF, 
a "high-level" face patch, remain absolutely stable over a period up to a year, even during periods of intensive 
training on face identity.  In agreement with several studies, I will show that neurons in this area are highly 
selective for faces -- in this case, based on the presentation of 10,000 flashed stimuli over a period of 3 weeks. 
However, the same population of "face cells", when measured during free viewing of a natural video, bear a less 
obvious relationship to faces and diversify significantly in their responses.  Under these conditions, single 
neurons show a highly deterministic pattern of spiking upon repeated presentations of the same video stimulus.  
However, neighboring neurons are often uncorrelated in their response time courses, reflecting a different 
functional specialization. I will show using a novel method, combining single-unit recordings and fMRI, that 
individual neurons fall into several distinct categories, each bearing a unique correlative relationship with 
functional networks throughout the brain.

Talk session II: Social attention and face processing
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Context-dependent social gaze dynamics between pairs of 
rhesus macaques
Steve Chang, Department of Psychology, Department of Neuroscience, Yale University

The dynamic interaction of gaze between individuals is a hallmark of social cognition. However, there is a 
significant knowledge gap in our understanding of social attention with respect to contingent gaze dynamics. 
Moreover, the potential role of neuromodulation in social interaction remains unclear. We utilized a live gaze 
interaction paradigm in pairs of rhesus macaques to study contingent gaze dynamics between two individuals 
and modeled these dynamics as a decay process of sustained attention following mutual eye contact. 
Furthermore, we examined how the oxytocinergic and opioidergic systems interact to modulate these contingent 
gaze dynamics. Dominance and familiarity between the pairs induced separable components of gaze dynamics. 
Following mutual gaze, dominance promoted an enhanced level of prolonged social attention, whereas 
familiarity promoted a higher initial decay rate. Following inhaled administration of either oxytocin or naloxone, 
an opioid antagonist, or both, we found that oxytocin co-administered with naloxone more strongly promotes 
attention to the eyes of a conspecific’s face compared to either drug administered alone. Preliminary analyses 
revealed that the effects of oxytocin and naloxone were simply additive for non-contingent looking behaviors, 
such that the added effects of oxytocin and naloxone alone mirrored the effect of oxytocin and naloxone 
administered together in a one-to-one positive linear correlation. As opposed to the linear additivity observed for 
non-contingent gaze, the combination of oxytocin and naloxone invoked a supralinear enhancement of 
prolonged social attention following mutual eye contact compared to oxytocin or naloxone alone, such that 
administering the two agents together produced a significantly larger effect than the summation of the effects 
observed when the drugs were administered separately. Our findings are supported by the known regulatory 
relationship between the oxytocin and opioid systems, in which attenuated opioid processing is associated with 
stronger oxytocin release from the posterior pituitary. We provide the first preliminary evidence that the oxytocin 
and opioid systems interact to modulate social attention and exploration following contingent social interactions 
based on the observed supralinearly summed effect patterns. 

Talk session II: Social attention and face processing
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Species-specific differences in the contribution of attention to 
responses properties of amygdala neurons
Katalin Gothard, University of Arizona

The primate amygdala plays a key role in processing visual stimuli with social significance, but it remains debated 
whether this depends on attention. During natural vision, fixations indicate the location of attention and 
amygdala neurons are expected to respond to the social significance of fixation targets. We recorded from 
amygdala neurons in both humans and macaques during free viewing of arrays of images. Amygdala neurons 
responded transiently only during fixations on preferred stimuli in both species, with more selectivity in humans. 
The majority of neurons preferred faces of conspecifics, with fewer responding to heterospecific faces -- a pattern 
mirroring first fixation preferences. Response latencies were shortest for conspecific-preferring neurons, 
indicating that the amygdala selects for processing details with species-specific social significance. This 
comparative work demonstrates for the first time that primate amygdala neurons have small effective receptive 
fields when viewing multiple stimuli that compete for attention.

Talk session II: Social attention and face processing
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Neurocomputational mechanisms for the attentional 
modulation of value in social and non-social choice domains
Cendri Hutcherson1 , Anita Tusche2,3, and Ralph Adolphs3

1University of Toronto Scarborough, Department of Psychology, Toronto, Canada
2California Institute of Technology, Division of Humanities, Pasadena, U.S.A.
3Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig

Self-control depends on the ability to prioritize different considerations in different contexts. For example, losing 
weight requires greater focus on a food’s healthiness and less on its tastiness. Acting generously requires 
attending to social considerations and ignoring egoistic concerns. The neurocomputational basis for attentional 
modulation of value-based choice remain poorly understood, and it is unclear whether it is supported by 
domain-general or domain-specific mechanisms across choice domains. We combined computational modeling 
with multivariate decoding of fMRI data to determine how the value of choice attributes in different choice 
domains are reweighted under different attentional goals.  Participants (n = 36) completed two choice tasks on 
separate days involving either foods varying in healthiness and tastiness or monetary proposals varying in 
benefits for self and others. In both tasks, participants made choices under “natural” and “attentional focus” 
conditions (e.g., “respond naturally”, “focus on the food’s healthiness”, “focus on your partner’s feelings”). 
Behaviorally and neurally, we observed evidence for both domain specificity and domain generality. Supporting 
domain specificity, the ability to focus on others’ welfare when instructed to do so amplified neural coding of that 
attribute in a distinct set of social cognitive brain regions, and was uncorrelated with success in regulating other 
choice attributes, either within or across domains. Supporting domain generality, the ability to successfully 
suppress choice attributes across domains (e.g., tastiness, selfish considerations) was highly correlated at the 
behavioral level, and represented neurally via flexible coding of these attributes in a single, overlapping region of 
the dorsolateral prefrontal cortex that has previously been implicated in value-based choice. These results point 
toward exciting new questions about when and why attentional modulation of decision-making operates via 
different mechanisms.

Talk session III: Reward and learning
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Core attentional mechanisms and dynamics in early learning
Celeste Kidd, University of Rochester

The talk will discuss approaches aimed at understanding the computational mechanisms that drive learning and 
development in young children. Although infants are born knowing little about the world, they possess 
remarkable learning mechanisms that eventually create sophisticated systems of knowledge. We discuss recent 
empirical findings about learners’ cognitive mechanisms—including attention, curiosity, and metacognition—that 
permit such striking learning throughout infancy and childhood. We will review evidence that infants enter the 
world equipped with sophisticated attentional strategies that select intermediately complex material to maximize 
their learning potential (the “Goldilocks effect” of infant attention, e.g., Kidd, Piantadosi, & Aslin, 2012, 2014; 
Piantadosi, Kidd, & Aslin, 2014). We will also discuss more recent work on the dynamics of idealized attention in 
complex learning environments, with a focus on attentional-switching patterns and their implications for 
understanding learning (e.g., Pelz, Piantadosi, & Kidd, 2015; Pelz, Yung, & Kidd, 2015). Finally, I discuss the 
importance of understanding these basic cognitive mechanisms in order to eventually develop more efficient 
educational frameworks, better understand learning delays, and discover the causes and best interventions for 
cognitive disorders like ADHD.

Talk session III: Reward and learning
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Attention as a framework for economic choice
Ben Hayden, University of Rochester

Economic choice imposes an important binding problem on mental and neural systems that implement it. This 
binding problem comes in three forms, the need to bind values to options, to bind chosen options to 
corresponding actions, and to bind outcomes with choices in post-reward learning. Standard approaches often 
assume that the reward system uses a labelled line approach to solving these binding problems. We explore the 
alternative possibility, that the brain binds options, values, and outcomes using selective attention. This possibility 
makes several counterintuitive predictions, most notably that we don't decide between options so much as we 
make a series of accept-reject decisions for each option in sequence.

Talk session III: Reward and learning
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How attention affects visual perception
Marisa Carrasco, New York University

Attention allows us to select relevant sensory information for preferential processing. I will discuss effects of 
attention on early visual processes. I will present psychophysical and fMRI studies regarding the effects of 
endogenous (voluntary) and exogenous (involuntary) covert attention –the selective processing of visual 
information without eye movements– on the perception of basic visual dimensions.  Specifically, I will showing 
how contrast sensitivity increases at the attended location (or for the attended features) at the expense of reduced 
sensitivity at unattended locations (or for the unattended features), and discuss these results in reference to a 
normalization model of attention. 

Talk session IV: Circuits and gating (Part I)



30th CVS Symposium June 3-5, 2016

12

Brain states and cholinergic modulation of visual cortex
Anita Disney, Vanderbilt University

Attention is not a singular phenomenon but a complex construct for which operational definitions and common 
usage can vary enormously. Are states such as quiet alertness, vigilance, and focal attention best viewed as 
existing on a spectrum (and thus differ in degree but not type)? Or as being distinct processes with distinct neural 
mechanisms? There is good evidence to support a role for the neuromodulator acetylcholine in the neural 
processes supporting vigilance; that is attentiveness as a state rather than selective attention to a particular object 
or region of space. Not much is known, however, about how acetylcholine serves this function, at a circuit level. 
Also not known is which attentive behaviors can be accounted for (in part or entirely) by cholinergic modulation. 
We study cholinergic modulation of cortical circuits with the goal of addressing both these unknowns, using the 
visual cortex of the macaque monkey as our model system. The choice of model system is crucial in this case, as 
species differences in the anatomy of the cholinergic system are profound. Our studies of anatomy and in vivo 
physiology and pharmacology have shown that acetylcholine - acting via pre-synaptic nicotinic receptors at the 
thalamocortical synapse in layer 4c of area V1 - increases the gain of the ascending sensory drive to the cortex. The 
result is a multiplicative response gain reminiscent of that seen in some behavioral studies of focal visual 
attention. This modulation at the entry point to the cortical circuit appears to be conserved across sensory systems 
and species. Activating muscarinic receptors, on the other hand, yields a mixed enhancement and suppression of 
cortical circuits that differs across cells within an area, between cortical areas, and across species. These differences 
in receptor expression across cortex yield distinct modulatory compartments, between which signaling conditions 
can differ substantially.  In addition to producing diverse responses in the receiving circuit, this variation in 
receptor expression suggests mechanisms that locally modify the release and diffusion of acetylcholine. In order 
to better understand the differences between these signaling compartments, and the behavioral drivers of 
acetylcholine release, we are developing tools that enable the local sensing of acetylcholine concentration on fine 
timescales in behaving macaques. The deployment of these tools will open up new ways of understanding and 
exploring the dynamic control of cortical circuits by acetylcholine, and other diffuse signaling molecules.

Talk session IV: Circuits and gating (Part I)
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Neural circuit mechanisms of attention in early visual cortex
Farran Briggs, Geisel School of Medicine at Dartmouth

Neurons throughout the visual system are not uniformly modulated by attention. There are examples of neurons 
in all visual cortical areas whose firing rates are increased when attention is directed toward stimuli within their 
receptive fields and there are also many examples of neurons whose firing rates are unchanged or are even 
decreased by attention directed toward the receptive field. I suggest that we can learn about the rules governing 
attentional modulation – and the underlying neural mechanisms of attention – by examining diverse effects of 
attention on neuronal activity in the visual cortex. My approach is to study how visual spatial attention modulates 
the activity of neurons in the primary visual cortex (V1), the first cortical area to process visual information. While 
attentional modulation of V1 neurons is weak on average, there is wide variation in attention effects on V1 
neurons, including facilitation and suppression of neuronal firing rates. Furthermore, given the vast amount of 
information available about the local circuitry and visual physiology of V1 neurons, it is possible to ask whether 
attentional modulation of V1 neurons depends upon neuronal feature selectivity and/or position within the V1 
cortical architecture. We find a number of striking correlations between laminar position, feature selectivity, and 
attentional modulation within V1. Overall, our results suggest that attentional modulation depends upon the 
match between feature selectivity of V1 neurons and feature detection required for the task. We also observe 
systematic relationships between attentional modulation and position of V1 neurons within the local cortical 
architecture. Together, our results suggest that in order to understand the neural mechanisms of attention, we 
must examine attentional modulation at the granular and circuit levels, taking into account neuronal feature 
selectivity and task demands.

Talk session IV: Circuits and gating (Part I)
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Investigating visual attention in a rodent model system
Lindsey Glickfeld, Duke University

Goal-directed attention allows for the prioritization of behaviorally-relevant sensory information and has been 
shown to improve both perceptual sensitivity and encoding of attended stimuli in sensory cortex. These 
attention-dependent changes in encoding differ according to the relationship of the neurons’ tuning to the goals 
of the task, suggesting that perceptual changes are due to selective changes in the activity of functional 
subgroups of sensory cortical neurons. To determine if attention modulates specific subnetworks we monitored 
the activity of the diverse population of neurons in the primary visual cortex (V1) of mice performing a 
modality-specific, goal-directed attention task. In this task, head-fixed mice were cued on a trial-by-trial basis to 
switch between detecting changes in the orientation of a visual stimulus or the volume of an auditory stimulus; 
notably, visual stimuli before the change were symmetrical across trial types. We then tested the perceptual effect 
of attention by presenting rare, invalidly cued trials in which the mice were rewarded if they detected a change in 
the uncued modality. Mice had a lower probability of detecting invalidly cued targets, demonstrating that the cue 
is sufficient to set the expectation of, and attention toward, changes in the cued modality. Additionally, mice were 
less likely to respond to invalid targets on longer trials, indicating that they maintain, or even increase, their 
goal-specific attention as the trial progresses. In order to investigate the rapid neuronal modulation that occurs 
during task performance we monitored neuronal activity in V1 using two-photon imaging of GCaMP6. We 
analyzed two distinct epochs during task performance: the responses to the baseline stimuli (during anticipation 
of the stimulus change) and to the target stimulus. We found that, on visual trials the average responses to the 
baseline stimuli were transiently suppressed while responses to the target were enhanced. Interestingly, both of 
these effects were driven more by neurons tuned to the target stimuli than to the baseline stimulus. This suggests 
that attentional modulation in V1 is specific to neurons that provide the most information about the visual 
change. Investigation into the local and long-range circuits these neurons belong to will further elucidate the 
relationship of primary sensory processing to perception and behavior. 

Talk session IV: Circuits and gating (Part I)
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The most important effect of attention is that it changes the 
way that information is represented across cerebral cortex
Jack L. Gallant, UC Berkeley

Spatial selective attention is known affects response baseline, response gain and correlational statistics of 
neurons in the early and intermediate visual systems. These modest effect (~15% in area V4) likely serve to 
increase the SNR of stimuli at attended spatial locations. However, as information is pooled across successive 
layers of the cortical hierarchy, these small changes in response baseline and gain must inevitably lead to 
changes in tuning of single neurons at relatively later stages of processing. Indeed, feature-based attention 
affects tuning even in area V4, and there is ample evidence for task-related changes in tuning in prefrontal cortex. 
The tuning changes observed in single neurons imply that attention actually changes the way that signals are 
represented throughout the cerebral cortex, expanding the cortical representation of attended stimuli at the cost 
of compressing the representation of unattended stimuli. In other words, it is likely that attention does not merely 
increase SNR, but it changes the very way that information is represented throughout the cortical hierarchy.

Talk session V: Circuits and gating (Part II)
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The neural mechanisms involved in finding sought targets
Nicole Rust, University of Pennsylvania

Finding sought visual targets requires our brains to flexibly combine working memory information about what we 
are looking for with visual information about what we are looking at.  To investigate this comparison process, we 
recorded neural responses in inferotemporal cortex (IT) and perirhinal cortex (PRH) as macaque monkeys perform 
tasks that require them to find visual targets in sequences of distractors. Our results reveal the existence of 
computations in PRH that act on input arriving from IT to produce a signal that indicates when a target is found.  
Additionally, input-output models fit to our data reveal that these PRH computations can be accounted for by a 
relatively simple process.  These results suggest that much of the complexity reflected in the PRH responses is 
thus likely inherited from PRH inputs.

Talk session V: Circuits and gating (Part II)
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Changes-of-mind during decision-making: neural correlates on 
single trials
Roozbeh Kiani, New York University

Decision-making is a complex process in which different sources of information are combined into a decision 
variable (DV) that guides action. Neurophysiological studies have typically sought insight into the dynamics of the 
decision-making process and its neural mechanisms through statistical analysis of large numbers of trials from 
sequentially recorded single neurons or small groups of neurons. However, detecting and analyzing the DV on 
individual trials has been challenging. Here we show that by recording simultaneously from hundreds of units in 
pre-arcuate gyrus of macaque monkeys performing a direction discrimination task, we can predict the monkey’s 
choices with high accuracy and decode DV dynamically as the decision unfolds on individual trials. This advance 
enabled us to study changes-of-mind (CoM) that occasionally happen before the final commitment to a decision. 
On individual trials, the decoded DV varied significantly over time and occasionally changed its sign, identifying a 
potential CoM. Interrogating the system by random stopping of the decision-making process during the delay 
period after stimulus presentation confirmed the validity of identified CoM. Importantly, the properties of the 
candidate CoM also conformed to expectations based on prior theoretical and behavioral studies: they were more 
likely to go from an incorrect to a correct choice; they were more likely for weak and intermediate stimuli than for 
strong stimuli; and they were more likely earlier in the trial. We suggest that simultaneous recording of large 
neural populations provides a good estimate of DV and explains idiosyncratic aspects of the decision-making 
process that were inaccessible before.

Talk session V: Circuits and gating (Part II)
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Decoding of visuospatial attention from lateral prefrontal 
cortex neuronal ensembles
Julio Martinez Trujillo, University of Western Ontario

To successfully interact with the environment the brain must select and filter out behavioral relevance information 
from the irrelevant, a process known as selective attention. In primates, the lateral prefrontal cortex (LPFC), located 
anterior to the arcuate sulcus and posterior to the principal, it is thought to play a fundamental role in the 
voluntary allocation of attention. We recorded the responses of many neurons in this area using multielectrode 
arrays while macaque monkeys allocated attention to a target stimulus in the presence of distracters. A large 
proportion of neurons were selective for the allocation of spatial attention to one location in the visual field. We 
show that the allocation of attention across the visual field could be accurately estimated, on a single trial basis, 
from the simultaneous activity of LPFC neuronal ensembles using a linear decoder. The decoding accuracy was 
substantially larger than the one provided by single neurons, and it was strongly influenced by the size and 
composition of neuronal ensembles. Finally, the correlation structure of the neuronal ensembles influenced 
decoding accuracy also depending on the ensemble size and composition.

Talk session V: Circuits and gating (Part II)
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Neural basis of rhythmic selective attention
Sabine Kastner, Princeton University

The selection of information from our cluttered sensory environments is one of the most fundamental cognitive 
operations performed by the primate brain. In the visual domain, the selection process is thought to be mediated 
by a static spatial mechanism – a ‘spotlight’ that can be flexibly shifted around the visual scene. This spatial search 
mechanism has been associated with a large-scale network that consists of multiple nodes distributed across all 
major cortical lobes and includes also subcortical regions.  To identify the specific functions of each network node 
and their functional interactions is a major goal for the field of cognitive neuroscience.  In my talk, I will show 
behavioral and neural evidence that the attentional spotlight is neither stationary nor unitary. In the appropriate 
behavioral context, even when spatial attention is sustained at a given location, additional spatial mechanisms 
operate flexibly in parallel to monitor the visual environment. These rhythmic processes can be linked to a specific 
fronto-parieto-thalamic network.   This evidence indicates the need for major revisions of traditional attention 
accounts.

Talk session V: Circuits and gating (Part II)
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Neurophysiology of Cognitive Control in Human PFC
Sameer Sheth, Columbia University

Cognitive control refers to the allocation of mental resources to optimize the performance of goal-driven behavior. 
Many of our decisions in daily life require the engagement of cognitive control processes. For example, when 
approaching a traffic intersection in which the signal turns yellow, cognitive control processes must engage in 
order to make the optimal decision of hitting the brake, hitting the accelerator, or cruising. Examples of these 
processes include maintaining the context of long-term goals in working memory (Am I in a rush? How many 
points are on my driving license?), focusing attention on relevant environmental parameters (speed, distance to 
intersection, presence of police vehicle or traffic camera) while ignoring irrelevant ones (kids yelling in the back 
seat), choosing responses concordant with long-term goals (avoiding large fines) while overriding prepotent or 
automatic responses (get there as fast as I can), monitoring the outcome of previous behavior, and adjusting 
future behavior to maximize profit and minimize pain.

The prefrontal cortex (PFC) is known to play an important role in controlled decision-making. We have studied 
these processes in the human brain using the opportunities afforded by neurosurgical procedures requiring 
intracranial neurophysiological recordings. Patients undergoing either deep brain stimulation for movement 
disorders or intracranial electrode implantation for seizure monitoring consented to these studies with 
institutional IRB approval. They performed the multi-source interference task (MSIT), a Stroop-like task requiring 
controlled decision-making.

We find that individual neurons in the dorsal anterior cingulate cortex (dACC), a region within the medial PFC 
(mPFC), encode key aspects of these control processes. Approximately one-quarter of the ~200 recorded dACC 
neurons encode task difficulty or “conflict”, a parameter that would be required in order to appropriately allocate 
control. Another approximately one-quarter of the dACC neurons encode response selectivity, preferentially 
changing their firing rate in accordance with the correct response. Approximately one-fifth of the neurons are 
sensitive to the presence of feedback, modulating their firing rate in a pattern consistent with an unsigned 
prediction error. We also recorded local field potentials (LFPs) from dACC and dorsolateral PFC (dlPFC). Granger 
causality and conditional mutual information analyses revealed that feedback information is transferred from 
dACC to dlPFC, preferentially so by modulation of oscillatory power in the theta band. Finally, we recorded spiking 
activity in the dlPFC and find that as opposed to dACC neurons, these neurons preferentially encode information 
about task difficulty not in firing rate, but rather in spike-theta coherence.

Taken together, these findings suggest that key aspects of controlled decision-making, including monitoring of 
task difficulty and feedback, are encoded in firing rate changes in dACC neurons, and that this information is 
conveyed to dlPFC using theta synchrony. These findings have implications for refining models of cognitive 
control processes in human PFC.

Talk session VI: Executive control
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Prefrontal-cingulate cortex cell and circuit motifs controlling 
flexible stimulus selection
Thilo Womelsdorf, York University

Neurons in primate prefrontal cortex control the formation of large-scale attention networks, but how the activity 
of cells and circuits exerts network control is unknown. This talk outlines possible mechanisms on how 
rhythmically structured activation of single neurons links to large scale network dynamics.

I will first provide empirical evidence including an illustration that burst-synchronization serves as potent 
candidate mechanism to achieve network control during attentional states. Prefrontal burst firing of single 
neurons increases during attentional states, synchronizes long-range those prefrontal and anterior cingulate 
cortices that also functionally interact during controlled behavior, and is subserved by specific cell-types - with 
interneuron bursts likely triggering remote LFP coherence at beta frequencies and pyramidal cell bursts reflecting 
most likely coherent dendritic-input.

This example-case of attention-specific burst synchronization gives rise to a Dynamic Circuit Motifs hypothesis that 
predicts a unique linkage of (1) the (burst-) synchronized activation state, (2) the underlying structural 
components (cell types and dendritic currents), and (3) the generic computational function implemented by the 
activated motif (context-dependent gating). The talk discuss the challenges and merits of a Dynamic Circuit Motifs 
perspective to advance our understanding of long-range attention networks.
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Expectation and attention
Christopher Summerfield, Oxford University

Under a widely-accepted framework in sensory neuroscience, perceptual decisions are limited by noise in sensory 
encoding.  However, a long tradition in cognitive psychology emphasises that decisions are limited by the 
capacity of information processing. I will describe a computational framework that unifies these two views, with a 
focus on how cues providing advance information about the probability of sensory signals (expectation) and their 
relevance (attention) modulate perceptual decisions.
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Representations of attentional priority in human visual cortex
John Serences, University of California, San Diego

Computational theories propose that spatial attention modulates the topographical landscape of ‘priority’ maps 
in regions of visual cortex so that the location of an important object is associated with higher activation levels. 
Consistent with this framework, single-unit recording studies reveal attention-related increases in the gain of 
neural responses as well as changes in the size of spatial receptive fields. However, the joint impact of these 
modulations on the overall fidelity of region-level priority maps is not well understood. I will speak about our 
work using fMRI to reconstruct spatial representations of attended and ignored stimuli using large-scale 
activation patterns measured from areas of occipital, parietal and frontal cortex.
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Double dipping thresholds? An alternative framework to 
explain double/multiple changes of mind
Santiago Alonso Diaz, Brain and Cognitive Sciences, University of Rochester, NY, USA
Jessica Cantlon, Brain and Cognitive Sciences, University of Rochester, NY, USA
Steven Piantadosi, Brain and Cognitive Sciences, University of Rochester, NY, USA 

A dominant framework in decision-making (perceptual or economic) is accumulation of evidence up to a 
threshold. An underrated challenge is the existence of changes of mind: an initial decision that changes abruptly 
to favor a different alternative. In its essence, the framework does not predict changes of mind because once a 
threshold is hit the theory posits that a commitment is made. A proposed solution is to relax this assumption and 
add a second post-decision threshold. Nonetheless, here we present robust evidence that subjects can change 
their mind more than once. To explain them, the threshold framework would require a double dip: a second 
post-post decision threshold. Instead, we propose and show that evidence can be used in real time to try to 
continuously infer the most likely target of behavior. Importantly, double/multiple changes of mind are natural 
consequences of statistical fluctuations of the evidence stream without the need of additional decision bounds. 

Alonso-Diaz, S., Cantlon, J. F., & Piantadosi, S. T. (2015). Cognition in reach: continuous statistical inference in optimal motor 
planning. In Proceedings of the Thirty-Seventh Annual Conference of the Cognitive Science Society.

Ratcliff, R., & McKoon, G. (2008). The diffusion decision model: theory and data for two-choice decision tasks. Neural 
Computation, 20(4), 873–922. doi:10.1162/neco.2008.12-06-420

Resulaj, A., Kiani, R., Wolpert, D. M., & Shadlen, M. N. (2009). Changes of mind in decision-making. Nature, 461(7261), 
263–6. doi:10.1038/nature08275

Shadlen, M. N., & Kiani, R. (2013). Decision making as a window on cognition. Neuron, 80(3), 791–806. 
doi:10.1016/j.neuron.2013.10.047.
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Number intrusions to visual probability judgments
Santiago Alonso Diaz, Brain and Cognitive Sciences, University of Rochester, NY, USA
Steven Piantadosi, Brain and Cognitive Sciences, University of Rochester, NY, USA
Benjamin Hayden, Brain and Cognitive Sciences, University of Rochester, NY, USA
Jessica Cantlon, Brain and Cognitive Sciences, University of Rochester, NY, USA 

An interesting finding in risky decision-making is that when people decide between probabilities, say 1/2 vs. 4/8, 
they prefer the option with larger number. The problem is that an ideal agent that properly represents 
probabilities should be indifferent. Thus, people either do not represent probabilities, are irrational, or both. 
Nonetheless, here we propose and test a novel perspective: number intrusions. In the context of a risky visual 
decision task, we demonstrate robust probability representations that still are affected by the discrete numbers 
that compose them, specially the numerator. This strongly suggests that people compute probabilities from the 
numbers involved but continue to pay attention in their final choice to raw numerical information. We briefly 
present two potential theories on how number intrusions could occur in probability judgments: 1) weighting of 
probability and number cues, or 2) prior biases about the probability of win that are modulated by the numerator 
and denominator.  

Denes-Raj, V., Epstein, S., & Cole, J. (1995). The Generality of the Ratio-Bias Phenomenon. Personality and Social Psychology 
Bulletin, 21(10), 1083–1092. doi:10.1177/01461672952110009

Kirkpatrick, L. A., & Epstein, S. (1992). Cognitive-experiential self-theory and subjective probability: further evidence for two 
conceptual systems. Journal of Personality and Social Psychology, 63(4), 534–44.

Pacini, R., & Epstein, S. (1999). The Interaction of Three Facets of Concrete Thinking in a Game of Chance. Thinking & 
Reasoning, 5(4), 303–325. doi:10.1080/135467899393959

Reyna, V. F., & Brainerd, C. J. (2008). Numeracy, ratio bias, and denominator neglect in judgments of risk and probability. 
Learning and Individual Differences, 18(1), 89–107. doi:10.1016/j.lindif.2007.03.011
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Economic roles of subgenual and dorsal anterior cingulate 
cortices in risky choice
Habiba Azab, Department of Brain and Cognitive Sciences, University of Rochester
Benjamin Hayden, Department of Brain and Cognitive Sciences, University of Rochester

Most models of dorsal anterior cingulate cortex (dACC) emphasize its cognitive and regulatory functions, while 
models of subgenual ACC (sgACC) emphasize its emotional, limbic, and arousal-related roles. To compare these 
areas directly, we recorded activity in both regions in a task in which monkeys gambled for tokens (so that we 
could compare wins and losses). We found that, while sgACC was more weakly driven, both regions encoded 
several basic economic variables; including offer values, remembered values, chosen values, and outcome values. 
We found that dACC, although not sgACC, encodes the value difference and choice probability, suggesting it 
contributes directly to choice. Overall, sgACC showed enhanced firing for losses and dACC showed enhanced 
firing for outcome magnitude, regardless of valence. These results highlight the common economic functions of 
the anterior cingulum, and suggest there may be some specialization for comparison and for sign of outcome.
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Encoding of task-relevant stimulus features in ensembles of 
primate prefrontal neurons
Theda Backen, Physiology Dept, McGill University, Montreal, QC, Canada
Stefan Treue, Cognitive Neuroscience Laboratory, German Primate Center, Goettingen, Germany
Julio C. Martinez-Trujillo, Robarts Research Institute, Physiology & Pharamacology Dept., Brain   
and Mind Institute, University of Western Ontario, London, ON, Canada

Due to limited cognitive resources, we need to selectively filter behaviorally relevant from irrelevant information, 
an ability referred to as visual attention. Recent studies have implicated the primate prefrontal (PFC) area 8a in 
visual attention. However, the detailed mechanisms of how ensembles of neurons in this area support this 
behavior are still unclear. In particular, because most previous research used single unit electrophysiology, it is 
not known whether stimuli information is represented through the activity of specialized single units or whether 
it is distributed across a population. Using 96-channel microelectrode arrays, we recorded the activity from large 
ensembles of neurons in area 8a of two macaque monkeys performing a covert attention task. The animals had to 
report a motion direction change in one of two colored moving random dot patterns while ignoring the other; the 
correct choice of target depended on a learned color rule. We found that single units were selective for both the 
location of the target stimulus and the motion direction of the stimuli but we did not find selectivity for target 
color (multi-variate ANOVA). Using a linear classifier (support vector machine), we assessed information coding at 
the ensemble level and found that ensembles of neurons are more informative about the stimuli than even the 
best individual single units. Interestingly, the network ensembles significantly encoded the target color, even 
when single units were not tuned for this feature. Taken together, this suggests that stimulus coding is distributed 
across a population of interconnected neurons in the PFC.
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What can higher moments of aggregate neural responses in 
reward regions interpret?
Pragathi Priyadharsini Balasubramani, University of Rochester, NY, USA
Benjamin Hayden, University of Rochester, NY, USA

Brain’s reward system has a major role in influencing attention.  Understanding the relationship between single 
neuron activity and its aggregate patterns is important for interpreting mass measures like fMRI for the reward 
system. Our goal was to describe the responses of groups of neurons in the core reward areas ventromedial 
prefrontal cortex (vmPFC), ventral striatum (VS), dorsal anterior cingulate cortex (dACC) and subgenual anterior 
cingulate cortex (sgACC) in a basic economic choice task. Although single neurons were heterogeneous, we find 
consistent relationships between basic economic variables and both first-order (mean) and second order (variance 
and fano factor) statistics. Of these, the second moment had a higher effect size in interpreting reported 
hemodynamic measures. We found no detectable changes in local field potential activity to these same variables. 
These results provide a baseline characterization of the aggregate effects of economic variables on reward 
neurons, and raise the possibility that hemodynamic measures effectively reflect higher moments of neural 
activity.

Boorman, E.D., et al., How green is the grass on the other side? Frontopolar cortex and the evidence in favor of alternative 
courses of action. Neuron, 2009. 62(5): p. 733-743.

Bartra, O., J.T. McGuire, and J.W. Kable, The valuation system: a coordinate-based meta-analysis of BOLD fMRI experiments 
examining neural correlates of subjective value. Neuroimage, 2013. 76: p. 412-427.

Hayden, B.Y., J.M. Pearson, and M.L. Platt, Fictive reward signals in the anterior cingulate cortex. science, 2009. 324(5929): 
p. 948-950.

Kolling, N., et al., Neural mechanisms of foraging. Science, 2012. 336(6077): p. 95-98.

Heeger, D.J., et al., Spikes versus BOLD: what does neuroimaging tell us about neuronal activity? Nature neuroscience, 
2000. 3: p. 631-632.

Mukamel, R., et al., Coupling between neuronal firing, field potentials, and FMRI in human auditory cortex. Science, 2005. 
309(5736): p. 951-954.

Ekstrom, A., How and when the fMRI BOLD signal relates to underlying neural activity: the danger in dissociation. Brain 
research reviews, 2010. 62(2): p. 233-244.

Logothetis, N.K., et al., Neurophysiological investigation of the basis of the fMRI signal. Nature, 2001. 412(6843): p. 
150-157.

Maher, J.M., J.C. Markey, and D. Ebert-May, The other half of the story: effect size analysis in quantitative research. CBE-Life 
Sciences Education, 2013. 12(3): p. 345-351.
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Independent effects of spatial and feature-based attention on 
the gain and tuning of orientation-selective filters
Antoine Barbot, Department of Psychology, New York University, USA
Valentin Wyart, Laboratoire de Neurosciences Cognitives, Department des Etudes Cognitives, 
Ecole Normale Superieure, Paris, France
Marisa Carrasco, Department of Psychology and Center for Neural Sciences, New York University, 
USA

Distinct attentional mechanisms modulate the processing of visual stimuli appearing at relevant locations and 
containing relevant features. Several studies have separately shown that spatial attention enhances the gain of 
population responses, whereas feature-based attention both enhances the gain and narrows the tuning of 
population responses. However, little is known regarding how both types of attention interact when jointly 
manipulated. Here, we investigated how spatial and feature-based attention jointly affect the energy sensitivity 
profile of orientation-selective filters using a reverse correlation method.

Two Gaussian noise patches presented on the left and right of fixation could each contain a Gabor signal, either 
vertically or horizontally oriented. On each trial, an informative (66% valid) precue indicated both the relevant 
location (spatial) and orientation (feature-based) of the to-be-detected target. Participants judged the presence or 
absence of a target signal, at the location and with the orientation indicated by a response cue. A 
reverse-correlation method was used to quantify how signal-like fluctuations in stimulus energy predicted 
trial-to-trial variability in participants’ judgments, and assess the energy sensitivity profile of orientation-selective 
filters.

Spatial and feature-based attention improved performance (d´) in an additive and independent way. Moreover, 
both types of attention differentially modulated the energy sensitivity of orientation-selective filters. Whereas 
spatial attention only enhanced the gain of orientation-selective filters, feature-based attention increased the gain 
and sharpened the tuning of orientation-selective filters. Our findings provide direct evidence regarding how 
spatial and feature-based attention jointly affect sensory processing, narrowing the gap between perception and 
known neurophysiological effects.

Supported by NIH RO1 EY16200 to MC. 
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Distinct neural patterns involved in three aspects of flexibly 
switching attention between a pair of tasks
Kelly Burke, The Dominick P. Purpura Department of Neuroscience, The Sheryl and Daniel R. 
Tishman Cognitive Neurophysiology Laboratory, Department of Pediatrics, Albert Einstein College 
of Medicine, Bronx, NY, USA
Sophie Molholm, The Dominick P. Purpura Department of Neuroscience, The Sheryl and Daniel R. 
Tishman Cognitive Neurophysiology Laboratory, Department of Pediatrics, Albert Einstein College 
of Medicine, Bronx, NY, USA
John J. Foxe, The Ernest J. Del Monte Institute for Neuromedicine and the Department of 
Neuroscience, University of Rochester Medical Center, Rochester, NY, USA

A key aspect of cognitive control is the ability to flexibly switch our attention between competing streams of 
information and to alternate seamlessly between tasks. This seemingly effortless ability belies the multitude of 
processes and brain circuits that must be engaged, resulting in a small but reliable switching cost. It is noteworthy 
that faster individuals also are more accurate. The switch cost is influenced by the presence of distracting, 
incongruent stimuli and whether the current task requires the same or a different motor response to the last. We 
sought – using high-density electroencephalography and blind source separation (ICA) - to demonstrate that 
individuals are differentially affected by switching, incongruency, and response-switching, and that these 
differences are associated with functional variations in network processing. Response times indicated a range of 
behavioral strategies to resolve these three sources of conflict. This was mirrored in the neural activity, which 
revealed overlapping but distinct subsets of regions in the frontoparietal network involved in contending with 
each factor. Specifically, parietal cortex consistently played an integral role in switching only. Also Individuals 
activating fewer regions had smaller switch costs, indicating they may be able to more efficiently recruit the 
necessary regions. On the other hand, individuals with smaller incongruent costs engaged more regions 
indicating a need for more regions online to detect and inhibit processing of distracting stimuli. Flexibly 
regulating attention requires an array of processes to occur, and mapping out this activity will allow us to better 
understand what makes for efficient switching.

Goschke, T. (2000). Intentional reconfiguration and involuntary persistence in task set switching. In S. Monsell & J. Driver 
(Eds.), Control of Cognitive Processes: Attention and Performance XVIII (pp. 320-344). Cambridge, MA: MIT Press.
Jersild, A. T. (1927). Mental Set and Shift. Archives of Psychology, 89. 

Mecklinger, A. D., von Cramon, D. Y., Springer, A., & Matthes-von Cramon, G. (1999). Executive control functions in task 
switching: evidence from brain injured patients. J Clin Exp Neuropsychol, 21(5), 606-619. doi:10.1076/jcen.21.5.606.873

Meiran, N., & Daichman, A. (2005). Advance task preparation reduces task error rate in the cuing task-switching paradigm. 
Mem Cognit, 33(7), 1272-1288.

Nieuwenhuis, S., & Monsell, S. (2002). Residual costs in task switching: testing the failure-to-engage hypothesis. Psychon 
Bull Rev, 9(1), 86-92. 

Posner, M. I., Walker, J. A., Friedrich, F. A., & Rafal, R. D. (1987). How do the parietal lobes direct covert attention? 

Neuropsychologia, 25(1A), 135-145.  

Rogers, R. D., & Monsell, S. (1995). Costs of a Predictable Switch between Simple Cognitive Tasks. Journal of Experimental 
Psychology-General, 124(2), 207-231. doi:Doi 10.1037//0096-3445.124.2.207

Sundermann, B., & Pfleiderer, B. (2012). Functional connectivity profile of the human inferior frontal junction: involvement 
in a cognitive control network. BMC Neurosci, 13, 119. doi:10.1186/1471-2202-13-119

Vallee-Tourangeau, F. (2013). Interactivity, efficiency, and individual differences in mental arithmetic. Exp Psychol, 60(4), 
1-10. doi:10.1027/1618-3169/a000200



Distinct neural patterns involved in three aspects of flexibly 
switching attention between a pair of tasks
Kelly Burke, The Dominick P. Purpura Department of Neuroscience, The Sheryl and Daniel R. 
Tishman Cognitive Neurophysiology Laboratory, Department of Pediatrics, Albert Einstein College 
of Medicine, Bronx, NY, USA
Sophie Molholm, The Dominick P. Purpura Department of Neuroscience, The Sheryl and Daniel R. 
Tishman Cognitive Neurophysiology Laboratory, Department of Pediatrics, Albert Einstein College 
of Medicine, Bronx, NY, USA
John J. Foxe, The Ernest J. Del Monte Institute for Neuromedicine and the Department of 
Neuroscience, University of Rochester Medical Center, Rochester, NY, USA

A key aspect of cognitive control is the ability to flexibly switch our attention between competing streams of 
information and to alternate seamlessly between tasks. This seemingly effortless ability belies the multitude of 
processes and brain circuits that must be engaged, resulting in a small but reliable switching cost. It is noteworthy 
that faster individuals also are more accurate. The switch cost is influenced by the presence of distracting, 
incongruent stimuli and whether the current task requires the same or a different motor response to the last. We 
sought – using high-density electroencephalography and blind source separation (ICA) - to demonstrate that 
individuals are differentially affected by switching, incongruency, and response-switching, and that these 
differences are associated with functional variations in network processing. Response times indicated a range of 
behavioral strategies to resolve these three sources of conflict. This was mirrored in the neural activity, which 
revealed overlapping but distinct subsets of regions in the frontoparietal network involved in contending with 
each factor. Specifically, parietal cortex consistently played an integral role in switching only. Also Individuals 
activating fewer regions had smaller switch costs, indicating they may be able to more efficiently recruit the 
necessary regions. On the other hand, individuals with smaller incongruent costs engaged more regions 
indicating a need for more regions online to detect and inhibit processing of distracting stimuli. Flexibly 
regulating attention requires an array of processes to occur, and mapping out this activity will allow us to better 
understand what makes for efficient switching.

Goschke, T. (2000). Intentional reconfiguration and involuntary persistence in task set switching. In S. Monsell & J. Driver 
(Eds.), Control of Cognitive Processes: Attention and Performance XVIII (pp. 320-344). Cambridge, MA: MIT Press.
Jersild, A. T. (1927). Mental Set and Shift. Archives of Psychology, 89. 

Mecklinger, A. D., von Cramon, D. Y., Springer, A., & Matthes-von Cramon, G. (1999). Executive control functions in task 
switching: evidence from brain injured patients. J Clin Exp Neuropsychol, 21(5), 606-619. doi:10.1076/jcen.21.5.606.873

Meiran, N., & Daichman, A. (2005). Advance task preparation reduces task error rate in the cuing task-switching paradigm. 
Mem Cognit, 33(7), 1272-1288.

Nieuwenhuis, S., & Monsell, S. (2002). Residual costs in task switching: testing the failure-to-engage hypothesis. Psychon 
Bull Rev, 9(1), 86-92. 

Posner, M. I., Walker, J. A., Friedrich, F. A., & Rafal, R. D. (1987). How do the parietal lobes direct covert attention? 
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Neuropsychologia, 25(1A), 135-145.  

Rogers, R. D., & Monsell, S. (1995). Costs of a Predictable Switch between Simple Cognitive Tasks. Journal of Experimental 
Psychology-General, 124(2), 207-231. doi:Doi 10.1037//0096-3445.124.2.207

Sundermann, B., & Pfleiderer, B. (2012). Functional connectivity profile of the human inferior frontal junction: involvement 
in a cognitive control network. BMC Neurosci, 13, 119. doi:10.1186/1471-2202-13-119

Vallee-Tourangeau, F. (2013). Interactivity, efficiency, and individual differences in mental arithmetic. Exp Psychol, 60(4), 
1-10. doi:10.1027/1618-3169/a000200
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State-dependent synchronization of specific cell types to 
oscillations across cortical layers in the mouse
Amanda E. Casale, Systems Neurobiology Laboratories, Salk Institute for Biological Studies, La 
Jolla, CA, USA
Jude F. Mitchell, Brain and Cognitive Sciences, University of Rochester, Rochester, NY, USA
Edward M. Callaway, Systems Neurobiology Laboratories, Salk Institute for Biological Studies, La 
Jolla, CA, USA 

Endogenous brain states can fundamentally change the way sensory information is processed. Studies in 
nonhuman primates suggest that endogenous brain states interact with sensory stimuli to alter entrainment of 
neural activity to ongoing rhythms in the cortex (Fries et al., 2001; Mitchell et al., 2009). It is unclear whether 
unique neural populations entrain differentially to specific rhythms (Vinck et al, 2013). It is also unknown how 
laminar position within the cortex might affect entrainment to oscillations. To address this, we compared the 
entrainment of pyramidal cells and optogenetically “tagged” parvalbumin-positive (PV+) inhibitory interneurons 
to oscillations throughout the depth of mouse primary visual cortex during two brain states defined by the 
animal’s behavior (i.e., resting or running) (Neill and Stryker, 2010). During quiet rest, PV+ and pyramidal cells 
showed strong spiking entrainment to delta oscillations (1 - 5 Hz). When running, spike-locking to delta 
frequencies was reduced for both cell types. At higher frequencies (30 – 80 Hz gamma band), PV+ units were 
more strongly entrained than pyramidal cells regardless of behavioral state. These effects were localized to cortical 
layer 4. Addition of a visual stimulus during rest increased spike-locking of both cell types to frequencies below 
gamma (< 30 Hz) compared with rest alone. Visual stimuli presented during periods of running reduced low 
frequency entrainment to levels similar to those seen during running alone for both cell types. PV+ units were 
more entrained to higher frequency oscillations than pyramidal cells regardless of behavioral state. Again, these 
effects were localized to the cortical input layer. Our results suggest that layer specific neural populations are 
differentially entrained to oscillations across brain states. 

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

Mitchell, J.F., Sundberg, K.A., Reynolds, J.H. (2009) Spatial attention decorrelates intrinsic activity fluctuations in macaque 
area V4. Neuron, 63(6), 879-888.

Vinck, M., Womelsdorf, T., Buffalo E.A., Desimone, R., Fries, P. (2013). Attentional modulation of cell-class-specific 
gamma-band synchronization in awake monkey area V4. Neuron, 80(4), 1077-89.

Niell, C. M. and M. P. Stryker (2010) Modulation of visual responses by behavioral state in mouse visual cortex. Neuron, 
65(4), 472-479.



30th CVS Symposium

Poster Abstracts

June 3-5, 2016

9

Characterizing Non-Human Primate Eye-movement Behaviour 
and Kinematics in a Virtual Environment
Benjamin Corrigan, McGill University, Montreal, QC, CA
Guillaume Doucet, McGill University, Montreal, QC, CA
Roberto Gulli, McGill University, Montreal, QC, CA
Julio Martinez, Western, London, ON, CA

Virtual environments have become a popular way of studying in humans, but only have limited documentation 
and characterization in non-human primates. In order to characterize eye movements in non-human primates 
navigating a virtual environment, two male rhesus macaques performed a context-object associative learning task 
and a foraging task within a virtual environment, as well as a classical visually guided saccade task. We recorded 
eye positions to characterize their eye movements, and also investigated the effects of different tasks, and task 
demands, on oculomotor behaviour.

We classified saccades, intersaccadic intervals as either fixations or optokinetic following response, and 
post-saccadic oscillations. We characterized the amount of time spent on each behaviour, and compared the 
durations of the inter saccadic intervals across each task. We found similar results between the virtual 
environment tasks, but more following response in both than the saccade task. When breaking up the context 
learning task into different task periods, there were significant changes in the duration of Intersaccadic intervals.
When comparing the saccadic main sequence, we found differences between the three tasks. Task period in the 
context learning task also had an effect on the main sequence.

Eye-movement behaviour studies are very important to visual attention, and the main sequence has been 
suggested to be a biomarker for both arousal and attention. The main sequence can change between tasks in 
virtual environments, and even vary with task demands.
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Covert attentional orienting first suppresses then enhances 
spiking responses across all cortical layers in primary visual 
cortex
Michele A. Cox, Department of Psychology, Vanderbilt University, Nashville, TN, USA
Kacie Dougherty, Department of Psychology, Vanderbilt University, Nashville, TN, USA
David A. Leopold, Laboratory of Neuropsychology, NIMH, NIH, Bethesda, MD, USA
Alexander Maier, Department of Psychology, Vanderbilt University, Nashville, TN, USA

Orienting of attention is a temporally dynamic process.  However, most neurophysiological investigations are 
constricted to periods when attention is statically fixed on a target. In this study, we investigated the dynamic 
influences of covert attentional orienting on visual responses in area V1. The behavioral paradigm consisted of a 
stimulus onset event that preceded attentional cuing by several hundred milliseconds. The attentional cue was a 
small (0.5o) bar presented at fixation, several degrees (μ = 3.6 o) from the neurons’ receptive field. This 
directional cue indicated the peripheral stimulus most likely to change contrast later in the trial; animals were 
rewarded for indicating this contrast change. Because our paradigm separated stimulus and cue onset in both 
space and time, we were able to examine the temporal evolution of neural activity following cue onset as 
attention was shifted from fixation to the target stimulus. Two distinct phases of activity were observed. Initially, 
V1 neurons exhibited a sharp, significant suppression of spiking activity, despite the constant presence of a 
stimulus in the receptive field, that often brought spiking activity close to pre-stimulus baseline rates. This 
transient suppression reversed ~200ms following cue onset, with spiking activity for all stimuli recovering to 
previous response levels, and attended stimuli evoking more spiking than unattended stimuli. Both the 
magnitude and time course of the cue-induced spiking suppression implicate an underlying inhibitory 
mechanism rather than a temporary lack of attentional enhancement. Further, spectral and laminar analyses 
implicate top-down feedback in both the shift-related suppression and subsequent attentional enhancement. 
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It takes two to tango: combinatorial effect of oxytocin and 
opioid blockade on contingent social gaze dynamics
Matthew Piva, Department of Neuroscience, Yale University School of Medicine, New Haven, CT 
Marios Tringides, Department of Psychology, Yale University, New Haven, CT 
Douglas Streat, Department of Psychology, Yale University, New Haven, CT 
Jason Morris, Department of Psychology, Yale University, New Haven, CT 
Steve Chang, Department of Psychology, Yale University, New Haven, CT 

Upon encountering other people in daily life, we not only react to their gaze patterns, but also initiate 
interactions, observe reactions, and respond using our own gaze behavior. This dynamic and contingent gaze 
interaction between individuals is a hallmark of social attention. However, there is a significant knowledge gap in 
our understanding of social attention with respect to contingent gaze dynamics. Moreover, the role of 
neuromodulations in social gaze dynamics remains unclear. 

Here, we utilized a novel live gaze interaction paradigm in pairs of rhesus macaques to explore how oxytocinergic 
and opioidergic systems interact to modulate contingent gaze dynamics between two individuals. Pairs of 
monkeys freely explored the face of a conspecific following systemic administration of either oxytocin or an opioid 
antagonist, naloxone, or both. We then modeled the gaze dynamics as a decay process of sustained social 
attention following mutual eye contact.

We found that oxytocin combined with naloxone enhanced attention to the eyes of a conspecific’s face. Notably, 
following mutual eye contact, the combination of oxytocin and naloxone uniquely enhanced levels of prolonged 
social attention compared to oxytocin or naloxone alone. Our findings indicate that the combination of oxytocin 
and naloxone effectively increases social attention and exploration during dynamic social interactions, in 
agreement with the known regulatory relationship between oxytocin and opioid systems, in which attenuated 
opioid processing is selectively associated with stronger oxytocin release from the posterior pituitary. 
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Contributions of visual and extra-retinal mechanisms to 
rotation-tolerant heading selectivity in macaque area MSTd
Adam D. Danz, Center for Visual Science, University of Rochester, NY
Dora E. Angelaki, Department of Neuroscience, Baylor College of Medicine, Houston TX
Gregory C. DeAngelis, Center for Visual Science, University of Rochester, NY

Optic flow provides a reliable cue for heading estimation when the eyes do not rotate relative to the scene. When 
the eyes rotate relative to the world, a global component of motion is added to the retinal flow field, thus 
confounding the relationship between optic flow and heading.  To overcome this confound, the visual system 
could use extra-retinal signals to compensate for the effects of eye rotation on responses of heading-selective 
neurons.  Alternatively, the visual system may have mechanisms to decompose the flow field into translational 
and rotational components based on the differential depth dependencies of these flow components.  
 
To identify the relative contributions of these strategies we measured the heading tuning of MSTd neurons while 
macaque monkeys actively pursued a moving target or maintained fixation while eye rotations were simulated 
visually. Results to date show stronger rotation compensation of heading tuning with a 3D virtual environment 
than with a 2D scene structure, for both real and simulated eye rotations.  In the 2D environment, real eye 
rotation results in greater compensation than simulated rotation.  In all conditions, the extent of rotation 
compensation is greater than what is expected from rotation-intolerant neurons. These data suggest that both 
visual and non-visual mechanisms contribute to generating a neural representation of heading in area MSTd that 
is partially tolerant to eye rotations. We will compare our findings to recent results from the ventral intraparietal 
area (Sunkara et al. 2015). 

Sunkara, A., DeAngelis, G. C., & Angelaki, D. E. (2015). Role of visual and non-visual cues in constructing a rotation-invariant 
representation of heading in parietal cortex. Elife, 4

Supported by NEI EY016178.
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Dynamics of voluntary and involuntary temporal attention
Rachel N. Denison, David J. Heeger, Marisa Carrasco
Department of Psychology and Center for Neural Science, New York University, NY, USA

We tested the hypothesis that voluntary and involuntary temporal attention continuously interact to affect 
perceptual sensitivity. Temporal attention is the prioritization of visual information at specific points in time, and 
can be either voluntary (goal-directed) or involuntary (stimulus-driven). How these types of attention interact to 
affect perception is essentially unknown. On each trial, two Gabor targets (T1 and T2) were presented successively 
at the same location. We manipulated voluntary temporal attention with an auditory pre-cue that instructed 
participants to attend to T1, T2, or both targets (neutral condition). We presumed that involuntary attention would 
be elicited by T1, and we measured the timecourse of its effects on T2 performance using a variable SOA (100-800 
ms, in different sessions to ensure predictable timing). Each target was independently tilted clockwise or 
counterclockwise (at observers’ thresholds). A response cue instructed participants to report the orientation of 
either T1 or T2. In valid trials, the pre-cue and response cue matched (75%); in invalid trials, they mismatched 
(25%). We developed computational models of attentional dynamics and stimulus processing in neural 
populations and fit them to the behavioral data. Accuracy was higher for valid than invalid cues for both targets at 
intermediate SOAs. Overall accuracy increased across SOAs for T1 and was U-shaped for T2. Models of dynamic 
interactions between temporal attention and stimulus processing explained attentional cueing timecourses, 
backward masking effects for T1, and “attentional blink”-like behavior for T2.

Supported by NIH RO1 EY019693 to D.J.H. and M.C. and NIH F32 to R.N.D.
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Predictive Eye/Hand Movements in a Virtual Reality Ball 
Catching Task
Gabriel J Diaz, Kamran Binaee, Jeff B Pelz, Chester F. Carlson Center for Imaging Science, 
Rochester Institute of Technology, Rochester, NY, USA

Goal-directed hand movements have been shown to play a fundamental role in guiding visual attention when 
performing a simple tasks with static objects, as when making tea. Similarly, when interacting with a dynamic 
stimulus, as when catching a ball, one would expect a coupling between the eyes and the hand movements in 
which they are in service. Coordination should be most apparent when the visually guided movements are 
disrupted by transient occlusion of the dynamic stimulus. This approach bears similarity to a common method 
adopted in the study oculomotor control and smooth pursuit, however, stimuli have typically been constrained to 
two dimensions, and tracking performed isolation of manual task.  Thus, the degree to which systems are 
coordinated during prediction remains unclear. To investigate, we track the eyes and hands of subjects as they 
perform a virtual-reality catching task. On each trial, the ball is blanked for 500 ms during movement along a 
parabolic trajectory to a random location within reach of the subject. Pre and post-blank durations were randomly 
selected between trials (Pre-blank: 600, 800, or 1000 ms. Post-blank: 300, 400, or 500ms). Initial results show 
that eye-movements are made in prediction of the ball’s time and location of reappearance. These predictive 
movements were increasingly less accurate when the ball was visible for a longer duration before the blank, 
presumably due to increased angular velocity of the ball upon reappearance. As expected, the short post-blank 
durations motivated placement of the hand at the predicted location of the ball’s arrival prior to its reappearance; 
however, predictive hand placement does not share a bias with pre-blank duration. This incongruence provides 
preliminary evidence against reliance upon a shared representation of extrapolated target trajectory.

1) Diaz, G. J., Cooper, J., Rothkopf, C., & Hayhoe, M. (2013). Saccades to future ball location reveal memory-based prediction 
in a virtual-reality interception task. Journal of Vision, 13(1), [20]. 10.1167/13.1.21

2) Barnes, G. R., & Asselman, P. T. (1991). The mechanism of prediction in human smooth pursuit eye movements. The 
Journal of Physiology, 439, 439–461.

3) Diaz, G., Cooper, J., Kit, D., & Hayhoe, M. (2013) Real-time recording and classification of eye movements in an immersive 
virtual environment. Journal of Vision, 13(12)
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The role of early visual areas in endogenous and exogenous 
attention 
Laura Dugué, Elisha P. Merriam, David J. Heeger & Marisa Carrasco 
NYU, Department of Psychology and Center for Neural Science

GOAL. Covert visual attention is exogenously captured by a sudden stimulus or endogenously allocated according 
to internal goals. Exogenous and endogenous attention are usually investigated separately, both at the 
behavioral and neuronal level. No study has directly compared activity in early visual areas for exogenous and 
endogenous attention using the same task, stimuli and observers. 

METHODS. We measured cortical activity using fMRI, while observers performed a two-alternative forced-choice 
orientation discrimination task. Two sinusoidal grating stimuli briefly appeared in the lower left and right 
quadrants of the visual field. To manipulate endogenous or exogenous attention, a cue indicated the target 
location with 75% or 50% validity, respectively. For both, the cue was either presented before (pre-cue) or after 
(post-cue) the stimuli. At the end of each trial, a central response cue prompted the observers to report the 
orientation of one of the two gratings (target). 

RESULTS. For each observer, we defined retinotopic regions (V1–V4) and measured BOLD activity for valid and 
invalid trials, independently for endogenous and exogenous attention. Early visual areas were differentially 
involved in the allocation of endogenous and exogenous attention, i.e. a valid pre-cue increased fMRI activity for 
exogenous, whereas both a valid pre- and post-cue increased fMRI activity for endogenous. 

CONCLUSION. These results suggest that exogenous attention facilitates selective encoding whereas endogenous 
attention facilitates both selective encoding and selective readout of information.

This work was supported by: NIH RO1-EY019693 to MC and DJH; the FYSSEN Foundation to LD; and the Center for 
Brain Imaging of New York University.
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Construction of neural ensembles for optimal decoding of 
attention in primate prefrontal cortex
Lyndon Duong, Dept. Physiology and Pharmacology, University of Western Ontario, London, ON, 
Canada
Florian Pieper Institute for Neuro- & Pathophysiology, University Medical Center 
Hamburg-Eppendorf (UKE), Hamburg, Germany
Julio Martinez-Trujillo, Dept. Physiology and Pharmacology, University of Western Ontario, 
London, ON, Canada

The allocation of attention can be decoded from the activity of lateral prefrontal cortex (lPFC) neuronal ensembles. 
One issue that remains unclear is the impact of a neural population’s size and composition on decoding of 
attention. To investigate this, we recorded the responses of neurons in lPFC of two macaques using 
microelectrode arrays while they performed a spatial attention task; the animals had to direct attention to a cued 
target stimulus positioned in one of four visual quadrants while ignoring 3 distractors positioned in the 
remaining quadrants.  We altered the size and composition of the neuronal ensembles and the pattern of noise 
correlations, then evaluated their information content using a linear decoder. We found that the location of 
spatial attention was reliably decoded from ensembles of approximately 50 units. We progressively increased the 
number of neurons in an ensemble and assessed decoding performance using two methods; first, we built 
subnetworks of most informative neurons, and second, we built subnetworks that maximized information of the 
ensemble. The decoding performance of the most informative subnetworks was higher than those composed of 
the most informative units. Interestingly, the most informative subnetworks were not comprised of most 
informative units. Finally, removing noise correlations increased the decoding performance of ensembles of most 
informative units, whereas removing correlations in most informative subnetworks of equivalent size had no 
effect on performance. These results indicate a complex effect of ensemble size and composition on the coding of 
attention in lPFC neuronal ensembles. 
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Altered balance between top-down and bottom-up saccadic 
control across exploration and exploitation
Becket Ebitz, Neuroscience Institute, Princeton University, Princeton, NJ USA
Tirin Moore, Neurobiology Department, Stanford University, Stanford, CA USA

In volatile and uncertain environments, periods of exploiting known-rewarding options are interspersed with 
periods of exploration, in which alternatives are sampled. We have recently found that prefrontal 
choice-predictive activity is substantially reduced during exploratory periods. While the frontal eye field (FEF) 
typically predicts the target of an upcoming saccade, in unpublished data, we find that FEF activity contains much 
less information about upcoming saccades during exploration. These results, as well as emerging psychophysical 
work, suggest that exploration can be implemented as an indeterminate state in which choices are allocated 
more randomly. Random choice facilitates trial-and-error learning, allowing discovery of rewarding actions that 
could not be inferred from experience. However, generating randomness is not trivial and it is unclear how the 
brain might support this strategy. One possibility is that choices are only randomized with respect to reward 
history: the extent to which they depend on other factors may be unchanged or increased. Here, we report 
preliminary evidence that during exploration, saccadic choices are more influenced by stimulus contrast, a feature 
conducive to bottom-up attentional capture. This effectively randomizes saccadic choice with respect to reward 
history, but preserves the system’s ability to detect and respond appropriately to critical low-level cues. These 
results suggest that an altered balance between bottom-up and top-down control may be an important 
component of exploratory choice. Changes in response times across explore/exploit states may provide insight 
into whether bottom-up control is directly increased or if top-down control is instead reduced, thereby permitting 
(rather than promoting) bottom-up control.
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Pavlovian to Instrumental transfer within the Peak Procedure
Benjamin Eisenreich, Dept. Psychology University of Montana, Missoula, MT, USA
Allen Szalda-Petree, Dept Psychology, University of Montana, Missoula, MT USA

Typical conceptualizations of concurrent timing tasks have viewed the encoding and usage of time in the 
governance of responding as an independent process from motivational influences. However, a growing body of 
evidence has begun to question this view. The present study sought to: 1) assess the role of motivational 
processes in timing behavior through the implementation of a common motivational phenomenon, pavlovian to 
instrumental transfer, within the peak interval procedure, and 2) examine the impact of fluoxetine in the 
mediation of motivational and motoric factors within the hybrid task. Rats were conditioned to a 15s tone food 
pairing in addition to being trained on a FI 30/peak interval task containing cued trials in which the pavlovian cue 
was present and un-cued trials. In the second portion of the experiment rats were injected with fluoxetine 
5mg/Kg or a saline vehicle and their behavior was assessed. Results indicated a marked increase in overall 
responding within cued trials with no difference in measures of the timing function. However, fluoxetine 
injections abolished this pattern and produced an increase spread in response patterns. Combined with results 
from other studies of incentive shifts in timing behavior, the present results provided evidence for a role of 
motivational processes in the utilization of time as a stimulus cue within behavioral tasks, as well as highlighting 
the function of serotonin pathways in behavioral inhibition. 
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Flashing spotlights: behavioral and electrophysiological 
evidence of rhythmic selective attention
Ian C. Fiebelkorn, Princeton Neuroscience Institute, Princeton University, Princeton, NJ, USA
Mark A. Pinsk, Princeton Neuroscience Institute, Princeton University, Princeton, NJ, USA
Sabine Kastner, Princeton Neuroscience Institute, Princeton University, Princeton, NJ, USA

Imagine New York’s Times Square: tall buildings, blinking lights, and a swarm of people. Given the brain’s limited 
processing resources, this scene represents an overload of sensory information. To sort through it all, the brain 
uses various selection mechanisms, broadly referred to as attention. Spatial selection, one such mechanism, is 
often compared to a spotlight that continuously scans the visual environment, pausing to illuminate potentially 
relevant locations. Research has shown that the enhanced processing associated with this metaphorical spotlight 
is not sustained. Instead, it fluctuates rhythmically, creating alternating periods of enhanced and diminished 
processing. These fluctuations in spatial selection predictably modulate behavioral performance, both by (1) 
influencing the deployment of attention in response to a spatial cue and by (2) influencing perceptual sensitivity 
at the moment a subsequent target occurs. To investigate the neural sources contributing to rhythmicity in 
selective attention, we have simultaneously recorded from three hubs of the attention network in the macaque: 
the frontal eye fields (FEF), the lateral intraparietal area (LIP), and the pulvinar nucleus of the thalamus. Our data 
show that the brain regions and the specific frequencies linked to behavioral performance depend on the 
conditions of attentional deployment at a given location. We describe two flashing spotlights that concurrently 
operate to rhythmically sample the visual environment.
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The dynamics of covert spatial attention during sequential 
saccades 
Saeideh Ghahghaei, The Smith-Kettlewell Eye Research Institute, San Francisco, CA, USA

In natural tasks, targets are processed with a combination of covert and overt attention with eye movements. 
Covert preprocessing of targets can lead to target identification or selection of the target for overt processing. 
Given the effects of processing load on attention, it is important to study covert attention in a well-defined task 
where the eyes are free to move and the characteristics of the stimuli are known. Reading is a familiar task that 
satisfies both conditions. We measured visibility around gaze when the participant read sentences (primary task) 
and detected gaze-contingent probes (secondary task). The processing load of words was either low or high. The 
probe occurred briefly around gaze, with varying delay from the beginning of a fixation. Discrimination of probe 
orientation served as a measure of sensitivity. Sensitivity improved with time from fixation, was better in the 
reading direction, and was lower when the fixated word was more demanding (Ghahghaei et al, 2013). We 
propose a model that, over the course of the fixation, takes the fixated word’s processing load and outputs 
allocation of covert spatial attention. The model accurately predicts the asymmetric sensitivity profile and effects 
of load on sensitivity around gaze. Furthermore, the model’s estimation of the attentional span around gaze, 
using these sensitivity measures, is compatible with the literature on the perceptual span in reading (Rayner, 
1975). The results show that static models of spatial attention can be extended to account for dynamic effects of 
load on sensitivity. 

Ghahghaei, S., Linnell, K. J., Fischer, M. H., Dubey, A., & Davis, R. (2013). Effects of load on the time course of attentional 
engagement, disengagement, and orienting in reading. The Quarterly Journal of Experimental Psychology, 66(3), 453-470.

Rayner, K. (1975). The perceptual span and peripheral cues in reading. Cognitive Psychology, 7(1), 65-81.
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Neural Correlations Mechanisms of Feature Selection
Manuel Gomez-Ramirez, Neuroscience Dept., Brown University
Natalie Trzcinski, Neuroscience Dept., Johns Hopkins University
Stephan Mihalas, Allen Institute
Ernst Niebur, Neuroscience Dept., Johns Hopkins University
Steven Hsiao, Neuroscience Dept., Johns Hopkins University

Studies in vision show that attention enhances the firing rates of cells when it is directed towards their preferred 
stimulus feature. However, it is unknown whether other sensory systems employ this mechanism to mediate 
feature selection within their modalities. Moreover, whether feature-based attention modulates the correlated 
activity of a population is unclear. Indeed, temporal correlation codes such as spike-synchrony and spike-count 
correlations (r(sc)) are believed to play a role in stimulus selection by increasing the signal and reducing the noise 
in a population, respectively. Here, we investigate (1) whether feature-based attention biases the correlated 
activity between neurons when attention is directed towards their common preferred feature, (2) the interplay 
between spike-synchrony and rsc during feature selection, and (3) whether feature attention effects are common 
across the visual and tactile systems. Single-unit recordings were made in secondary somatosensory cortex of 
three non-human primates while animals engaged in tactile feature (orientation and frequency) and visual 
discrimination tasks. We found that both firing rate and spike-synchrony between neurons with similar feature 
selectivity were enhanced when attention was directed towards their preferred feature. However, attention effects 
on spike-synchrony were twice as large as those on firing rate, and had a tighter relationship with behavioral 
performance. Further, we observed increased r(sc) when attention was directed towards the visual modality (i.e., 
away from touch). These data suggest that similar feature selection mechanisms are employed in vision and 
touch, and that temporal correlation codes such as spike-synchrony play a role in mediating feature selection. We 
posit that feature-based selection operates by implementing multiple mechanisms that reduce the overall noise 
levels in the neural population and synchronize activity across subpopulations that encode the relevant features 
of sensory stimuli.

Steinmetz PN, Roy A, Fitzgerald PJ, Hsiao SS, Johnson KO, et al. (2000) Attention modulates synchronized neuronal firing in 
primate somatosensory cortex. Nature 404: 187-190.

Cohen MR, Maunsell JH (2009) Attention improves performance primarily by reducing interneuronal correlations. Nat 
Neurosci 12: 1594-1600.

Mitchell JF, Sundberg KA, Reynolds JH (2009) Spatial attention decorrelates intrinsic activity fluctuations in macaque area 
V4. Neuron 63: 879-888.

Martinez-Trujillo JC, Treue S (2004) Feature-based attention increases the selectivity of population responses in primate 
visual cortex. Curr Biol 14: 744-751.

This work was primarily supported by NIH grants R01-NS34086, R01NS18787, R01EY016281 and by ONR-MURI 
grant N000141010278
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Population analysis of red blood cell flux in retinal capillaries 
of mice
Andres Guevara-Torres1,2 , Aby Joseph1,2 , Jesse B. Schallek3,2 

1 The Institute of Optics, University of Rochester, Rochester, New York, United States; 2 Center for 
Visual Science, University of Rochester, Rochester, New York, United States; 3 Flaum Eye Institute, 
University of Rochester, Rochester, New York, United States

Purpose: While blood velocity has been reported with a several ophthalmic techniques, this metric provides no 
information on the packing density or flow patterns of blood cells in microvessels which may be impacted in 
disease. In this study, we use an adaptive optics scanning light ophthalmoscope (AOSLO) to visualize single red 
blood cells (RBCs) and quantify the flux characterize the rheology over a population of capillaries in the healthy 
mouse retina.

Methods: Healthy C57BL/6J mice from 13 to 23 weeks old were anesthetized and imaged with an AOSLO with 
split detection (Scoles et al. 2014, Guevara-Torres et al. 2015). We used a 796nm light source and no contrast 
agents were applied. We imaged blood cells in 2 modalities, one with a x-y raster scan at 25Hz and a second 
modality captured a 15.5 KHz point scan across a capillary of interest where blood cells were imaged as they 
flowed past the stationary linear scan. Manual segmentation of 12,918 cells allowed the quantification of 
different aspects of blood cell flow.

Results: The following measurements were obtained:
-The average capillary RBC flux measured in the healthy mouse was 159 ± 112 cells/s (mean ± SD, n=83 vessels 
in 8 animals) 
-The average capillary diameter  measured in the healthy retina was  4.0 ± 0.7 µm (mean ± SD)
-The confluence of single-file capillaries showed a transition from parachute to disordered arrangement of RBCs 
indicating microturbulence (Figure 1)
-In addition to RBCs, other major blood constituents could be imaged, such as platelets, white blood cells and 
plasma.

Conclusions: Split detector AOSLO provides a robust way to directly measure single blood cell hemodynamics in 
the living eye without using exogenous dyes. Blood cell images provide a rich quantifiable dataset in which 
hematocrit, flux, morphology and rheology can be measured. These measures may provide new evaluation 
criteria for microvessel blood flow in healthy and diseased eyes as well a basis for understanding metabolite 
delivery and waste product removal at the capillary level.

Disclosure Block: Andres Guevara-Torres, Canon Inc. (Code F (Financial Support) ), University of Rochester (Code P 
(Patent) ); Aby Joseph, Canon Inc. (Code F (Financial Support) ); Jesse B. Schallek, Canon Inc. (Code F (Financial 
Support) ), University of Rochester (Code P (Patent) ).
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Exploring the cognitive map: Hippocampal activity in 
virtually-navigating non-human primates
Roberto A. Gulli, Department of Physiology and Pharmacology, Robarts Research Institute, and 
The Brain & Mind Institute, Western University, London, Ontario, Canada; Integrated Program in 
Neuroscience, McGill University, Montréal, Québec, Canada
Guillaume Doucet, Department of Physiology and Pharmacology, Robarts Research Institute, and 
The Brain & Mind Institute, Western University, London, Ontario, Canada; Department of 
Physiology, McGill University, Montréal, Québec, Canada
Benjamin W. Corrigan, Department of Physiology and Pharmacology, Robarts Research Institute, 
and The Brain & Mind Institute, Western University, London, Ontario, Canada; Integrated Program 
in Neuroscience, McGill University, Montréal, Québec, Canada
Lyndon Duong, Department of Physiology and Pharmacology, Robarts Research Institute, and The 
Brain & Mind Institute, Western University, London, Ontario, Canada
Sylvain Williams, Douglas Mental Health University Institute, Department of Psychiatry, McGill 
University, Montréal, Québec, Canada
Julio C. Martinez-Trujillo, Department of Physiology and Pharmacology, Robarts Research 
Institute, and The Brain & Mind Institute, Western University, London, Ontario, Canada

The hippocampus has long been studied as a component of two functional systems in the brain: first, integrating 
information for episodic memory; and second, supporting spatial navigation. Both of these processes have been 
theoretically linked as forms of “cognitive mapping”. Though much has been learned about hippocampal activity 
supporting spatial mapping in rodents, whether/how this activity is conserved in humans and non-human 
primates is debated. Furthermore, how neural correlates of cognitive maps change as a function of cognitive task 
and learning in primates is unknown.

To study hippocampal activity during navigation and learning, we recorded single-neuron spikes from the 
hippocampus of two rhesus monkeys (Macaca mulatta). Each monkey completed two tasks in a virtual reality (VR) 
environment: 1) foraging for rewards, or 2) a context-object associative learning task. Of all single units active in 
both tasks (n=189), 46% showed place-selective firing during foraging, while 64% were place-selective during 
contextual learning in the same VR environment. Concordantly, decoding accuracy for spatial position in the VR 
maze using all recorded neurons is higher during contextual learning than foraging. Prediction accuracy is further 
improved in this task when decoding task-relevant behaviour of the monkeys, rather than spatial position per se. 
These cross-task analyses suggest that previously stereotyped hippocampal activity patterns vary dynamically 
according to behavioural demands of the task are engaged in.

This work was supported by Canadian Institutes of Health Research, Natural Sciences and Engineering Research 
Council, and Canada Research Chair program grants to J.M.-T. R.G. was supported by a Natural Sciences and 
Engineering Research Council Post-Graduate Scholarship and a McGill University David G. Guthrie Fellowship in 
Medicine.
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Endogenous attention in a probabilistic inference framework
Ralf M. Haefner, Pietro Berkes, Jozsef Fiser

During perception, the brain combines information received from its senses with an internal model representing 
prior information about the outside world. Assuming that the responses of sensory neurons encode posterior 
beliefs about the variables encoded the neurons, the func- tion of the anatomically ubiquitous feedback 
connections to lower sensory areas is to commu- nicate such prior information. We have recently derived 
predictions from this framework in the context of common perceptual decision-making tasks and shown that they 
agree with a range of empirical observations that have been hard to explain by previous models [1].

Based on this work, we here propose a new theory for the role of endogenous (top-down, or covert) attention 
during perceptual decision-making. Assuming that the ultimate goal of the brain is not veridical perception but is 
optimal decision-making, we suggest two mech- anisms by which the brain achieves this. Those two mechanisms 
address the two principal ways in which perceptual inference can be sub-optimal: (1) by minimizing the 
mismatch be- tween the generative model learnt by the brain and the one used by the experimenter for the task, 
and (2) by tailoring the brain’s approximation to the correct posterior to the task- defined loss/reward-function. We 
have derived empirical predictions from both mechanisms in the context of a perceptual 2AFC task by extending 
both the large scale model in [1] and by analytically investigating a simplified toy model. As an example for 
mechanism (1) we suggest that attention suppresses the temporal correlations assumed by the internal model 
adapted to natural inputs (which have strong temporal correlations), in order to better approximate the 
generative model underlying 2AFC tasks in which consecutive trials are uncorrelated. We show that this leads to 
the lower observed response gains, and choice probabilities in high reward trials as compared to low-reward trials 
[2], and to a decrease in noise correlations [3]. While this proposal is independent of the nature of the neural 
encoding of probabilities, mechanism (2) proposed by us relies on our assumption of a neural-sampling based 
representation. Since only a limited number of samples can be collected under time pressure, the brain improves 
decision-making by biasing samples away from the correct posterior towards parts of the state space in which the 
amplitude of the loss-function is largest. In other words, we propose that the brain employs a loss-calibrated 
approximation to the posterior, and that the ’limited re- source’ postulated in psychological models of attention is 
the number of samples that it can base a decision on. We show that such a mechanism can explain 
neurophysiological findings like increased response gain and decreased neural variability during spatial and 
feature-based attention tasks.

[1] Haefner, Berkes & Fiser (2016) Neuron (accepted) http://arxiv.org/abs/1409.0257 [2] Nienborg & Cumming (2009). 
Nature, 459(7243), 89?92. doi:10.1038/nature07821 [3] Ruff & Cohen (2014). Nature Neuroscience, 17(11), 1591?7. 
doi:10.1038/nn.3835
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In vivo flow cytometry measures red to white blood cell ratio in 
the living mouse eye
Joseph, A.1,2, Guevara-Torres, A.1,2, and Schallek, J3,1

1 Center for Visual Science, University of Rochester, Rochester, NY 
2 The Institute of Optics, University of Rochester, Rochester, NY
3 The Flaum Eye Institute, University of Rochester, Rochester, NY

Purpose: Adaptive optics scanning light ophthalmoscopy (AOSLO) has recently provided counts of red blood cells 
(RBCs) in capillaries of the living mouse retina without contrast agents. However, white blood cells (WBCs) are far 
more sparse accounting for only 1 in every 3400 RBCs in the healthy mouse making their quantification more 
challenging. Here we use AOSLO to image label- free RBCs and fluorescently labeled WBCs to compute their ratio 
in the living mouse toward providing an in vivo complete blood count (CBC) - a physiological marker of systemic 
health.

Methods: Anesthetized C57BL/6J mice were imaged with an AOSLO modified to count single blood cells in 
capillaries as they passed a stationary 15 kHz 1-D point scan. RBCs were imaged using 796nm light backscatter in 
split-detector configuration (Guevara-Torres et al., 2015). A second detector simultaneously captured fluorescence 
of WBCs, rendered visible by IV injected acridine orange, and sodium fluorescein to label plasma (each using 
488nm ex/534nm em). Capillaries were scanned for 80s and blood cells were counted with a user assisted 
algorithm. In vivo blood counts were compared to those from conventional hematology (HESKA HemaTrue).

Results: AOSLO imaged sparse labelled cells flowing through capillaries (n=488 cells). Cells had a bright center 
and dim surround consistent with DNA labeling of the nucleus by acridine orange. Automated counts of WBCs 
were between 0.03 to 1.19 cells/s (n=28 capillaries, 7 mice). In the same capillaries, we measured a total blood 
cell count of 24 to 571 cells/s (discounting platelets). This gave a WBC:RBC ratio ranging from 1:657 to 1:3459 
across animals (mean 1:2058). The in vivo WBC:RBC ratio was consistent with ex vivo hematology performed on 
the same animals (range 1:1040 to 1:4038) and was within an order of magnitude from values reported from the 
normal C57BL/6J mouse (1:3400) (Jackson Laboratory Phenome Database).

Conclusion: AOSLO flow cytometry provides in vivo ratios of WBCs and RBCs, an important component of the CBC 
- which currently requires a blood draw and ex vivo analysis. We observed a range of ratios across capillaries; 
likely due to WBC preferred paths in particular capillaries suggesting many capillaries need to be averaged to 
determine an accurate count. This work lays the foundation for future studies to identify biomarkers that differen-
tiate WBCs from RBCs in label free strategies such as split-detection.
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Functional significance of decision-related activity in the 
primate dorsal stream
Leor N Katz, Center for Perceptual Systems, Institute for Neuroscience, Dept. of Psychology & 
Neuroscience, The University of Texas at Austin, TX, USA
Jacob L Yates, Center for Perceptual Systems, Institute for Neuroscience, Dept. of Psychology & 
Neuroscience, The University of Texas at Austin, TX, USA
Jonathan W Pillow, Center for Statistics & Machine Learning, Princeton Neuroscience Institute, 
Dept. of Psychology, Princeton University, NJ, USA
Alexander C Huk, Center for Perceptual Systems, Institute for Neuroscience, Dept. of Psychology & 
Neuroscience, The University of Texas at Austin, TX, USA

Neural correlates of decision formation have been identified in multiple regions of the primate brain. One of 
these regions in particular, the lateral intraparietal (LIP) cortex, has been proposed to play a key role in evidence 
accumulation in favor of a decision because it exhibits strong decision-related activity. However, the functional 
significance of decision-related activity-- in LIP or elsewhere-- is unknown. Here we test whether correlations with 
decisions imply causation by reversibly inactivating either area MT or LIP of a monkey performing a motion 
discrimination task.

We found that the behavioral impact of electrophysiological inactivation of each area was inversely related to 
their degree of decision-related activity: while neurons in MT presented weak decision-related activity, their 
inactivation profoundly impaired psychophysical performance. Neurons in LIP, in contrast, exhibited strong 
decision-related activity, but their inactivation exerted no measurable impact on decision-making performance 
(despite exerting effects in a control task). Thus, decision-related signals in LIP may not be necessary for 
computing perceptual decisions. If they are, then downstream “read out” mechanisms must be more flexible 
and/or different than traditionally assumed. More broadly, our findings reveal a dissociation between decision 
correlation and causation, showing that even strong neuron-decision correlations may reflect secondary or 
epiphenomenal signals, which do not necessarily constitute a computational crux for task performance.     

Supported by the Howard Hughes Medical Institute International Student Research Fellowship to L.N.K, the 
McKnight Foundation grant to J.W.P, the National Eye Institute (R01-EY017366) and National Institute of Mental 
Health (R01-MH099611) grants to both J.W.P and A.C.H, and the National Institutes of Health under Ruth L. 
Kirschstein National Research Service Awards T32DA018926 from the National Institute on Drug Abuse and 
T32EY021462 from the National Eye Institute.
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Perception of depth sign from motion parallax relies on 
combining extra-retinal signals regarding eye and body 
rotation
Victor Kogan, Brain and Cognitive Science, Center of Visual Sciences, Univerity of Rochester, NY 
USA
Dora E. Angelaki, Department of Neuroscience, Baylor College of Medicine, TX, USA
Gregory C. Deangelis, Brain and Cognitive Science, Center of Visual Sciences, Univerity of 
Rochester, NY USA

Motion Parallax (MP) refers to the relative image motion of objects located at different depths, caused by the 
translation of the observer. In the absence of pictorial depth cues, MP is ambiguous regarding depth sign. 
Theoretical work by Nawrot and Stroyan (2009) showed that the critical variable for disambiguating depth sign 
from MP is the rate of change of eye rotation relative to the scene (Res). Res is determined by the combination of 
eye rotation relative to the head (Reh), head rotation relative to the body (Rhb), and body rotation relative to the 
world (Rbw): Res = Reh + Rhb + Rbw. Psychophysical studies (e.g., Nawrot & Joyce 2006) have shown that Reh 
signals can disambiguate depth sign from MP when Res = Reh, but it remains unclear whether disambiguation 
relies on the combination of all relevant Res components.

We trained macaques to discriminate depth sign from MP (Kim et al. 2015). The animal was translated back and 
forth on a motion platform while fixating on a world-fixed target (to generate MP), and rotated at different 
magnitudes around an axis through the eye. This allowed us to generate different combinations of Reh and Rbw 
that produce the same Res. 

Results show robust depth discrimination performance for various combinations in which Rbw ≤ Res (including 
Reh = 0),  indicating that Rbw signals contribute to disambiguating depth sign. However, performance is erratic 
when Rbw > Res (Reh < 0), suggesting that depth perception may not rely on a true representation of Res.

Nawrot, M., & Joyce, L. (2006). The pursuit theory of motion parallax. Vision research, 46(28), 4709-4725.

Nawrot, M., & Stroyan, K. (2009). The motion/pursuit law for visual depth perception from motion parallax. Vision research, 
49(15), 1969-1978.

Kim, H. R., Angelaki, D. E., & DeAngelis, G. C. (2015). A functional link between MT neurons and depth perception based on 
motion parallax. The Journal of Neuroscience, 35(6), 2766-2777.

Supported by NEI EY013644.
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Attending to the future, half-a-second at a time
Marta Kryven*, William Cowan*, Tomer Ullman^ and Joshua Tenenbaum^,
^Department of Brain and Cognitive Sciences, Massachusetts Institute of Technology
*David R. Cheriton School of Computer Science, University of Waterloo 

Living organisms attend to unexpected and novel stimuli while discarding predictable distractors. Catching a ball, 
turning around a corner while walking and performing music accompaniment all require allocating attention 
prospectively, to an anticipated stimulus, rather than retrospectively, to a perceived stimulus. Predictive coding 
posits that sensory neurons encode the difference between the percept and the expectation, implying that new 
neural predictions of incoming stimuli must be continuously calculated and thrown away (Rao and Ballard, 
2004). 

We investigated the time-course of predicting future visual stimuli during a maze navigation task. Participants 
navigated 2D-grid mazes with an overhead view of the maze, looking for an exit. The maze was initially dark and 
new grid squares were revealed as participants went along. We recorded reaction times as participants moved 
from square to square (mean individual reaction time 748 ms., standard deviation 247ms.) We found that 
reaction times were the longest in the squares preceding a room or an intersection. Moreover, reaction times 
before intersections were increased in proportion to the amount of space to be revealed on the next step. Thus, 
reaction times were increased more when approaching a long corridor than when approaching a small room. 
Such a pattern was universal to all participants and independent of the individual's maze-solving strategy or 
mean reaction time. We hypothesize that the observed differences in reaction times indicate calculating 
predictions about the future visual percept. 

Rao, R. P., & Ballard, D. H. (2004). Probabilistic models of attention based on iconic representations and predictive coding. 
Neurobiology of attention, 553-561.
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Noise correlations shape the fidelity of working memory 
representations in prefrontal neuronal ensembles
Matthew L Leavitt, Department of Physiology, McGill University, Montreal, QC, Canada
Florian Pieper, Institute for Neuro- & Pathophysiology, University Medical Center 
Hamburg-Eppendorf (UKE), Hamburg, Germany
Adam Sachs, Division of Neurosurgery, Ottawa Hospital Research Institute, University of Ottawa, 
Ottawa, ON, Canada
Julio C. Martinez-Trujillo, Robarts Research Institute, Department of Psychiatry, Department of 
Physiology and Pharmacology, University of Western Ontario, London, ON, Canada

Single neurons in the primate lateral prefrontal cortex (LPFC) encode working memory (WM) representations of 
visual space via sustained firing. Neurophysiological studies of WM typically record from individual neurons, thus 
we lack an understanding of how neuronal ensembles represent WM: we do not know if WM representations are 
affected by between-neuron phenomena (e.g. noise correlations—rnoise), nor how WM coding properties scale 
with the size and composition of neuronal ensembles. In order to investigate these questions, we used 
microelectrode arrays to record from neuronal ensembles in LPFC area 8a of two rhesus macaques while they 
performed an oculomotor delayed-response task, and assessed the information content of the ensembles using a 
linear classifier. We found that: 1: We could reliably decode the contents of WM (which of 16 locations is being 
remembered) from ensembles of 30-53 units in a 500ms window from a single trial (mean accuracy = 48%; max 
= 77%; chance = 6.25%). 2: The most informative ensembles are not necessarily composed of the most 
informative individual units. 3: rnoise can modify a neuronal ensemble’s WM information content by ± 20%, 
however removing rnoise consistently decreased WM information in the most informative ensembles. 4: 
Different subsets of neurons optimize WM coding for correlated vs. uncorrelated noise. 5: Units that are not 
“selective” can still increase the information content of an ensemble by modifying the rnoise structure. Our 
results indicate that LPFC neuronal ensembles encode WM information through a synergistic interaction between 
single neuron coding properties and emergent ensemble-level phenomena.
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Limitations on Visual Working Memory Capacity are Predicted 
by Neural Measures of Attention
Holly A Lockhart, Department of Psychology, Brock University, St Catharines, Ontario, Canada
Stephen M Emrich, Department of Psychology, Brock University, St Catharines, Ontario, Canada

Visual working memory (VWM) is a capacity-limited resource that is critical to numerous behaviors. Although long 
conceived as a limitation in storage resources, numerous models have incorporated attention limitations as 
critical to establishing VWM capacity limits. Indeed, many studies have established a relationship between VWM 
capacity and the ability to selectively filter out task-irrelevant distractors, suggesting that the contribution of 
attention to VWM performance is to limit access to capacity-limited storage resources. This framework, however, 
fails to address the relationship between attention and VWM performance independent of filtering requirements. 
By contrast, previous work of ours suggests that limitations in VWM may be attributed to the flexible and unequal 
allocation of attention across multiple items, rather than to limitations in storage resources. In the current task, we 
used electroencephalography (EEG) to examine the neural mechanisms mediating this effect. Probabilistic spatial 
cues were used to manipulate the allocation of attentional resources while holding VWM load constant. 
Attention-related activity was measured by the prefrontal bias signal (Liesefeld, et al., 2014), and VWM storage 
was measured by sustained posterior contralateral negativity (SPCN; Vogel et al., 2005). The prefrontal bias signal 
was found to be a strong predictor of VWM capacity, whereas the SPCN was only a weak predictor of VWM 
performance. These findings suggest that prefrontal attentional-control mechanisms, rather than limited storage 
resources, may be the critical factor limiting VWM capacity.

Emrich, S. M., & Busseri, M. A. (2015). Re-evaluating the relationships among filtering activity, unnecessary storage, and 
visual working memory capacity. Cognitive, Affective, & Behavioral Neuroscience, 15(3), 589–597. 

Liesefeld, A. M., Liesefeld, H. R., & Zimmer, H. D. (2014). Intercommunication Between Prefrontal and Posterior Brain 
Regions for Protecting Visual Working Memory From Distractor Interference. Psychological Science, 25(2), 325–333. 

Vogel, E. K., McCollough, A. W., & Machizawa, M. G. (2005). Neural measures reveal individual differences in controlling 
access to working memory. Nature, 438(7067), 500–503. 

This research is supported by an NSERC Discovery Grant awarded to SME, File No. 435945-2013
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Visual cortex and prefrontal cortex are associated with distinct 
components of visuospatial attention
Thomas Zhihao Luo & John H. R. Maunsell, Department of Neurobiology, The University of 
Chicago

Neuronal signals related to visual spatial attention are found in widespread brain regions, and these signals are 
generally assumed to participate in a common mechanism of attention. However, the effects of attention on 
target detection can be separated into two distinct components: spatially selective shifts in either the response 
criterion or the perceptual sensitivity of the observer. We have previously found (Luo & Maunsell 2015) that when 
monkeys are trained to do common variants of the Posner attention paradigm, a task used in many single-neuron 
studies of attention, enhanced performance is typically associated with changes in both criterion and sensitivity. 
Using a task specifically designed to dissociate these two components of attention, we found that 
attention-related neuronal modulations in area V4 of visual cortex corresponded to behavioral shifts in sensitivity, 
but not shifts in criterion.
 
More recently, we have been examining visual responses in prefrontal cortex (areas 45 and 46). In contrast to V4, 
visual responses in prefrontal cortex are modulated by behavioral changes in both criterion and sensitivity. Both 
increases in sensitivity (enhanced discrimination) and decreases in criterion (greater tendency to respond) 
increase the response of visual neurons in prefrontal cortex. These results show that attention-related neuronal 
modulations in visual cortex and prefrontal cortex cannot be associated with a single mechanism of selective 
attention. Instead, these two areas contribute differentially to distinct components of attention. The results 
indicate that visual spatial attention is not a unitary process in the brain but instead consists of separable 
neurobiological mechanisms.

Luo, T.Z., Maunsell, J.H.R., 2015. Neuronal modulations in visual cortex are associated with only one of multiple 
components of attention. Neuron 86, 1182–1188.

This work was supported by grants from the NIH (R01EY005911, R01EY021550, and F31MH103895).
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The Modulation of Attention in MT Neurons Over Time in the 
Presence of Multiple Stimuli
Nour Malek, Dept. of Physiology, McGill University, Montreal, Canada
Stefan Treue, Cognitive Neuroscience Laboratory, German Primate Center, Goettingen, Germany
Paul Khayat, Vision Research Unit, Dept. of Opthalmology, McGill University, Montreal, Canada
Julio Martinez-Trujillo, Robarts Research Institute, Depts of Psychiatry, Physiology and 
Pharmacology, University of Western Ontario, London, ON, Canada

Simultaneously presenting two stimuli within a visual neuron’s receptive field (RF) yields a response that is a 
weighted average of its individual responses to each stimulus (e.g.,Heeger, 1992). Furthermore, directing 
attention to the neuron’s most preferred stimulus produces a stronger response relative to directing attention to 
the least preferred stimulus (e.g.,Moran and Desimone, 1985). However, the modulation of attention during 
these two response states over time remains unclear. We investigate this issue in two macaque monkeys by 
recording neuronal responses in motion processing area medial temporal (MT) to combinations of two moving 
random dot patterns positioned inside the neurons’ RFs. One pattern always moved in the neuron’s antipreferred 
direction, while the second could move in one of 12 possible directions. Importantly, measurements were made 
relative to the response to two stimuli preceding the allocation of attention—as opposed to the previously utilized 
weaker reference response when directing attention outside the RF (e.g.,Reynolds et al., 1999). We found that 
responses in the attend-tuning condition, regardless of the attended target stimulus’ direction, did not 
significantly modulate as a function of time since allocating attention; however, responses in the attend-null 
condition progressively decreased the closer the distracter stimulus was to the neuron’s preferred direction. These 
results indicate that the attentional modulation of responses to multiple stimuli in MT neurons is dominated by a 
decrease in the neurons’ responses to distracters rather than by enhancing its responses to targets—effectively 
filtering out behaviorally irrelevant signals while preserving behaviorally relevant signals.

Heeger D.J. (1992). Normalization of cell responses in cat striate cortex. Vis Neurosci, 9: 181–197.

Moran J, Desimone R. (1985). Selective attention gates visual processing in the extrastriate cortex. Science, 229:782–784.

Reynolds J.H., Chelazzi L, Desimone R. (1999). Competitive mechanisms subserve attention in macaque areas V2 and V4. J 
Neurosci, 19:1736–1753.
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Feature-specific prediction error signals in the fronto-striatal 
system during reversal learning
Mariann Oemisch, Dept. of Biology, York University, Toronto, ON, Canada
Stephanie Westendorff, Dept. of Biology, York University, Toronto, ON, Canada
Thilo Womelsdorf, Dept. of Biology, York University, Toronto, ON, Canada

Prediction errors (PEs) are thought to underlie learning by signaling the difference between predicted and 
actually received reward outcomes, and have been reported across areas of the medial (mPFC) and lateral 
prefrontal cortex (lPFC) and dorsal and ventral striatum. However, it is unclear whether PEs are qualitatively 
similar across the fronto-striatal system and whether feature-specific PEs are encoded preferentially in separate 
areas of this system. 

We characterized spiking activity of neurons in the macaque fronto-striatal system with a feature-based 
reversal-learning task. In this task, two grating stimuli were presented that differed in color, location, and grating 
motion. Attention was shifted to one of two colored stimuli that were alternately rewarded in blocks with uncued 
reward reversals. Positive PEs (pPEs) were defined as outcome signals following rare correct outcomes during 
learning, while negative PEs (nPEs) were rare erroneous outcomes after learning. PE signals were identified as 
feature-specific when they were larger for a specific rewarded feature. 

Neurons encoding pPEs were more prevalent than neurons encoding nPEs and similar proportions of neurons 
encoded PEs by suppressing and amplifying spiking. However, striatum and lPFC contained more pPEs than 
mPFC, while the proportion of feature-specific PEs was larger in mPFC and lPFC compared to striatum. These 
results illustrate that neurons in the fronto-striatal system contribute together to signaling errors of predicted 
outcomes, but carry dissociable content about the attended feature origin of this error. We speculate that 
differently feature-tuned PE signals contribute to solving the credit assignment problem during behavioral 
adjustment of attentional selection. 
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Impaired motion perception characterized by larger receptive 
fields in autism spectrum disorder
Woon Ju Park, Center for Visual Sciences, Department of Brain and Cognitive Sciences, University 
of Rochester, NY, USA
Kimberly B. Schauder, Department of Clinical and Social Sciences in Psychology, University of 
Rochester, NY, USA
Loisa Bennetto, Department of Clinical and Social Sciences in Psychology, Department of Brain 
and Cognitive Sciences, University of Rochester, NY, USA
Duje Tadin, Center for Visual Sciences, Department of Brain and Cognitive Sciences, Department 
of Ophthalmology, University of Rochester, NY, USA

BACKGROUND: Individuals with autism spectrum disorder (ASD) demonstrate atypical visual abilities across a 
wide range of tasks. However, we still have a limited understanding of mechanisms contributing to such 
perceptual abnormalities. Recent studies have identified two possible mechanistic explanations: differences in 1) 
gain control, and 2) receptive field (RF) size – mechanisms that regulate neural responses in relation to stimulus 
contrast and size, respectively. 

METHODS: 20 children and adolescents with ASD and 20 age- and IQ- matched typically developing (TD) controls 
participated. Participants judged the motion directions (left or right) of briefly presented moving gratings that 
varied in contrast (2-99%) and size (1-8° radius). Duration thresholds were estimated, which were then fitted with 
a model to quantify the effects of gain control and RF sizes.  

RESULTS: At the smallest size, individuals with ASD showed worse performance across all contrast levels. No 
significant group differences in thresholds were observed for larger sizes. The model analysis revealed that this 
pattern of results can be explained by significantly larger excitatory RFs in ASD compared to TD. 

CONCLUSIONS: Our results reveal decreased perceptual sensitivity to motion directions in ASD for small stimuli 
across all contrast levels, which was best explained by larger excitatory RFs in ASD. This finding is consistent with a 
previous fMRI study that showed larger population RF in ASD (Schwarzkopft et al., 2014), and suggests a possible 
disruption in excitatory and inhibitory balance in ASD that leads to differences in perceptual sensitivities to 
stimuli with different sizes. 

Schwarzkopf, D. S., Anderson, E. J., de Haas, B., White, S. J., & Rees, G. (2014). Larger extrastriate population receptive fields 
in autism spectrum disorders. Journal of Neuroscience, 34(7), 2713–2724.

Supported by Pump Primer II Grant from University of Rochester
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Prefrontal Neurons Represent Motion Signals from Across the 
Visual Field but for Memory-Guided Comparisons Depend on 
the Interactions with Neurons Providing these Signals
Klaus Wimmer, Philip Spinelli and Tatiana Pasternak

Visual decisions often involve comparisons of sequential stimuli that can appear at any location in the visual field. 
The lateral prefrontal cortex (LPFC), shown to play an important role in such comparisons, receives information 
about contralateral stimuli directly from sensory neurons in the same hemisphere, and about ipsilateral stimuli 
indirectly from neurons in the opposite hemisphere. This asymmetry of sensory inputs into the LPFC poses the 
question whether and how its neurons incorporate sensory information arriving from the two hemispheres 
during memory-guided comparisons of visual motion. We found that although responses of individual LPFC 
neurons to contralateral stimuli were stronger and emerged 40 ms earlier, they carried remarkably similar signals 
about motion direction in the two hemifields, with comparable direction selectivity and similar direction 
preferences. This similarity was also apparent around the time of the comparison between the current and 
remembered stimulus, since both ipsilateral and contralateral responses showed similar signals reflecting the 
remembered direction. However, despite availability in the LPFC of motion information from across the visual 
field, these “comparison effects” required for the comparison stimuli to appear at the same retinal location. This 
strict dependence on spatial overlap of the comparison stimuli suggests participation of neurons with localized 
receptive fields in the comparison process. These results suggest that while LPFC incorporates many key aspects of 
the information arriving from sensory neurons residing in opposite hemispheres, it continues relying on the 
interactions with these neurons at the time of generating signals leading to successful perceptual decisions.
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Neural Mechanisms of Flow Parsing for the Perception of 
Object Motion During Self-Motion
Nicole Peltier, Brain and Cognitive Sciences, University of Rochester, Rochester, NY, USA
Gregory DeAngelis, Brain and Cognitive Sciences/Center for Visual Sciences, University of 
Rochester, Rochester, NY, USA

As we move through the world, our retinas are presented with a structured pattern of motion called optic flow. 
Typically, optic flow reflects some unknown combination of object motion and self-motion. It is essential to 
separate the sources of retinal motion in order to interact with objects and avoid obstacles as we navigate. A 
simple scheme that explains how we compensate for self-motion when estimating the motion of independently 
moving objects is called the flow parsing hypothesis. According to the flow parsing hypothesis, we can detect the 
motion of an object relative to the world as any motion vector that is inconsistent with the optic flow due to 
self-motion. As a result, we can estimate the motion of the object in the world by globally subtracting out the 
retinal motion that results from self-motion. Because flow parsing entails the subtraction of different motion 
vectors in each part of the visual field, we hypothesized that object motion relative to the world is represented in a 
motion-selective visual area with small retinotopic receptive fields, such as the middle temporal (MT) area. We 
recorded neural activity from MT neurons in a macaque monkey while the monkey discriminated the motion 
direction of an object during simulated self-motion with optic flow. The monkey’s perception of object motion was 
biased away from the local motion of the optic flow surrounding the object, consistent with flow parsing. 
Additionally, preliminary neural results suggest that the responses of MT neurons to object motion are modified 
by the direction of optic flow, suggesting at least a partial compensation for self-motion in object motion 
perception due to flow parsing.

Longuet-Higgins, H. C., & Prazdny, K. (1980). The interpretation of a moving retinal image. Proceedings of the Royal Society 
of London. Series B, Biological Sciences, 208(1173), 385-397.

Warren, P. A., & Rushton, S. K. (2009). Optic flow processing for the assessment of object movement during ego movement. 
Curr Biol, 19(18), 1555-1560. doi:10.1016/j.cub.2009.07.057

Maunsell, J. H. R., & Van Essen, D. C. (1983). Functional properties of neurons in middle temporal visual area of the 
macaque monkey. I. Selectivity for stimulus direction, speed, and orientation. J Neurophysiol, 49(5), 1127-1147.

Duffy, C. J., & Wurtz, R. H. (1991). Sensitivity of MST neurons to optic flow stimuli. I. A continuum of response selectivity to 
large-field stimuli. J Neurophysiol, 65(6), 1329-1345.
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Basal forebrain neurons signal performance quality and 
uncertainty in singing birds
Pavel Puzerey, Ruidong Chen, and Jesse Goldberg, Department of Neurobiology and Behavior, 
Cornell University, Ithaca, NY, USA

Neural mechanisms of attention have been studied largely in the context of perception, but their role in motor 
learning remains unclear (1). For example, imagine learning a song on the piano. You may effortlessly perform 
easy parts of the song, while difficult passages may require more attention and refinement. Are neural 
mechanisms of attention shared between motor and sensory domains? In mammals, the basal forebrain 
cholinergic system (BFCS) mediates attentional regulation of perception (2), but its role in motor function is 
understudied. Songbirds provide a tractable model system to address this problem. Birds learn to sing through 
iterative trial and error and have a discrete neural circuit, ‘the song system,’ that includes a cholinergic projection 
to the motor cortex-like nucleus RA. To test its role in learning, we blocked cholinergic signals in RA throughout 
vocal learning.  Blocked birds failed to learn normal songs compared to saline-treated control birds. Next, we 
recorded BF neurons in singing birds while controlling perceived vocal error with distorted auditory feedback 
(DAF) (3, 4). In preliminary recordings, activity of distinct BF neurons reflected information about precise 
song-timing, auditory error, and expected performance uncertainty. The latter corresponded to precise increase in 
activity at the exact time preceding DAF (where outcome was uncertain) and was relayed directly to RA. Together, 
these results suggest that BFCS inputs to forebrain motor circuits convey instructive signals that predict when 
performance is ‘bad.’ Such a signal might enable plasticity specifically at those time-steps of a motor sequence 
associated with poor performance. 

1. Posner MI. Orienting of attention. Q J Exp Psychol. 1980;32(1):3-25. PubMed PMID: 7367577.

2. Hasselmo ME, Sarter M. Modes and models of forebrain cholinergic neuromodulation of cognition. 
Neuropsychopharmacology. 2011;36(1):52-73. doi: 10.1038/npp.2010.104. PubMed PMID: 20668433; PMCID: 
PMC2992803.

3. Tumer EC, Brainard MS. Performance variability enables adaptive plasticity of 'crystallized' adult birdsong. Nature. 
2007;450(7173):1240-4. doi: 10.1038/nature06390. PubMed PMID: 18097411.

4. Andalman AS, Fee MS. A basal ganglia-forebrain circuit in the songbird biases motor output to avoid vocal errors. 
Proc Natl Acad Sci U S A. 2009;106(30):12518-23. doi: 10.1073/pnas.0903214106. PubMed PMID: 19597157; PMCID: 
PMC2709669.
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10 Hz Alpha-Band Power Modulates Engagement and 
Disengagement of Cortical Networks Underlying Detection of a 
Moving Object by an Observer in Forward Self-Motion
Kunjan D. Rana, Brain and Vision Research Laboratory, Biomedical Engineering Department, 
Boston University, Boston, MA, USA
Lucia M. Vaina, Brain and Vision Research Laboratory, Biomedical Engineering Department, 
Boston University, Boston, MA, USA; Harvard Medical School, Massachusetts General Hospital, 
Boston, MA, USA

Studies of brain oscillations have reported several processing functions linked to alpha-band oscillations (8-13 
Hz), including sensory inhibition, attention modulation, and working memory. However, the interactions between 
cortical areas and their relationship to the different functional roles of the alpha-band oscillations are still poorly 
understood. Here we use magnetoencephalography (MEG) measurements to examine alpha band power and the 
cortico-cortical interregional phase synchrony in subjects performing a psychophysical task involving the 
detection of an object moving in depth by an observer in forward self-motion. The stimulus consisted of 9 spheres 
moving for 1 second, where 8 simulated the forward translation of the observer and one sphere (the target) 
moved independently with a different speed and/or direction (forward or backward). At the end of motion, 4 of 
the spheres were labeled, one of which was the target. In a 4AFC task, the subject indicated via button box the 
target-sphere. Wavelet filtering at 10 Hz frequency revealed differences in the profile of cortical activation in the 
visual processing regions (occipital and parietal lobes) and in the frontoparietal regions. The alpha rhythm driving 
the visual processing areas was asynchronous with the frontoparietal regions’ alpha rhythm. We will show that 
these results suggest a decoupling of the 10 Hz frequency into separate functional roles: sensory inhibition in the 
visual processing regions and spatial attention in the frontoparietal regions.

Calabro, F. J., Soto-Faraco, S., & Vaina, L. M. (2011). Acoustic facilitation of object movement detection during self-motion. 
Proceedings of the Royal Society of London B., 278(1719), 2840-2847. 

Calabro, F. J., & Vaina, L. M. (2012). Interaction of cortical networks mediating object motion detection by moving observers. 
Exp Brain Res, 221(2), 177-189. doi: 10.1007/s00221-012-3159-8

Palva, S., & Palva, J. M. (2007). New vistas for alpha-frequency band oscillations. Trends in neurosciences, 30(4), 150-158. 
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Attention reorients periodically
Dr. Laura Dugue, Dept. of Psychology & Center for Neural Science, New York University, New York, 
NY
Mariel Roberts, Dept. of Psychology, New York University, New York, NY
Dr. Marisa Carrasco, Dept. of Psychology & Center for Neural Science, New York University, New 
York, NY

Reorienting of voluntary (endogenous) attention enables the processing of stimuli at previously unattended 
locations. We used Transcranial Magnetic Stimulation (TMS) over the occipital cortex to study the temporal 
dynamics of attentional reorienting and the role of the early visual cortex in this process. Human observers 
performed an orientation discrimination task in which performance is contingent upon contrast sensitivity with 
either valid or invalid attention cueing across a range of stimulus contrasts. Valid cueing induced a behavioral 
response gain increase, i.e. higher asymptotic performance for the attended than unattended location. During the 
subsequent TMS sessions, observers performed the same task at the contrast level for which performance had 
reached asymptote. Using a phosphene mapping procedure, in each trial double-pulses of TMS were applied at 
one of various delays to a consistent brain location in retinotopic visual areas (V1/V2), corresponding to the 
stimulus evoked signal by either the target or the distractor, in a valid or an invalid trial. Thus, the stimulation was 
identical for the 4 experimental conditions. TMS modulation of the target and distractor were both periodic (5 Hz, 
theta frequency) and out-of-phase in invalid trials only, when attention had to be disengaged from the distractor 
location and reoriented to the target location. These results show that the reorientation of voluntary attention 
periodically involves the early visual cortex at the theta frequency (5 Hz).

Supported by NIH (RO1-EY016200) to MC, the FYSSEN Foundation to LD and NSF (DGE 1342536) to MR
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The impact of nuisance variation on IT performance during 
object search
Noam Roth, Neuroscience Graduate Group, University of Pennsylvania, Philadelphia, PA, USA
Nicole C. Rust, Department of Psychology, University of Pennsylvania, Philadelphia, PA, USA 

Finding a particular object requires the brain to compare the identities of the objects in view with a remembered 
representation of the target and to signal the presence of a target match. Evidence suggests that this comparison 
happens via feedback of working memory information to the ventral visual pathway, and this type of modulation 
is often referred to as “object-based attention”. Previous work suggests that within inferotemporal cortex (IT), the 
target match signal is reflected along with many other types of modulation that act as “nuisance variability” 
during object search.  To determine the impact that nuisance variability has on IT target match performance, we 
examined how the single-neuron discriminability measure d’^2 grows as a function of time (i.e. the length of the 
spike count integration window).  In the absence of nuisance variability, d’^2 is expected to grow linearly with 
time; this benchmark serves as the basis of many models of evidence accumulation.  When nuisance variability is 
present, we have determined that d’^2 is expected to saturate, thus implying that there will be some time 
beyond which integrating spikes will not improve performance.  Analyzing data recorded from IT as monkeys 
performed an “invariant delayed match to sample task”, we found that d’^2 does in fact rapidly saturate within IT 
at a time roughly consistent with the monkeys’ fast reaction times. Additionally, we found that the small 
spike-count regime imposed by these short integration windows acted to “blunt” the impact of nuisance variation 
as compared to a high spike-count regime.



30th CVS Symposium

Poster Abstracts

June 3-5, 2016

41

Perception of object motion during self-motion: Neural 
computations for flexible reference frame transformations in 
VIP and MSTl
R. SASAKI1, D. E. ANGELAKI3, G. C. DEANGELIS2; 
1Ctr. for Visual Sci., 2Ctr. for Visual Science, Dept. of Brain and Cognitive Sciences,, Univ. of 
Rochester, Rochester, NY; 3Dept. of Neurosci., Baylor Col. of Med., Houston, TX

To estimate object motion in the world, a moving observer needs to compensate for the effects of self-motion on 
the retinal image. Other times, we may only need to judge how an object moves relative to our head/body, which 
does not require compensating for self-motion. The brain must therefore perform computations of object motion 
that flexibly incorporate self-motion signals based on task demands. 

We trained monkeys to report whether an object moves upward/rightward or upward/leftward while they 
experienced lateral self-motion. In the world-coordinate task, the monkey is required to judge whether the object 
moved to the left or right of vertical in the world; in the head-coordinate task, the animal reports left or right 
relative to the head. Monkeys successfully switched between performing the two tasks while we recorded 
responses of macaque VIP and MSTl neurons.

We trained a linear decoder to classify object motion as rightward or leftward relative to vertical. For the 
head-coordinate task, decoding either MSTl or VIP activity produces good performance, which is not surprising 
since self-motion signals are not required for this task condition. Results for the world-coordinate task, which 
requires self-motion signals, reveal clear differences between areas. For MSTl, decoder performance shows 
substantial biases due to self-motion. In contrast, decoding of VIP responses shows a pattern of results similar to 
behavior. Our results suggest that MSTl only partially integrates self-motion signals to represent object motion in 
world coordinates. In contrast, VIP responses appear to reflect the ability to flexibly represent object motion in 
different reference frames.
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The influence of the dominant eye in visuospatial attention
Selene Schintu, Behavioral Neurology Unit, NINDS, NIH, Bethesda, MD, USA
Romain Chaumillon, Aix Marseille Université, Marseille, France
Alain Guillaume, Psychology Dept., New York University, New York, USA  
Roemo Salemme, CRNL, ImpAct Team, Lyon, France 
Karen T. Reilly, CRNL, ImpAct Team, Lyon, France  
Laure Pisella, CRNL, ImpAct Team, Lyon, France 
Alessandro Farné, CRNL, ImpAct Team, Lyon, France 

In humans, eye dominance in visual aiming is uncorrelated with hand dominance. Information from the 
dominant eye may capture attention more readily (Shneor and Hochstein, 2006), and the attentional system may 
be activated differently by each eye (Roth et al., 2002). A fundamental asymmetry in visuospatial cognition, a 
leftward bias called pseudoneglect (Bowers and Heilman, 1980), is known to vary across healthy individuals 
(Jewell and McCourt, 2000). To date, the potential influence of eye dominance on the presence of pseudoneglect 
remains unaddressed. 

We compared performance on the manual line bisection task and Landmark tasks (a more perceptive version of 
the manual line bisection task; Milner et al., 1992) between right dominant eye (RDE) and left dominant eye 
(LDE) individuals. On the Landmark task, the amount of pseudoneglect was significantly different between RDE 
and LDE individuals, and it was present only for RDE group. 

We discuss several hypotheses regarding possible mechanisms for this difference in visuospatial attention, 
considering the sensitivity of the right hemisphere (RH) to contralateral compared to ipsilateral visual stimuli 
(Corbetta et al., 2005), the RH dominance for visuospatial attention (Mesulam, 1981; Sheremata and Silver, 
2015), and the asymmetric pattern of parieto-frontal connectivity (Thiebaut de Schotten et al., 2011).  

Bowers, D., & Heilman, K. M. (1980). Pseudoneglect: effects of hemispace on a tactile line bisection task. Neuropsychologia, 
18(4-5), 491–498.

Corbetta, M., Kincade, M. J., Lewis, C., Snyder, A. Z., & Sapir, A. (2005). Neural basis and recovery of spatial attention deficits 
in spatial neglect. Nature Neuroscience, 8(11), 1603–1610. 

Jewell, G., & McCourt, M. E. (2000). Pseudoneglect: a review and meta-analysis of performance factors in line bisection 
tasks. Neuropsychologia, 38(1), 93–110. 

Mesulam, M. M. (1981). A cortical network for directed attention and unilateral neglect. Annals of Neurology, 10(4), 
309–325. 

Milner, A. D., Brechmann, M., & Pagliarini, L. (1992). To halve and to halve not: an analysis of line bisection judgements in 
normal subjects. Neuropsychologia, 30(6), 515–526.

Roth, H. L., Lora, A. N., & Heilman, K. M. (2002). Effects of monocular viewing and eye dominance on spatial attention. Brain, 
125(9), 2023–2035. 

Sheremata, S. L., & Silver, M. A. (2015). Hemisphere-Dependent Attentional Modulation of Human Parietal Visual Field 
Representations. The Journal of Neuroscience, 35(2), 508–517.
 
Shneor, E., & Hochstein, S. (2006). Eye dominance effects in feature search. Vision Research, 46(25), 4258–4269. 

Thiebaut de Schotten, M., Dell’Acqua, F., Forkel, S. J., Simmons, A., Vergani, F., Murphy, D. G. M., & Catani, M. (2011). A 
lateralized brain network for visuospatial attention. Nature Neuroscience, 14(10), 1245–1246. 

Supported by James S. McDonnell Foundation Scholar Award to AF.
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leftward bias called pseudoneglect (Bowers and Heilman, 1980), is known to vary across healthy individuals 
(Jewell and McCourt, 2000). To date, the potential influence of eye dominance on the presence of pseudoneglect 
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the manual line bisection task; Milner et al., 1992) between right dominant eye (RDE) and left dominant eye 
(LDE) individuals. On the Landmark task, the amount of pseudoneglect was significantly different between RDE 
and LDE individuals, and it was present only for RDE group. 

We discuss several hypotheses regarding possible mechanisms for this difference in visuospatial attention, 
considering the sensitivity of the right hemisphere (RH) to contralateral compared to ipsilateral visual stimuli 
(Corbetta et al., 2005), the RH dominance for visuospatial attention (Mesulam, 1981; Sheremata and Silver, 
2015), and the asymmetric pattern of parieto-frontal connectivity (Thiebaut de Schotten et al., 2011).  

Bowers, D., & Heilman, K. M. (1980). Pseudoneglect: effects of hemispace on a tactile line bisection task. Neuropsychologia, 
18(4-5), 491–498.
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normal subjects. Neuropsychologia, 30(6), 515–526.
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Sheremata, S. L., & Silver, M. A. (2015). Hemisphere-Dependent Attentional Modulation of Human Parietal Visual Field 
Representations. The Journal of Neuroscience, 35(2), 508–517.
 
Shneor, E., & Hochstein, S. (2006). Eye dominance effects in feature search. Vision Research, 46(25), 4258–4269. 

Thiebaut de Schotten, M., Dell’Acqua, F., Forkel, S. J., Simmons, A., Vergani, F., Murphy, D. G. M., & Catani, M. (2011). A 
lateralized brain network for visuospatial attention. Nature Neuroscience, 14(10), 1245–1246. 
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Action potential-theta coherence encodes conflict in the human 
dorsolateral prefrontal cortex
Elliot H. Smith, Department of Neurological Surgery, Columbia University, New York, NY, USA
Timothy G. Dyster, Department of Neurological Surgery, Columbia University, New York, NY, USA 
Charles B. Mikell, Department of Neurological Surgery, Columbia University, New York, NY, USA 
Seth Pullman, Department of Neurology, Columbia University, New York, NY, USA 
Qiping Wu, Department of Neurology, Columbia University, New York, NY, USA
Guy M. McKhann II, Department of Neurological Surgery, Columbia University, New York, NY, USA 
Sameer A. Sheth, Department of Neurological Surgery, Columbia University, New York, NY, USA 

Cognitive control processes have been associated with theta-range EEG activity arising from the dorsal anterior 
cingulate cortex (dACC)1-3. The neuronal computations underlying these dynamics, however, remain elusive. We 
hypothesized theta oscillations entrain dorsolateral prefrontal cortex (dlPFC) neuronal firing during increased 
cognitive demand. 

We recorded single neuron and local field potential (LFP) signals in the dlPFC of patients undergoing deep brain 
stimulation surgery for movement disorders while they performed the Multi-Source Interference Task, a 
Stroop-like task characterized by multiple levels of conflict. We examined firing rate coding of conflict using an 
adaptive-kernel firing rate estimate, and temporal coding of conflict using spike-field coherence for LFP 
frequencies ranging from 0.3 to 50 Hz using multi-taper methods4. 

We isolated 32 neurons over nine subjects and examined stimulus-evoked activity. Of those neurons, 20 
exhibited no significant firing rate change, nine exhibited significant firing rate suppression, and three exhibited 
significant firing rate enhancement, when compared with a baseline period (Mann-Whitney U test, p < 0.01). 
Only two neurons, both with enhanced firing, exhibited significantly different firing rates across conflict levels 
(ANOVA, p < 0.01). Upon examining stimulus-evoked spike-field coherence, however, we found that 20 neurons 
exhibited significantly more theta coherence for high conflict trials (shuffle test, 1000 permutations, p < 0.01).
These results suggest temporal coding is more widespread and informative than rate coding in human dlPFC. Our 
previous work showed information transfer from dACC to dlPFC3. Entrainment of neuronal firing in dlPFC may 
thus be an electrophysiological mechanism by which dACC instantiates control processes in dlPFC. 

1. Cavanagh, J. F. & Frank, M. J. Frontal theta as a mechanism for cognitive control. Trends Cogn Sci (Regul Ed) 18, 
414–421 (2014).
2. Cavanagh, J. F., Zambrano-Vazquez, L. & Allen, J. J. B. Theta lingua franca: a common mid-frontal substrate for 
action monitoring processes. Psychophysiology 49, 220–238 (2012).
3. Smith, E. H. et al. Frequency-Dependent Representation of Reinforcement-Related Information in the Human 
Medial and Lateral Prefrontal Cortex. J Neurosci 35, 15827–15836 (2015).
4. Jarvis, M. R. & Mitra, P. P. Sampling Properties of the Spectrum and Coherency of Sequences of Action Potentials. 
http://dx.doi.org/10.1162/089976601300014312 (2006). doi:10.1162/089976601300014312
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Paradoxical benefits of attentional distraction for visuomotor 
memory without explicit 

Hee Yeon Im, Brown University,Providence, RI, USA
Joo-Hyun Song, Brown University,Providence, RI, USA

Acquiring or reacquiring pertinent motor skills (e.g., a pilot operating an aircraft or a stroke patient in a 
rehabilitation session) requires one retrieve visuomotor memory in novel environments, where attention is often 
distracted by other events. Previous studies have exclusively examined immediate impairment of motor 
performance, leaving the question of how divided attention affects memory formation and retrieval unaddressed. 
Using a dual-task paradigm, pairing an abrupt visuomotor adaptation task (45˚CCW rotation) with the concurrent, 
attention-demanding task, we recently demonstrated that motor skill learned under distractions was successfully 
retrieved only when similar distraction was present. We suggest that attentional distraction itself can act as a vital 
context for visuomotor memory encoding and retrieval (Song & Bédard, 2015; Im et al., 2015). Here, to examine 
whether this paradoxical benefit of attentional distraction can be manifested without awareness of motor errors 
and explicit cognitive strategies, we introduced a gradual adaptation task. In this task, the visuomotor 
perturbation gradually increased during the adaptation phase in small unnoticeable increments (0.3°/trial). We 
demonstrated that akin to abrupt adaptation, participants’ recall performance was superior under consistent 
attentional distraction. This was also the case when the types of attentional distractions were changed between 
learning and recall. Therefore, we conclude that binding attentional states and visuomotor memory is 
generalizable and can occur without explicit awareness of perturbation or cognitive strategy. Our new discovery of 
attentional-context-dependent memory highlights the necessity of updating current models of attention, motor 
learning, and memory to fully understand visuomotor learning processes. 

Im YH, Bédard P, Song J-H (2015) Encoding attentional states during visuomotor adaptation.  Journal of Vision. 15(8):20, 
1-16.

Song J-H, *Bédard P (2015) Paradoxical benefits of diverted attention for visuomotor memory, Psychological Sciences, 
26(2): 148-58.
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Graded representations of stimulus salience and attentional 
priority across visually-responsive cortex

Thomas Sprague, Dept of Psychology, New York University, New York, NY, USA
Sirawaj Itthipuripat, Neurosciences Graduate Program, UCSD, La Jolla, CA, USA
Vy Vo, Neurosciences Graduate Program, UCSD, La Jolla, CA, USA
John Serences, Neurosciences Graduate Program, Dept of Psychology & Kavli Institute for Brain & 
Mind, UCSD, La Jolla, CA, USA

The visual system faces the complex task of selectively processing behaviorally relevant portions of the scene in 
the context of irrelevant portions, which each could have different degrees of saliency (Itti & Koch, 2001). Previous 
work demonstrates that neural responses measured in early visual regions show a strong dependence on contrast 
(a strong component of salience), while those measured from higher-order visual regions show an increasing 
sensitivity to attentional demands (Luck et al, 1997; Serences & Yantis, 2006). Here, to identify visual salience and 
priority maps, we simultaneously manipulated stimulus salience (contrast) and attentional priority (locus of 
spatial attention) of two stimuli while scanning participants with fMRI. We hypothesized that a pure salience map 
would reflect only information about stimulus contrast, while a pure priority map would reflect only information 
about the behaviorally-relevant stimulus. We used activation patterns within several visually responsive ROIs and 
an image reconstruction technique to quantify stimulus representations on each trial. In early visual regions 
(V1-hV4), stimulus representations tracked both visual salience and attentional priority: their activation increased 
with contrast and with behavioral relevance. However, in higher-order regions (IPS0), we primarily observed 
representations of priority: the attended stimulus appeared most predominately in the reconstructions, with 
minimal activation associated with the ignored stimulus. Interestingly, representations of ignored high-contrast 
stimuli were never stronger than those of attended low-contrast stimuli. These results suggest a graded 
involvement of visual brain regions in integrating information about bottom-up salience and top-down 
attentional priority that appears even at early stages of cortical visual processing.

Itti, L., & Koch, C. (2001). Computational modelling of visual attention. Nat Rev Neurosci, 2(3), 194–203.

Luck, S. J., Chelazzi, L., Hillyard, S. A., & Desimone, R. (1997). Neural mechanisms of spatial selective attention in areas V1, 
V2, and V4 of macaque visual cortex. Journal of Neurophysiology, 77(1), 24–42.

Serences, J. T., & Yantis, S. (2006). Selective visual attention and perceptual coherence. Trends in Cognitive Sciences, 10(1), 
38–45.

Funded by NIH R01-EY025872 and a James S. McDonnell Foundation Scholar Award to J.S., NIH T32-MH20002 to 
T.S., an HHMI International Graduate Fellowship to S.I., and an NSF Graduate Research Fellowship to V.V. and T.S. 
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Training enhances attentional expertise, but not attentional 
capacity: evidence from content-specific training benefits

Roger W. Strong, Department of Psychology, Harvard University, Cambridge, MA, USA
George A. Alvarez, Department of Psychology, Harvard University, Cambridge, MA, USA

Cognitive training has become a billion-dollar industry with the promise that exercising a cognitive faculty (e.g., 
attention) on simple “brain games” will lead to improvement on any task relying on the same faculty. While this 
logic seems sound, it assumes that performance improves on training tasks because attention’s capacity has been 
enhanced. Alternatively, training may enhance content-specific attentional expertise, such that improvement on 
training tasks is specific to the features of the training context. We examined whether training-induced benefits 
for multiple-object tracking, a task limited by high-level attentional processes (Cavanagh & Alvarez, 2005), 
generalize across different motion types (translating dots vs. rotating pinwheels) or different retinotopic locations 
(e.g., top-left vs. bottom-left visual quadrant). Despite shared high-level attentional mechanisms between trained 
and untrained tasks, training benefits failed to generalize completely from the trained tracking task (e.g., dots in 
the upper-left visual quadrant) to very similar untrained tracking tasks differing in 1) motion type, 2) location, or 
3) both these properties. Furthermore, comparison to a no-training control group indicated that no generalization 
occurred when the properties of motion type and location were not shared between trained and untrained tasks, 
despite large improvement for the trained tracking task relative to control. This strict specificity suggests that 
attentional training benefits are linked to enhanced coordination between attentional processes and 
content-specific perceptual representations. Thus, sharing common attentional mechanisms is insufficient for 
producing generalized training benefits, as training enhances specific attentional expertise rather than general 
attentional capacity.

Cavanagh, P., & Alvarez, G. A. (2005). Tracking multiple targets with multifocal attention. Trends in Cognitive Sciences, 9(7), 
349-354.
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Dynamic changes in voxel RFs support fidelity increases in a 
multivariate encoding model for spatial location

Vy Vo, Thomas C. Sprague, John T. Serences

Spatial attention facilitates sensory encoding in neural populations, presumably by modulating the gain, shape, 
and location of neural receptive fields (RFs). However, due to constraints on measuring responses from neurons 
across an entire visual area, it is unclear how these heterogeneous unit-level modulations interact to jointly 
improve the fidelity of large-scale population codes (Anton-Erxleben & Carrasco, 2013). To address this question, 
we first used fMRI and a univariate spatial encoding model to quantify attentional modulations of single-voxel 
RFs (vRFs) in visual cortex. Replicating previous studies in both macaque electrophysiology and human 
neuroimaging  (Connor et al., 1997; Womelsdorf et al., 2006; 2008; Niebergall et al., 2011; Anton-Erxleben et 
al., 2009; Klein et al., 2014; Sheremata & Silver, 2015, Kay et al., 2015; Sprague et al., 2013), we find that vRFs 
shift toward the attended location. We also report a complex spatial pattern of vRF changes in size and response 
gain when subjects covertly attended to the targets, compared to when they attended fixation. Then, we used a 
multivariate image reconstruction technique to show that shifts in vRF location and response gain largely account 
for improved spatial representations encoded by large-scale response patterns in areas of visual cortex. Beyond 
the present paradigm and measurement techniques used here, simulations suggest that attentional modulations 
across scales are strongly influenced by the offset between the centroid of an encoding unit and the current locus 
of spatial attention.

Anton-Erxleben, K., & Carrasco, M. (2013). Attentional enhancement of spatial resolution: linking behavioural and neuro-
physiological evidence. Nature Reviews. Neuroscience, 14(3), 188–200. doi:10.1038/nrn3443

Connor, C. E., Preddie, D. C., Gallant, J. L., & Van Essen, D. C. (1997). Spatial attention effects in macaque area V4. The Journal 
of Neuroscience, 17(9), 3201–14.

Womelsdorf, T., Anton-Erxleben, K., Pieper, F., & Treue, S. (2006). Dynamic shifts of visual receptive fields in cortical area MT 
by spatial attention. Nature Neuroscience, 9(9), 1156–60. doi:10.1038/nn1748

Womelsdorf, T., Anton-Erxleben, K., & Treue, S. (2008). Receptive field shift and shrinkage in macaque middle temporal area 
through attentional gain modulation. The Journal of Neuroscience, 28(36), 8934–44. doi:10.1523/JNEUROS-
CI.4030-07.2008

Niebergall, R., Khayat, P. S., Treue, S., & Martinez-Trujillo, J. C. (2011). Expansion of MT neurons excitatory receptive fields 
during covert attentive tracking. The Journal of Neuroscience, 31(43), 15499–510. doi:10.1523/JNEUROSCI.2822-11.2011

Anton-Erxleben, K., Stephan, V. M., & Treue, S. (2009). Attention reshapes center-surround receptive field structure in 
macaque cortical area MT. Cerebral Cortex, 19(10), 2466–78. doi:10.1093/cercor/bhp002

Klein, B. P., Harvey, B. M., & Dumoulin, S. O. (2014). Attraction of Position Preference by Spatial Attention throughout Human 
Visual Cortex. Neuron, 1–11. doi:10.1016/j.neuron.2014.08.047

Sheremata, S. L., & Silver, M. A. (2015). Hemisphere-Dependent Attentional Modulation of Human Parietal Visual Field 

Representations. Journal of Neuroscience, 35(2), 508–517. doi:10.1523/JNEUROSCI.2378-14.2015

Kay, K. N., Weiner, K. S., & Grill-Spector, K. (2015). Attention reduces spatial uncertainty in human ventral temporal cortex. 
Current Biology.

Sprague, T. C., & Serences, J. T. (2013). Attention modulates spatial priority maps in the human occipital, parietal and frontal 
cortices. Nature Neuroscience, 16(12), 1879–87. doi:10.1038/nn.3574

Supported by NSF GRFP to V.A.V. & T.C.S; NEI grant R01-EY025872 & James S. McDonnell Scholar Award to J.T.S.
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Attention cues trigger increased burst-firing synchronized to 
theta and beta oscillations in macaque fronto-cingulate cortex

Benjamin Voloh, Department of Biology, York University, Toronto, Canada
Thilo Womelsdorf, Department of Biology, York University, Toronto, Canada

Selective visual attention relies on mechanisms that integrate goal-relevant events using inputs from both local 
and long-distant information sources.  One means to support effective integration is through rhythmic coupling 
of activity, within and across the cortical sites processing goal-relevant information (Fries, 2015). We have recently 
found such coupling in theta rhythmic local field potential (LFP) fluctuations (Voloh et al, 2015), and through 
inter-areal synchronization of burst firing events to higher frequency beta and gamma activity (Womelsdorf et al, 
2014). The relationship between low (theta) frequency coupling and coupling of burst firing is unclear. One 
intriguing hypothesis states that burst firing may result from periods of an enhanced state of network interactions 
(Larkum, 2012), suggesting that enhanced theta coherence could underlie burst firing. 

Here we test for these relationships by analyzing the LFP and neuronal burst firing in anterior cingulate and 
prefrontal cortices in macaques performing a selective attention task.  In the current work, we extend our previous 
findings by characterizing (i) the temporal evolution of oscillatory and burst activity, and (ii) the interaction of 
theta and beta oscillations with bursts. All analyses were performed within the same channel. We found that the 
proportion of burst spike events increased following attention cue onset. Moreover, bursts showed a characteristic 
phase relationship with theta and beta oscillations. These results are consistent with the scenario that 
synchronization of bursts and theta/beta oscillations could support the recruitment of behaviorally relevant 
neural ensembles.

Fries, P. (2015). Rhythms for Cognition: Communication through Coherence. Neuron, 88(1), 220–235. 

Voloh, B., Valiante, T. A., Everling, S., & Womelsdorf, T. (2015). Theta–gamma coordination between anterior cingulate and 
prefrontal cortex indexes correct attention shifts. Proceedings of the National Academy of Sciences of the United States of 
America, 112(27), 8457–8462.

Womelsdorf, T., Ardid, S., Everling, S., & Valiante, T. A. (2014). Burst Firing Synchronizes Prefrontal and Anterior Cingulate 
Cortex during Attentional Control. Current Biology, 24(22), 2613–2621. 

Larkum, M. (2012). A cellular mechanism for cortical associations : an organizing principle for the cerebral cortex. Trends in 
Neurosciences, 1–11.
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Prospective evaluation involves reactivating neural response 
patterns associated with outcome monitoring

Zhe Maya Wang & Benjamin Y. Hayden, University of Rochester

Decision-makers must assign values to options before choosing between them. We hypothesized that prospective 
evaluation relies on reactivating patterns of neural activity elicited by outcomes. To test this idea, we compared 
neural responses to reward outcomes with offer-period responses in orbitofrontal area 13 (OFC) in a choice task. 
Consistent with the reactivation hypothesis, we found strong quantitative similarities between offer and outcome 
ensemble response patterns. A similar match was observed in ventromedial area 14 (vmPFC) but not ventral 
striatum (VS), suggesting the reactivation principle may be cortically specific. We interleaved trials in which offers 
values were indicated symbolically (described offers) and communicated by water aliquots (experienced offers). 
We found no overlap in the neural patterns elicited by these two types of offers, suggesting that our results are 
not attributable to a single value coding scheme in OFC. These results support the hypothesis that prospectively 
evaluating rewards involves simulating their receipt.  

Abe, H. & Lee, D., 2011. Distributed coding of actual and hypothetical outcomes in the orbital and dorsolateral prefrontal 
cortex. Neuron, 70(4), pp.731–741.

Barron, H.C., Dolan, R.J. & Behrens, T.E.J., 2013. Online evaluation of novel choices by simultaneous representation of 
multiple memories. Nature Neuroscience, 16(10), pp.1492–1498.

Blanchard, T.C., Hayden, B.Y. & Bromberg-Martin, E.S., 2015. Orbitofrontal Cortex Uses Distinct Codes for Different Choice 
Attributes in Decisions Motivated by Curiosity. Neuron, 85(3), pp.602–614.

Bray, S., Shimojo, S. & O'Doherty, J.P., 2010. Human Medial Orbitofrontal Cortex Is Recruited During Experience of Imagined 
and Real Rewards. Journal of Neurophysiology, 103(5), pp.2506–2512.

Breiter, H.C. et al., 2001. Functional imaging of neural responses to expectancy and experience of monetary gains and 
losses. Neuron, 30(2), pp.619–639.

Burke, K.A., Franz, T.M., Miller, D.N. & Schoenbaum, G., 2008. The role of the orbitofrontal cortex in the pursuit of happiness 
and more specific rewards. Nature, 454(7202), pp.340–344.

Carmichael, S.T. & Price, J.L., 1994. Architectonic subdivision of the orbital and medial prefrontal cortex in the macaque 
monkey. The Journal of comparative neurology, 346(3), pp.366–402.

Gottfried, J.A., O'Doherty, J. & Dolan, R.J., 2003. Encoding predictive reward value in human amygdala and orbitofrontal 
cortex. Science, 301(5636), pp.1104–1107.

Haber, S.N. & Behrens, T.E.J., 2014. The Neural Network Underlying Incentive-Based Learning: Implications for Interpreting 
Circuit Disruptions in Psychiatric Disorders. Neuron, 83(5), pp.1019–1039.

Kahnt, T. et al., 2010. The neural code of reward anticipation in human orbitofrontal cortex. Proceedings of the National 
Academy of Sciences of the United States of America, 107(13), pp.6010–6015.

We thank Marc Mancarella and Meghan Castagno for help with data collection and Rei Akaishi for useful 
comments on the manuscript. This research was supported by a grant to BYH from the Klingenstein-Simons 
Foundation and an award from the Templeton Science of Prospection Program. 
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Not all fixations are created equal: Quiet and noisy eyes in 
visual search and other tasks

Marcus R. Watson, Department of Biology, Toronto, York University ON, CA
James T. Enns, Department of Psychology, The University of British Columbia, BC, CA
Thilo Womelsdorf, Department of Biology, York University, Toronto, ON, CA

Keeping our eyes still allows in-depth processing of the stimuli close to fixation. However while this information is 
being processed we are unable to access new information, elsewhere in the scene, that may be more relevant to 
our current goals. This means that fixations and saccades are constantly in a trading relationship of "seeing" 
(processing what is in our field of view) vs "looking" (moving the eyes to find new information to process). This 
relationship is analogous to that between exploitation of resources and exploration for new resources in 
reinforcement learning models, where resources become defined as information about visual objects. Here we 
review results, which show that simple differences in instructions can cause people to exhibit different patterns of 
oculomotor behaviour on these tasks, corresponding to differences in prioritizing seeing vs looking. By changing 
the task parameters, we can change which of these two strategies leads to faster target identification, on average.  
However, examining individual differences shows that the performance of many searchers using either strategy is 
equivalent, showing that there are multiple ways of achieving similar levels of performance. We suggest that 
these results bear important similarities to the well-studied "quiet eye" phenomenon in sports psychology, in 
which elite athletes make longer fixations prior to critical actions. We also review how these findings might be 
applicable to more naturalistic and ecologically-valid tasks that include richer stimuli, temporal structuring of 
information, and self-guided navigation. 

Brennan, A. A., Watson, M. R., Kingstone, A., & Enns, J. T. (2011). Person perception informs understanding of cognition 
during visual search. Attention, Perception, & Psychophysics, 73(6), 1672-1693. 

Di Lollo, V., Enns, J. T., & Rensink, R. A. (2000). Competition for consciousness among visual events: The psychophysics of 
reentrant visual processes. Journal of Experimental Psychology: General, 129(4), 1-27. 

Doucet, G., Gulli, R. A., & Martinez-Trujillo, J. C. (2016). Cross-species 3D virtual reality toolbox for visual and cognitive 
experiments. J Neurosci Methods, 266, 84-93. doi:10.1016/j.jneumeth.2016.03.009

Mann, D. T. Y., Williams, A. M., Ward, P., & Janelle, C. M. (2007). Perceptual-cognitive expertise in sport: A meta-analysis. 
Journal of Sport and Exercise Psychology, 29, 457-478. 

Smilek, D., Enns, J. T., Eastwood, J. D., & Merikle, P. M. (2006). Relax! Cognitive strategy influences visual search. Visual 
Cognition, 14, 543-564. 

Watson, M. R., Brennan, A. A., Kingstone, A., & Enns, J. T. (2010). Looking versus seeing: Strategies alter eye movements 
during visual search. Psychonomic Bulletin and Review, 17(4), 543-549. doi:10.3758/PBR.17.4.543
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Cross-Frequency Coupling between Alpha Oscillations and 
Selective Entrainment: A Correlate of Selective Attention

Tommy J Wilson, The Sheryl and Daniel R. Tishman Cognitive Neurophysiology Laboratory and 
Children’s Evaluation and Rehabilitation Center (CERC), Albert Einstein College of Medicine, 
Bronx, New York
Sophie Molholm, The Sheryl and Daniel R. Tishman Cognitive Neurophysiology Laboratory and 
Children’s Evaluation and Rehabilitation Center (CERC), Albert Einstein College of Medicine, 
Bronx, New York
John J Foxe, Ernest J. Del Monte Institute for Neuromedicine, University of Rochester Medical 
Center, Rochester, New York

A crucial function of attention is to select relevant inputs from an environment filled with multiple, competing 
sources of information. Oscillations in the alpha band (8-12 Hz) are hypothesized to index one potential 
stratagem for such selection; specifically, they are thought to index suppression of irrelevant information 
processing. Recently, another mechanism of selection has been discussed: oscillatory entrainment to 
environmental rhythms. By syncing neural oscillations to environmental inputs, entrainment is thought to 
coordinate the firing probabilities of large neuronal assemblies so as to ensure optimal processing of pertinent 
information. One outstanding question then is to what extent these two mechanisms interact. Our work pairs 
high-density electroencephalography recordings with a continuous, visuospatial selective attention task to 
observe the time-course and topography of alpha oscillations across the scalp. We then quantify cross-frequency 
coupling (specifically phase-amplitude coupling) between oscillations entrained to rhythmic stimuli presented in 
the delta frequency band (1-3 Hz) and ongoing power fluctuations in the alpha band. We observe that these two 
mechanisms of selective attention interact, such that attending to rhythmic environmental stimuli shapes the 
temporal profile of ongoing activity in the alpha band over occipital electrodes. Cross-frequency coupling 
between rhythmic environmental events and power in the alpha band constitutes a novel, physiologically 
relevant mechanism for shaping the temporal profile of visuospatial selective attention. Therefore, we posit that 
by leveraging rhythmic information to shape alpha band power, the brain actively generates temporal predictions 
that are used to more effectively suppress irrelevant information processing.
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Signal transformations and noise correlation between MT and 
LIP during decision-making

Jacob L. Yates, Il. Memming Park,  Leor N. Katz, Jonathan W. Pillow, and Alexander C. Huk

Perceptual decisions require neural circuits that can accumulate sensory evidence in favor of the possible choice 
outcomes. During motion-discrimination, neurons in the middle temporal area (MT) are thought to represent the 
instantaneous motion evidence and neurons in the lateral intraparietal area (LIP) have activity that resembles the 
accumulation of motion evidence. Although the responses of single neurons in these areas have been studied in 
the context of motion-discrimination for over two decades, no simultaneously recorded data exists to constrain 
their relationship on single trials. We therefore recorded simultaneously from neurons in MT and LIP while 
monkeys discriminated the direction of motion in a reverse-correlation stimulus with precisely controlled, and 
independently varied, local motion energy. To quantify the signal transformations and noise correlation in and 
between both areas, we used a generalized linear model of single trial spike trains. We found that MT neurons 
exhibited non-trivial temporal dynamics, where they were more directionally selective early in motion viewing. 
This early weighting in MT was sufficient to explain the temporal dependence on motion present in LIP responses, 
however, there was no evidence that LIP neurons depended on trial-by-trial variability in MT.  Taken together, 
these results suggest that intervening stages between MT and LIP perform substantial computation not solely 
confined to temporal integration.
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Conflict sensitivity in human anterior cingulate cortex revealed 
by intracranial local field potentials

Mark Yates, Elliot Smith, Sameer Sheth
Department of Neurological Surgery, Columbia University Medical Center, New York, NY, USA

Cognitive control refers to the ability to flexibly adjust behavior and information processing in the service of goal 
achievement. The prefrontal cortex (PFC) is believed to play a central role in cognitive control, however there is 
debate regarding the contributions of different regions within the PFC. Control Conflict Loop Theory proposes that 
medial and lateral PFC work together to achieve cognitive control. The role of medial PFC is to detect conflict (e.g. 
the existence of two competing potential responses) which indicates a need for cognitive control. This information 
is then transmitted to lateral PFC, which implements cognitive control. This theory predicts, firstly, that medial PFC 
should be sensitive to level of conflict, and secondly, that conflict-related activity should emerge earlier in medial 
PFC compared to lateral PFC. We tested these predictions using intracranial recordings in four human subjects. 
Local field potentials were simultaneously recorded from multiple sites within anterior cingulate cortex (ACC, n 
=14) and dorsolateral PFC (DLPFC, n = 14) while patients performed the Multi Source Interference Task, a 
number-based Stroop-like task with high and low conflict trials. In high conflict trials, correct responding requires 
inhibition of pre-potent response tendencies. The first prediction of the Control Conflict Loop Theory was 
confirmed by our data - event-related potentials at ACC sites showed differential activity for high versus low 
conflict trials. The second prediction, however, was not supported - there was no evidence that 
conflict-differentiated responses emerged earlier at ACC sites compared to DLPFC sites.
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Measuring the size of the attentional suppressive surround

Sang-Ah Yoo, Department of Psychology, Centre for Vision Research, York University, Toronto, ON, 
CA
John K. Tsotsos, Department of Engineering and Computer Science, Centre for Vision Research, 
York University, Toronto, ON, CA
Mazyar Fallah, School of Kinesiology and Health Science, Centre for Vision Research, Canadian 
Action and Perception Network, York University, Toronto, ON, CA

The Selective Tuning (ST) model (Tsotsos, 1995) proposed that the visual focus of attention is accompanied by a 
suppressive surround in spatial and feature dimensions. ST also predicts that the size of the suppressive surround 
is determined by the level of processing within the visual hierarchy. We, thus, hypothesized that the size of the 
suppressive surround corresponds to the receptive field size of a neuron that best represents the attended 
stimulus. In Experiment 1 and 2, we conducted a free-viewing visual search task to test this hypothesis and used 
two different types of features processed at different levels – orientation and 3D objects (Greebles; Gauthier & Tarr, 
1997). We tracked participants’ eye movements during search to find rapid return saccades that provides a 
measure for the size of the suppressive surround (Sheinberg & Logothetis, 2001). We found that the size of the 
suppressive surround varied depending on the stimulus scales rather than feature levels. In Experiment 3, we 
used a target detection task (Cutzu & Tsotsos, 2003) with the same stimulus types and scales. If stimulus scales 
mainly determine the size of the suppressive surround, larger stimuli will produce a larger suppressive surround 
independent of their feature levels. We observed evidence for the suppressive surround only in the orientation 
conditions. Consistent to the previous results, larger orientation formed a larger suppressive surround than small 
orientation. The results suggest that different stimulus scales change the optimal processing level for the 
attended feature in the visual hierarchy, therefore, affect the size of the suppressive surround.
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Spatially tuned response for both manual and oculomotor 
movement in anterior cingulate cortex neurons

Seng Bum Yoo, Department of Brain and Cognitive Sciences, University of Rochester, NY,USA
Benjamin Hayden, Department of Brain and Cognitive Sciences, University of Rochester, NY,USA 

A number of studies have revealed that the dorsal anterior cingulate cortex (dACC) is responsible for associating 
action with reward. Until recently, however, only few studies have addressed the question of whether specific 
movement variables like direction selectivity are encoded in dACC. Even the studies that have explored whether 
the dACC encodes action information only addressed a specific type of movement: oculomotor movement. Here 
we show that firing rates of dACC neurons are sensitive to direction of movement by the physiological data from 
the dynamic-interactive-reward pursuit (DIRP) task. Compared to tasks in which responses are limited, our current 
task enabled the subject to generate the movement with a high degree of freedom in all possible directions for 
both oculomotor and manual movement. The current result shows that dACC neurons encode not only the 
direction of oculomotor movement that previously reported but also the direction of manual movement. 
Furthermore, dACC neurons have different spatially tuned responses to oculomotor direction and manual 
movement direction. In sum, dACC neurons are spatially tuned for direction of various types of movement. 
Moreover, spatial tuning shown for both oculomotor and manual movement suggests that dACC could 
communicate with oculomotor areas and other motor areas.
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