bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463709; this version posted October 12, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Feature-based gating of cortical information transmission

a,d.e* a,b,c

Sonia Baloni Ray , Daniel Kapinga’*, Stefan Treue

aCognitive Neuroscience Laboratory, German Primate Center — Leibniz-Institute for Primate Research,
Goettingen, Germany;

bLeibniz Science Campus Primate Cognition, Goettingen, Germany;
CFaculty for Biology and Psychology, University of Goettingen;
dCentre of Behavioural and Cognitive Sciences, University of Allahabd, U.P, India;

eIndraprastha Institute of Information Technology, New Delhi, India

Author contributions: ST, DK and SBR designed the study; SBR and DK recorded data and performed
analysis; ST, SBR and DK interpreted the data and wrote the publication.

*
These authors contributed equally

Abstract

In highly developed visual systems, spatial- and feature-based attentional modulation
interact to prioritize relevant information and suppress irrelevant details. We
investigated the specific role and integration of these two attentional mechanisms in
visual cortical area MST of rhesus monkeys. We show that spatial attention acts as a
gate for information processing by providing unimpeded high-gain pass-through
processing for all sensory information from attended visual locations. Feature-based
attentional enhancement does not only show the known dependency on a match
between the attended feature and a given cell’s selectivity, but surprisingly is
restricted to those features for which a given cell contributes to perception. This
necessitates a refinement of the feature-similarity gain model of attention and
documents highly optimized attentional gating of sensory information for cortical
processing. This gating is shaped by neuronal sensory preferences, behavioral
relevance, and the causal link to perception of neurons that process this visual input.
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Introduction

Optimal perception and action in a complex environment depend on an internal neural
representation of the sensory input. Correspondingly, sensory information processing
in highly developed nervous systems, such as that of humans and other primates is
characterized by powerful sensors that have evolved to provide the most
comprehensive information possible about the environment. This representation not
only encodes the detailed information provided by high-performance sensory systems,
but should ideally also prioritize relevant information and suppress irrelevant details
to optimize the use of limited processing resources. Otherwise, the torrent of
incoming information would overtax even the most highly developed central
processing capacity. High-performance sensory systems are therefore complemented
by an equally sophisticated attentional system, employing an interaction of top-down
(attentional) with bottom-up (sensory) processes and a combination of spatial- and
feature-based attentional modulation to selectively allocate processing resources to
the most relevant aspects of the input. This filtering and selection maximizes the gain
for neurons representing stimuli that are (potentially) relevant and lowering the gain
of other neurons, creating a weighted representation of the environment combining
stimulus saliency (bottom-up) with the internally determined behavioral relevance of
the corresponding sensory input (top-down). The emerging integrated saliency map
reflects this top-down biased attention-driven stimulus selection, at the expense of a
representation that solely aims to provide an accurate one-to-one copy of the sensory
environment (1).

For the visual cortex of primates two main forms of attention have been identified,
namely spatial attention and feature-based attention. The former serves to select and
enhance stimuli and their representation based on spatial location. Correspondingly,
the gain of neurons whose receptive field overlaps the spatial spotlight of attention is
maximized and their spatial profile is biased towards the location and size of the
attentional spotlight, optimizing the processing for an unimpeded high-gain pass-
through of sensory information from relevant locations in the environment (2—11).
Processing of information from receptive field locations outside the current spatial
spotlight of attention on the other hand is impeded by reducing the gain of those
neurons (12—14).

Feature-based attention, in contrast, affects information processing across the visual
field. Rather than the pass-through routing of information caused by the spatial
spotlight of attention the feature-based attention system up- or down-regulates the
gain of neurons in sensory cortex based on the match between their feature-
preferences and the currently attended feature set (feature-similarity gain model of
attention, (15-17). Employing such modulation, the visual system enhances the
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representation (or ‘integrated saliency’) of stimuli that match the attended features
(such as a particular direction of motion or a specific color) and suppresses the
processing of all non-matching stimuli across the visual field, independent of where
the current spotlight of attention is directed.

Separate roles and effects of spatial and feature-based attention have been suggested
before (e.g. (18-21)) and they are in line with the results from a recent series of
experiments that have shown that while spatial attention (i.e. attentional pointers in a
retinotopic map) is rapidly shifted in line with saccadic eye movements this does not
apply to feature-based attention (22-24).

Throughout early and mid-level visual cortex, neurons have well-defined spatial
receptive fields, but show tuning for different non-spatial visual dimensions (such as
orientation, color, direction of motion or stereoscopic disparity). This allows us to test
the prediction that the ‘pass-through’ aspect of spatial attention affects neurons based
on their receptive field location (but independently of any other visual preference and
its behavioral relevance), while feature-based attention enhances the gain of only
those neurons which feature-preference matches the organism’s current visual task at
hand (independently of the neurons’ spatial preference). We further hypothesize that
the preference of a sensory neuron for a given feature (as expressed in its tuning
curve) is a necessary but not sufficient condition for a modulation by feature-based
attention. Specifically, neurons that show tuned responses to a particular stimulus
dimension without directly contributing to perceptual tasks involving that dimension
might not be affected by feature-based attention.

We tested these hypotheses by recording from neurons in area MST of rhesus
monkeys. MST is a mid-level extrastriate visual area where a large proportion of
neurons are known to be tuned to linear and to more complex spiral motion patterns
(25-28). Furthermore, MST neurons have been shown to be modulated by covert
voluntary spatial attention (7,29,30). We focused on neurons showing a multiplexed
stimulus selectivity, i.e. independent tuning for both linear and spiral motion stimuli.
During the recordings the animals performed a task that engages both spatial and
feature-based attention. Our data show a “pass-through” gating effect of spatial
attention and a feature-based attentional modulation for spiral motion stimuli. Most
interestingly though, feature-based attentional modulation showed a dissociation for
the two stimulus types, being absent for linear motion stimuli, despite the prevalence
of such effects in the preceding cortical area MT. This documents the predicted
differences in spatial and feature-based attention, but additionally suggests that the
linear motion tuning observed in MST is not directly contributing to linear motion
perception.
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Results

Neuronal response selectivity for a particular stimulus dimension (such as orientation,
direction of motion, etc.) is usually considered a necessary (but not sufficient)
condition for the functional recruitment of a given neuronal population or cortical area
in a perceptual task involving that stimulus dimension. Correspondingly, a multitude
of studies have linked such neuronal selectivity in primate visual cortex to perceptual
performance (31-33). Additionally, the magnitude of attentional modulation of
neuronal activity has been shown to reflect the similarity of a neuron’s sensory
preference to the currently attended location and stimulus features (the feature-
similarity gain model of attention (15,34). We wanted to test if such functional
recruitment of neurons and their attentional modulation also applies for neurons with
multiplexed stimulus selectivity. For this, we measured responses of MSTd neurons
while rhesus monkeys were engaged in a spatial or feature-based attention task. Two
representative types of visual motion patterns - linear and spiral moving random dot
patterns (RDPs) - were used, as MSTd neurons show simultaneous (but independent)
tuning for both these stimulus types.

Prior to our measurements of attentional modulation, we determined the selectivity
(preferred direction and speed) to complex spiral motion stimuli for each isolated
neuron as a prerequisite for further analysis. We analyzed well-isolated single cell
responses from 105 MSTd neurons with spiral motion tuning from two monkeys. Out
of this population, 48 neurons additionally showed tuning to linear motion stimuli.
This linear motion tuning was similar (in dynamic range and tuning width) to the
same cell’s spiral motion tuning (see supplementary Figurel).

This subset of the neuronal population tuned to both spiral and linear motion stimuli
offers the possibility to compare spatial and feature-based attentional modulation for
the two stimulus types for a given cell. Hence, for these 48 neurons spatial and
feature-based attentional tasks were recorded for both spiral and linear RDPs.

Just like the magnitude of location-bound attentional enhancements in the spatial
attention condition, the magnitude of feature-based attentional modulation is subject
to the similarity between the currently attended feature and the preferences of the
neuron under study (15,34). The animals were instructed by a stationary cue, prior to
the onset of coherent motion, to attend either to the stimulus inside the RF (always
moving in the neuron’s preferred direction) or outside the RF (moving either in the
preferred or anti-preferred direction), while ignoring the uncued stimulus (Figure 1).
We determined the feature-based attentional response enhancement of 105 neurons
(48 neurons tuned for both linear and spiral motion) by comparing the firing-rates
between those trials where the target stimulus was the RDP outside the RF, moving
either in the preferred or anti-preferred direction (mimicking the approach used in
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(15)). The average behavioral performance (mean % + SD) of the two monkeys for
the three conditions was computed. For MSTd recording sessions with spiral motion
stimuli the performance was 90% + 11 for attention inside the RF to the preferred
direction, 88% =+ 13 for attention outside the RF to the preferred direction and 88% =+
12 for attention outside the RF to anti-preferred direction. The performances for
sessions with linear motion in MSTd and MT are provided in supplementary table.
The feature-based attentional response modulation of an example neuron to linear and
spiral motion stimuli is shown in figure 1. Figure 1C and 1D represent single unit
responses for spiral and linear RDPs respectively. Spiral motion responses of this
neuron were higher when the attended motion outside the receptive field moved in the
preferred direction as opposed to the condition when the anti-preferred direction was
attended (Fig 1C), documenting a feature-based attentional modulation of spiral
motion processing in line with previous finding and the feature-similarity gain model
(15). A feature-based attentional modulation of linear motion (Fig 1D), on the other
hand, was not apparent in this neuron.

To determine the effects of feature-based attention across our population of recorded
cells we quantified the attentional modulation of firing-rates computing a widely used
attentional index for every neuron. The firing rates of each cell were determined for
an epoch of 600ms, starting 300ms after the onset of the RDPs (gray shaded area in
figure 2A and 2C). The distribution of attentional indices is shown in figure 2B (for
spiral RDPs) and 2D (for linear RDPs). Mean feature-based attention index for the
spiral motion attention task of 105 neurons (Figure 2B) was 0.046, corresponding to a
~10% increase in activity (p< 0.001, signed-rank test). The observed enhancement is
comparable with feature-based attentional enhancements previously reported in other
visual areas (e.g. MT (15) and V4 (35)).

Baloni Ray, Kaping & Treue October 8, 2021 5


https://doi.org/10.1101/2021.10.08.463709

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.08.463709; this version posted October 12, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

>
=

Time course: Firing rate Histogram:Attentional indices
2 ; 35

1.8} 30 10% % !

n=105
25

20

04} 5
me Attend Pref )
0.2 1 e Attend Anti-Pref 0

04 03 -02 01 0 01 02 03 04

Spiral motion stimuli
Normalized firing rate
Number of cells
[

C D Attentional Index
= 0 u

g = 2

Z i) L
17— S 4 —
£ w s

2 £ = 6

< B 5}

o & 2

g 3 g 8

= N =] —

S = Z 10

= E e Attend Pref ns

5 2 0.2 F uus Attend Anti-Pref 12 n=48

O f
0 150 300 450 600 750 900 1050 14

Time(ms)

Figure 2: Feature-based attention effects with linear and spiral motion stimuli in MSTd.

A) Population normalized spike density functions, showing the responses to a target moving in the
preferred (red trace) and anti-preferred (blue dotted trace) spiral motion direction outside the
receptive. Gray shaded area represents the 600 ms time period of sustained activity chosen to
evaluate attentional indices, starting 300 ms of after the onset of coherent spiral motion.

B) The histogram shows feature-based attentional index for spiral motion stimuli for 105 neurons
recorded in macaque area MSTd for the time period represented by the gray shaded area in panel
A. Binning is according to the attentional index AI = (Rpref — Rantipref) / (Rpref + Ranti-pref), Where
Rpret is the response corresponding to attention to preferred direction and Ranti-pref iS response for
attention to the anti-preferred direction. The mean attentional index for the population is 0.043
(arrow above the histogram) corresponding to an average attentional enhancement of 9% (signed-
rank test, p<0.001). The light gray part of the histogram represents feature-based attentional
modulation with spiral motion stimuli for the subset of 48 neurons tuned for both spiral and linear
motion.

C) Population normalized spike density functions, showing responses to a target moving in preferred
(red traces) and anti-preferred (blue dotted trace) linear motion direction outside the receptive
field. The data correspond to a subset of 48 neurons for which data were recorded for both spiral
and linear motion stimuli. Gray shaded area represents the 600 ms time period of sustained
activity (same time epoch as in panel A) used to compute attentional indices, starting 300 ms after
the onset of coherent spiral motion.

D) The histogram shows feature-based attentional index with linear motion stimuli for the subset of
48 neurons, computed for the gray shaded time period in panel B. No significant attentional
modulation was observed for these 48 neurons with linear motion stimuli, even though the same
neurons showed a significant (signed-rank test, p<0.01) feature-based attentional modulation
(avg: 10%) with spiral motion stimuli (Light gray shaded histogram in panel B).
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We next calculated attentional indices for linear motion stimuli for the sub-set of 48
MSTd neurons selective for both spiral and linear motion stimuli. Surprisingly, no
systematic firing-rate enhancement for the linear motion feature-based attention (p =
0.918) condition was observed (Figure 2D). This is even though the same subset of 48
neurons shows a significant feature-based attentional enhancement of ~10% (p<0.001;
figure 2B, grey shaded histogram) for spiral motion stimuli that was significantly
different from that for linear motion stimuli (p = 0.0051, Wilcoxon ranksum test).

To rule out that the lack of feature-based attentional modulation for linear motion was
because the animals allocated feature-based attention only to spiral motion we
recorded an additional 60 neurons from area MT in the same two animals engaging in
a linear motion feature-based attention task. The population spike density function
and attentional index histogram (supplementary Figure 2) show a significant feature-
based attentional modulation of ~6% (p = 0.0055) in area MT for linear motion
stimuli, again comparable with results reported in previous studies (15,16).

We further tested whether the observed restriction of feature-based attentional
modulation to only one feature dimension in MSTd is also present for spatial
attention. The spatial attentional indices for spiral motion stimuli across all 105
neurons showed a significant spatial attentional modulation of 27% (p < 0.0001,
signed-rank test). Similarly, we observed a significant spatial attentional modulation
of 27% (p < 0.0001, signed-rank test) and 28% (p < 0.0001, signed-rank test) for
spiral and linear motion stimuli respectively for the subset of 48 neurons that show
multiplexed tuning, i.e. tuning to both spiral and linear motion patterns. This is in line
with previous observations for spatial attentional effects in MST (7,36,37).

This specificity of feature-based attentional modulation in MST for only spiral motion
stimuli, together with the spatial attention modulation of all stimuli supports our
hypothesis that feature-based attention is only affecting those neuronal population
that make a direct contribution to perception, while spatial attention acts as ‘pass-
through’ gating mechanism dependent only upon receptive field location, affecting all
stimuli within its spatial scope.

To evaluate the hypothesis that attentional modulation is absent for neuronal signals
that are not directly linked to perception we assessed the link between the activity of
neurons tuned to linear motion and behavioral reaction times. Correlations of neuronal
firing rates with behavioral reaction time (i.e. shorter reaction times for trials with
higher firing rates) have been proposed as evidence of a task-related recruitment of
neurons in various region of visual cortex such as MT & VIP (38), LIP (39), FEF(40).
These studies have demonstrated an inverse relationship of neuronal firing rates and
reaction times. But so far these effects have been shown only for spatial attention
paradigms. If feature-based attentional modulation is limited to those stimulus
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features to whose perception a given neuron contributes, then the relationship between
firing rate and reaction time might also be restricted to stimulus feature(s) and
dimension(s) for which a neuron demonstrates feature-based attentional modulation.
We hypothesized that the distribution of firing rates indices (see Methods) would be
skewed to positive values for spiral motion in MSTd and for linear motion in MT but
not for linear motion in MSTd. This is because positive indices represent higher firing
rates for short RT trials. 46 out of 48 neurons from area MSTd were used in the
analysis for spiral motion and linear motion as two neurons had to be excluded due to
insufficient number of trials with short RTs.
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Figure 3: Firing rate index.

Bar plot of the mean firing rate indices. Firing rate indices were calculated by dividing the
difference of the firing rate for long RT trials from that of short RT trials by the sum of the two
firing rates. Black bars represent the significantly positive mean indices for spiral motion stimuli
in MSTd (0.0166, p = 0.0054) and linear motion in MT (0.0253, p < 0.0001). The white bar
represents the mean firing rate index for linear motion in MSTd, which did not significantly
deviate from zero (-0.019, p = 0.9867).

Responses to linear motion in MT were available for 60 neurons. The mean firing rate
indeces for spiral and linear motion in MSTd and linear motion in MT (figure 3) are
0.016, -0.019 and 0.025 respectively. Significant shifts of firing rate indices to
positive values were observed only for linear motion (in MT (p < 0.0001, figure 3)
and spiral motion in MSTd (p = 0.0054, figure 3). The distribution is not significantly
shifted to positive values for linear motion in MSTd (p = 0.9867, figure 3). This
provides evidence for a contribution of area MST to the perception of spiral motion
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and area MT for the perception of linear motion. These results further support our
hypothesis that feature-based attentional modulation only affects neurons which
contribute to the perception of the given visual feature.

In summary, MSTd neurons with ‘multiplexed’ selectivity show tuning and spatial
attentional modulation to both stimulus types (linear and spiral motion stimuli), but
show feature-based attentional modulation for only spiral motion stimuli, These
results support the hypothesis that neuronal tuning for a particular stimulus feature is
not a sufficient criterion for a neuronal population’s causal contribution to this
feature’s perception, even though the population might contribute to the overall
representation of the stimulus.

Discussion

Understanding the evolution of attentional modulation along the hierarchy of cortical
visual information processing is crucial for an understanding of the interaction of
bottom-up and top-down influences in sensory cortex. With this aim in mind we used
the ‘multiplexed’, ‘tangled’ or ‘mixed’ (41-47) selectivity of many neurons in area
MST of rhesus monkeys to spiral and linear visual motion to compare the modulation
caused by spatial and feature-based attention for these two motion types.

Our data show a striking asymmetry between the feature-based attentional modulation
of linear and spiral motion responses. While spatial attention affects both stimulus
types with the same gain change to neuronal responses, feature-based attentional
modulation in MST is only affecting the neuronal responses to spiral, but not linear
motion stimuli, despite similar and robust tuning for these two stimulus dimensions.
This asymmetry is complemented by a difference in the behavioral relevance of the
two selectivities. Namely, we show that MST responses to spiral motion stimuli are
linked to the animals’ behavioral performance (Fig. 3), while for linear motion
responses we did not find evidence for such a link.

Our data thus demonstrate a dissociation between sensory preferences and attentional
modulation in that they show for the first time that feature-based attentional
modulation does not affect all stimulus parameters a cell in extrastriate cortex is tuned
for. While the feature-similarity model of attention (15-17) in its current form
correctly considers a similarity between a cell’s selectivity and the attended feature a
necessary condition for a feature-based attentional enhancement it needs to be refined
to account for our observation that such a similarity is not a sufficient condition.
Rather, beyond the similarity it is necessary that a cell selective for an attended
feature also directly contribute to the perception (and thus behavioral performance) of
the feature.
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This strong link of feature-based neuronal modulation with perception is well in line
with recent observations from area MT in rhesus monkeys, suggesting that visual
attention in primate visual cortex contributes to an enhanced internal representation of
attended visual stimuli that is optimized for perceptual and behavioral performance,
even at the expense of compromising an accurate stimulus representation (48,49).

The lack of a systematic feature-based attentional modulation of responses to linear
motion stimuli we observed is particularly surprising, since we show (in the same
animals, performing the same tasks), that such modulation is present in area MT, the
extrastriate area providing the majority of the sensory input to MST. This
demonstrates that attentional modulation can be lost along the hierarchical processing
of information in visual cortex. We consider this evidence that the linear motion
selectivity observed in MST is not ‘inherited’ from area MT but is generated ‘de
novo’ in MST as part of the computation performed in MST to generate the complex
spiral motion selectivity that we and others observed (25,50-53). While there is the
general assumption that information available in one area of a visual cortical pathway
is passed on downstream to the next area (confirmed by Movshon & Newsome (54)
for the V1 to MT projection), this is not always the case. For example, Khawaja &
Pack (55) showed that the selectivity for stationary plaids is not passed on from area
MT to MST. A ‘de novo’ computation has been previously proposed for MST (27),
where MST linear motion tuning is generated by complex weighing mechanisms of
the input received from area M T neurons tuned to different directions.

The observation that MST linear motion responses are not directly linked to the
perception of stimuli of this type seems to be in disagreement with a microstimulation
study (36). In that study effects of microstimulation on linear motion perception were
observed in area MSTd, using a paradigm that has been used successfully to directly
link the responses of MT neurons to linear motion perception in rhesus monkeys (56).
But note, that the paradigm used focuses on spatial attention. In agreement, our study
(7,57) showed spatial attentional modulation for both linear and spiral motion in area
MSTd.

These studies, as well as our data, thus support the view that spatial attention serves as
a high-gain pass-through gating mechanism, optimizing the processing of sensory
information from relevant locations in the environment (3, 51-54). In essence, spatial
attention ensures that the full capabilities of sensory information processing are
available to stimuli at attended locations, while the gain of neurons processing stimuli
at unattended locations is actively reduced (14). This is in line with the proposal that
spatial attention has a selection (i.e. gating) rather than a capacity-matching effect (3,
55, 56).

One might wonder, if our observation reflects a general inability of feature-based
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attention to modulate more than one feature at a time for a given neuron, possibly
because of anatomical, pharmacological or network limitations of the specificity of
top-down control of feature-based attentional modulation for mixed-selectivity. This
concern is unwarranted, based on a study by Ruff and Born (63). They exploited the
dual selectivity of individual MT neurons for binocular disparity and linear visual
motion direction and observed feature-based attentional modulation for both features
within the same neurons. The magnitude of feature-based attentional modulation was
directly correlated to the tuning strength for binocular disparity (which was less than
that for the linear motion stimuli). They concluded, that ‘feature attention effects can
be found in neurons for multiple features including those to which they are not most
strongly tuned for’.

In summary, our data support the notion of a highly optimized attentional system
where the interplay of spatial and feature-based attention builds a location-based
gating mechanism, providing a high-gain unimpeded pass-through of information
from attended locations, combined with a feature-based modulation that differentially
enhances the gain of only those neurons that are selective for the currently attended
feature-set and contribute to its perception.

Materials and Methods:

Research with non-human primates represents a small but indispensable component of
neuroscience research. The scientists in this study are aware and are committed to the
great responsibility they have in ensuring the best possible science with the least
possible harm to the animals (64). All animal procedures of this study were conducted
in accordance with the applicable laws and regulations governing animal research and
care and have been approved by the responsible regional government office
(Niedersaechsisches Landesamt fuer Verbraucherschutz und Lebensmittelsicherheit
(LAVES)) under the permit number 33.14.42502-04-064/07.

The two animals (macaca mulatta, male) were group-housed with other macaque
monkeys in facilities of the German Primate Center in Goettingen, Germany in
accordance with all applicable German and European regulations. The facility
provides the animals with an enriched environment (incl. a multitude of toys and
wooden structures (65,66), natural as well as artificial light), exceeding the size
requirements of the European regulations, including access to outdoor space.
Surgeries were performed aseptically under gas anesthesia using standard techniques,
including appropriate peri-surgical analgesia and monitoring to minimize potential
suffering. The German Primate Center has several staff veterinarians that regularly
monitor and examine the animals and consult on procedures. During the study the
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animals had unrestricted access to food and fluid, except on the days where data were
collected or the animals were trained on the behavioral paradigm. On these days the
animals were allowed unlimited access to fluid through their performance in the
behavioral paradigm. Here the animals received fluid rewards for every correctly
performed trial. Throughout the study the animals' psychological and veterinary
welfare was monitored by the veterinarians, the animal facility staff and the lab’s
scientists, all specialized in working with non-human primates.

We have established a comprehensive set of measures to ensure that the severity of
our experimental procedures falls into the category of mild to moderate, according to
the severity categorization of Annex VIII of the European Union’s directive
2010/63/EU on the protection of animals used for scientific purposes (see also (67)).

The two animals (male Macaca mulatta) participating in this study were healthy at the
conclusion of our study and were subsequently used in other studies.

For the current study the animals performed a visual target detection task during daily
training or recording sessions while seated in custom-made primate chairs at a
viewing distance of 57cm to a CRT computer monitor presenting stimuli of 40° x 30°
visual angle at a resolution of 40 pixel/deg. The animals reported subtle changes of
relevant visual stimuli (luminance decrease of the fixation-dot during receptive field
mapping and speed acceleration within random dot motion stimuli during the
attention tasks) for liquid reward. Eye movements were recorded using video-based
eye tracking (ET49, Thomas Recording, Giessen, Germany).

Following initial training, custom-made orthopedic implants were surgically placed
onto the monkey’s skull preventing head movements during training and extracellular
recording sessions. A recording chamber was placed on top of a surgically placed
craniotomy over the left (monkey N: 3 mm posterior, 16 mm lateral; Crist
Instruments, CILUX Recording Chamber 35°, Hagerstown, MD) or the right (monkey
W: 3 mm posterior, 16 mm lateral; custom-fit computer-aided milled magnetic
resonance imaging (MRI) compatible chamber, via digitized monkey skull surface
reconstruction, 3di, Jena, Germany) parietal lobe. The location of the craniotomy was
based on registration of the stereotaxic implant coordinates to that of animal’s pre-
surgical MR images. Post-surgical MRIs verified the correct positioning and precise
targeting of the area MST and MT via functional characterization based on expected
white/gray matter transitions.

For extracellular recordings, up to three micro-electrodes were lowered with
micrometer precision to the target area (Mini-Matrix, Thomas Recordings, Giessen,
Germany). The raw electrode signal was amplified and filtered with a multi-channel
processor (Map System, Plexon, Inc.), using headstages with unit gain. Spiking
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activity was obtained following a 100-8000 Hz bandpass filter and further
amplification and digitization with a 40 kHz sampling rate. Spikes were isolated using
a voltage-time window and all data analyzed in the current study came from well-
isolated neurons. The local field potentials recorded are being analyzed in a separate

study (69).

The experimental stimuli were moving random dot patterns (RDPs), which consisted
of small bright dots (density: 8 dots per degree, luminance 75 c¢d/m?) plotted within a
stationary circular aperture on a gray background of 35 cd/m?. Movement of the dots
was created by the appropriate displacement of each dot at the monitor refresh rate of
75Hz. The RDPs stimuli were either linear motion stimuli (LMS) or spiral motion
space (SMS) patterns. In linear motion stimuli the dots moved along parallel linear
trajectories. Spiral motion stimuli come from a spiral motion space where expansion,
clockwise rotation, contraction and counterclockwise rotation are neighboring stimuli,
with a continuum of stimuli in between these cardinal directions (21). The direction of
a specific SMS stimulus is determined by the angle that the direction of all of its
individual dots form with radial reference lines. By varying this angle by equal steps
we created the 12 directions within the SMS used in this study.

Recording of attention-related MT and MSTd single unit activity, was always
preceded by the identification and characterization (speed and direction tuning
profile) of the neurons receptive field (figure 1, represented by yellow dotted circle).
Animals engaged in a luminance task on a centrally positioned fixation point, while
an unattended RDP was presented within the location of the receptive filed of the
neuron under study. The size of the RDP was matched to allow the placement of two
RDPs at equal eccentricity to the fixation point (inside & outside the receptive field).
To determine direction tuning for SMS, twelve motion directions (in steps of 30°)
with a velocity of 8 degrees per second for the dots furthest away from the center
were randomly chosen in intervals of 827ms. For linear motion stimuli eight
directions (in steps of 45 degrees) were used.

Single unit responses to each direction were defined as a mean firing rate in an
interval of 80-800ms after onset of a particular motion direction. Both linear and
spiral direction tuning curves were calculated online and fitted with a circular
Gaussian across the mean responses to the twelve stimuli directions. The motion
direction yielding the highest mean firing rate was then presented at eight different
speeds (between 0.5 and 64 deg/sec) to determine the preferred speed of each neuron.
Parts of our data were also analyzed for effects of burstiness in the firing patterns
(68).

After mapping of the receptive field, and determining the preferred direction and
speed, the animals’ task was switched to the attentional paradigm. In brief, the task
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(Figure 1a) required the animals to foveate a static central visual stimulus (fixation
point - 0.2° x 0.2°), maintain their gaze upon this target throughout the trial. After
foveating the fixation point, a visual cue flashed briefly (67ms) at the peripheral target
location followed by 400ms of a blank screen (used to determine a neuron’s baseline
firing-rate). Next, two incoherent RDPs were presented at equal eccentricity on either
side of the fixation point for 375ms. One stimulus was always positioned inside the
receptive field (RF) of the neuron under study, the other in the opposite visual
hemifield. Then, two coherent motion stimuli (RDP) were presented for 250-2500ms
at exact same locations where incoherent motion RDPs were presented before. The
size, speed and direction of motion of the RDP were optimized to match the
preferences of the neuron for coherent motion either in spiral (SMS) (25) or linear
motion space (LM). At the beginning of each trial one of the two stimulus locations
was cued using a stationary stimulus (cue), indicating the upcoming target. The
animals’ task was to correctly detect a brief speed increase in the target stimulus at a
random point in time while ignoring changes of the other stimulus (the distractor).
Trials ended when the animal gave a response and received a liquid reward for each
correct detection. When no response to the target change was given within a response
time window or when the animal diverted its gaze from the fixation point no reward
was given. In a given trial the stimulus inside and outside the receptive field were of
the same type, i.e. either spiral or linear motion stimuli (fig 1C and 1D). Neuronal
responses in two attentional conditions were recorded, manipulating either the state of
feature-based or of spatial attention.
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Figure 1: Task details

A Behavioral paradigm: The monkeys initiated each trial by directing and maintaining their gaze on a
centrally presented fixation point and holding a touch sensitive lever. After trial initiation a static
cue appeared for 67 ms at an eccentric location, cueing the animal to covertly shift attention
towards this target location, either within the receptive field (yellow dotted circle added to figure
for illustrative purposes) or in the opposite hemifield. The cue presentation was followed by a blank
period for 400ms to measure baseline activity. To reduce transient motion onset responses, random
motion, both inside and outside the receptive field, was presented briefly (375ms) prior to the onset
of coherent motion stimuli (either spiral or linear motion). In order to obtain a liquid reward, the
monkeys had to respond to a transient speed increment (250-2500ms after onset) of the target
stimulus by releasing the lever, ignoring any speed changes in the distractor.

B Spatial attention effects: Stimulus configuration for determining spatial attention modulation by
cueing either the stimulus inside the receptive field (yellow dotted circle) moving in the preferred
direction of the neuron (green circular arrow) or the stimulus outside the receptive field (black
dotted circular arrow) also moving in the preferred direction. In a given trial the stimuli were either
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both moving in a spiral or a linear motion. The spike density function and raster plots on the right
show a single unit response to the two different conditions with spiral motion stimuli.

C Feature-based attention effects: Stimulus configuration for the feature-based attention condition
with spiral motion. Attention was always directed to the stimulus outside the receptive field
(opposite hemifield of yellow dotted circle) to either preferred direction (red) or anti-preferred
direction (blue dotted). Inside the receptive field (yellow dotted circle) the stimulus always moved
in the preferred direction to ensure a strong sensory response. The right panel shows an example
neuron’s spike density and raster plot for responses while the target stmulus was moving either
moving in the preferred (red) or anti-preferred direction (blue dotted).

D Feature-based attention example for the linear motion configuration. This panel is identical to panel
C, except that linear motion stimuli were presented. The right panel shows the neuronal response
for the same neuron as shown in panel C, but for linear motion stimuli.

For the feature-based attentional modulation, spatial attention was held constant, that
is, in all trials the target was the RDP outside the receptive field (moving in either the
preferred or the anti-preferred direction), with the distractor inside the receptive field
always moving in the preferred direction. This paradigm allows comparing responses
when feature-based attention was directed at the preferred vs. the anti-preferred
direction outside the receptive field, without changing the sensory stimulus inside the
receptive field. This paradigm has proven to be very suitable for determining feature-
based attentional modulation (15,24,41,48,69). The time course of single unit
responses for the two feature-based attentional conditions is shown in figure 1C and
1D for spiral and linear motion stimuli respectively.

For the spatial attentional modulation, feature-based attention was held constant, with
the target and distractor always moving in the preferred direction of the neuron. The
effect of spatial attention was determined by comparing neuronal responses when the
stimulus inside the receptive field was the target and when it was the distractor, i.e.
when attention was directed into or out of the receptive field. The time course of
responses of a single unit for the two attentional conditions is shown in figure 1B for
spiral motion stimuli.

Neural activities were recorded from area MT and MSTd. From area MSTd a total of
105 neurons were recorded for the spatial and feature-based attention paradigms with
SMS. Out of these 105 neurons, for a sub-set of 48 neurons, spatial and feature-based
attention paradigms were recorded for LMS also. From area MT a total of 60 neurons
were recorded for the spatial and feature-based attention paradigms with LMS only.

Data were analyzed offline with custom scripts using MATLAB (The Math Works,
Natick, MA). For the analysis of neuronal data only correctly performed, completed
trials were included. To estimate spike rates, spike density functions (SDF) were
evaluated for all correctly performed, complete trials of different attentional
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conditions, by convolving each spike in a trial with a Gaussian function (¢ = 30). The
SDFs of trials from the same attentional conditions were averaged and the firing rates
were evaluated by taking the mean of the averaged SDFs over a time window of 600
ms starting from 300 ms after the onset of coherent motion stimuli, corresponding to
the period of sustained activity (Gray shaded area in figure 2A & 2C).

Attentional modulation was evaluated using an attentional index, i.e. by dividing the
difference in firing rate between two attentional conditions by their sum. Spatial
attention modulation was measured by dividing the difference of the firing rates when
attention was directed to preferred direction inside and outside the receptive field, to
their sum. While, feature-based attention was evaluated by dividing the difference of
firing rates when attention was directed to the preferred and the anti-preferred
direction outside the receptive field to their sum.

It has been shown in various area of visual cortex that, the firing rate of a neuron is
inversely related to the reaction time (RT) of an animal (38—40,70). This link has been
interpreted as a direct contribution of an individual neuron to the organism’s
perception. We investigated the presence of such a relationship between firing rate
and reaction times in our data set, in an epoch of 300ms before the response event
(speed increment in target stimuli) to which monkeys were trained to respond. This
analysis was performed on trials where the preferred direction (SMS/LMS) was
presented both inside and outside the receptive field, while attention was directed
outside the receptive field. First, we divided the correctly completed trials of a given
neuron into those with RTs shorter and longer than the median RT. Only those trials
were included in the analysis where the response event happened not earlier than
400ms after the coherent motion onset. This was done to ensure that firing rates were
sampled from periods of sustained firing. Next, for each of the two trial types (long
and short RTs), firing rates were sampled from SDFs for an epoch of 300ms before
the response event, with a sliding window of 30ms starting with the response event
and shifting in steps of 15ms, giving 20 bins of firing rates for each trial. The firing
rate in each of the 20 bins corresponding to long and short RTs were then averaged
across trials for each neuron. Firing rates indices were then computed for each of the
20 bins by dividing the difference between the firing rates for long RT trials from
those of short RT trials by the sum of the two firing rates. These data were then
pooled across all neurons.

All data presented here and the associated analysis codes will be made available in a
public repository when this manuscript is published as a peer-reviewed publication
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