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Preface

The question about what man and animals perceive and how they come to their
decisions is ever present in the history of man. To understand the mechanisms of
perception and deciding, it is thus essential to have an idea about what the ultimate

aims of decisions and the natural limitations of neuronal tissue are.

1. Basics of decision

According to actual biological encyclopedia, /ife has - besides others - two basic
attributes: homeostasis and metabolism. To maintain homeostasis, already the single
cell is confronted with the problem of what substance to allow to pass the membrane
in either direction. The living cell thus has to recognize a substance and implicitly
make an assumption about the future ’value’ of the newly reached ’state’, i.e. after
its passage through the membrane. The decision should be optimized to maximize
reproductability. In principle, larger animals with a dedicated nervous systems and
a muscular apparatus to execute movements are faced with the same problem. They
are permanently (!) deciding, if and how to change their interaction with the envi-
ronment to reach or maintain a reproductive status. Also they have to predict the
future and draw inferences about what might be a successful behavior given the cur-
rent constellation of the environment and the ’self’. In summary, decisions may be
expressed a kind of Bayesian estimation upon the - historical’- knowledge and ac-
tual environment with the information about past and present represented (’stored’)

in the nervous system.

2. What delimits information storage and processing?

In his book "What is life?” (1944) the physicist and Nobel-laureate Erwin
Schodinger defined life, according to the 2nd law of thermodynamics, as a process
that builds on the local decrease of entropy (negentropy) in a universe which itself
constantly increases entropy and disgregation. Locale entropy decrease as such can
only take place at the cost of an at least equal entropy increase, i.e., energy dissipa-

tion, somewhere else, e.g. the sun.
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The representation ,i.e. 'replication’, of environmental information in the sub-
jects nervous system is such an entropy reducing process and hence costs energy.
On the other hand, in principle, maximizing the amount of information that is avail-
able to the subject, should help it to come to better and better decisions based on a
more reliable prediction of the future by extrapolating from the past. Life thus has to
compromise between saving energy and increasing the amount of information used

for biologically adaptive conclusions.

3. Making he most of a given brain

One structural limitation of every subject is the amount of neuronal tissue and
thus neurons, it can ’refer to’. At any instance in time the amount of information in
the outer world is much higher than what can enter the subject via its sense organs
and what can be processed by the brain. The sensors and the neurons are hence
filters in many dimensions (e.g. in the case of vision: space, luminance, contrast,
color, orientaion, direction of motion,...). The sensitivity, selectivity and bandwidth
of such filters determines, what information reaches perception and is available for
decision making. In total, one can conclude that the brain’s representation of the
world is not complete with respect to what information is truly present in the ’outer’
world.

However, besides the genetical limitations of the amount of neuronal tissue,
there exist cellular and network-mechanisms that allow for ’inlife’, experience and
concept-based adaptation of the information flow and hence variability of decision
making. This means, given an equal physical input, a change in the perception, de-
cisions and behavior may happen due to an ’adapted’ evaluation of this input based
upon "knowledge’ that itself is subject to change on different time-scales and mech-

anisms.

This work will put its focus on some variable, knowledge-based information
processing and perception due to adaptation to the sensory ("bottom-up’) history
and ('top-down’) attention - as expression of expectation - in the primate visual
system:

How and how far are the filters in our heads subject to changes in their sensitiv-

ity, selectivity and bandwidth and how does this affect our perception?
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Chapter 1
Introduction

The current work combines a selection of three scientific articles (one published
and two submitted for publication) that address the same global question: How tem-
porally variable is the sensory processing of visual information and hence percep-
tion due to variable cognitive influences (attention) or the history of the stimulation
(adaptation)? Two studies examine the attentional modulation of single cortical
neurons which are involved in visual motion processing another study focuses on

the psychophysics of adaptation of the visual motion system.

The visual motion processing system of primates is highly developed and basi-
cally manifold investigated through psychophysical and neurophysiological studies
in both, humans and monkeys. In the past, this system was mostly analyzed with the
implicit assumption that it would reside in specific fixed states at any point in time.
The brain was assumed to ’switch’ from, say, ’passive viewing’ to ’with attention’
or to ’adapted’. This ’fixed-state’ view recently starts to crumble and researchers
become more and more interested in the succession and interplay of how the brain
"applies’ its mechanisms to manage information processing with changing goals and

historical influences.

During the rest of this chapter I will briefly introduce the neuronal basics of
vision and visual motion processing and give an insight into the different kinds of

adaptational and attentional modification.

In the second part of this thesis I will report the original research articles. Every

article will be separately introduced there.
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1.1 Fundamentals of the visual system in primates

The retina translates the optical information of the world into visual information of
the brain. In the color-sensitive cones and luminance-sensitive rods, electromag-
netic waves ranging from about 400nm to 700nm cause the intracellular receptor-
potential to hyperpolarisate, what in turn evokes action potentials in downstream
retinal neurons. Because a single retinal receptor receives only information from a
limited spatial region of the outer world, it is only able to code temporal changes
of luminance, i.e. amplitude fluctuations. Two-dimensional, spatial visual informa-
tion appears not until the activity of many independent receptors is converging and
interacting in the network of horizontal, bipolar, and amacrine cells of the retina.
This computation cause different spiking activities in the retina’s ganglion-cells, de-
pending on the extend and spatial distribution of light in the visual world. Le., a cell
may respond maximally if light falls only on a specific patch of the retina, namely
the cells 'receptive field’ (RF), but fails to produce spikes if also the surrounding of
its RF is illuminated. Beside these so-called 'on-center’ ganglion cells, their func-
tional opponent, the ’off-center’ ganglion cells also exist. Together they form the
first neuronal stage of spatial visual information. This center-surround antagonism

1s a common mechanism throughout the downstream visual brain areas.

The axons of two major types of ganglion cells leave the eyes: magnocellular
parasol ("M-pathway’) and parvocellular midget ("P-pathway’) cells. Parasol cells
code transient changes of the visual input like in visual motion; midget cells trans-
fer information about color and orientation. A third, recently discovered ganglion
cell type is the bistratified cell ("K-pathway’), that exhibits no center-surround an-
tagonism and is color-sensitive to blue ("on’) and red/green (Coff’). Together they
project through the optic nerve and optic tract to the the thalamic lateral geniculate
nucleus (LGN). On their path, the branches of each optic nerve split up in the op-
tic chiasm. The axons that have their origin in the retinas nasal half of each eye
cross to the contralateral side of the brain, while the temporal half of each retina
projects to the ipsilateral side of the brain. Each post-chiasmatic optic tract only
translates information from the contralateral visual hemifield from both eyes, what
determines the spatial segregation of left and right visual field to the right and left
brain hemispheres, respectively. Additionally, about 10% of the eyes information
is directly transferred through separate ganglion cell-types to the superior colliculi,
the pretectum and the suprachiasmatic nucleus to guide reflexive eye-movements,

accomodation of the pupil and maintain circadian rhythms, respectively.
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The thalamic LGN is the obligatory relay station for all higher vision and has a
6-layerd structure. Retinal M-cells terminate in layer 1 and 2 (ventral) which them-
self contain large ("magnocellular’) neurons, and the P-cells project to layers 3-6
(dorsal) with their parvocellular neurons. Besides the structure of circular RFs, the
anatomical segregation between the two eyes’ input is also preserved. The contralat-
eral eyes’ axonal terminals are in the layers 1,4, and 6; the ipsilateral ones are in the
layers 2,3, and 5. The bistratified retinal ganglion cells terminate on the koniocellu-
lar CK’) LGN cells with a very small cell body. However, the sum of retinal input
makes only about 10% of the LGNs total input. The exact function of the LGN is
still nebulous. Via the optic radiation the LGN projects to the primary visual cortex
(V1) in a retinotopic way.

In area V1, also termed striate cortex, the magnocellular output of the LGN
reaches layer 4Ca and the parvocellular projection terminate in layer 4C3. Not
only is the anatomical segregation of the pathways preserved, also the ocular domi-
nance is still present is V1. This is, information from the two eyes reaches different
cells in V1 and converges from there on disparity selective binocular cells. New
information is extracted through the convergence of cells with concentric RFs and
their facilitating and inhibitory interaction in the two main functional cell-types of
area V1: simple and complex cells (Hubel and Wiesel, 1962, 1968). Simple cells’
RFs have distinctive excitatory and inhibitory sub-regions which can be considered
garbor-filter like Figure 1.1, hence they are selective to oriented lines. Complex
cells, though also selective for orientations in their RF, miss such distinct spatial
fields of activation and inhibition. Moreover, they react to oriented lines everywhere
inside their RF and are thus also motion sensitive. The spatial extend of both cell-
types RFs is increased compared to the retinas or LGN RF sizes. This is an ubiqui-
tous phenomenon that is also preserved along the extrastriate visual pathways: The

spatial information converges to larger and larger spatial RF.

The extrastriate visual pathway consists of two anatomically separated streams
(Felleman and Van Essen, 1991). This goes along with a strong but not complete
(Ferrera et al., 1994a,b) functional separation: in the ventral pathways input is
passed from V1 through area V2 before it enters V4 in the temporal cortex. V4
cells represent color and orientation. The information is further forwarded to ar-
eas TEO and IT with its sensitivity for complex shapes that are composed of many
basic ’features’. Faces represent very complex objects and are represented in the

most ‘distal’ part of the ventral stream, namely the anterior temporal sulcus (i.e.
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Figure 1.1: Garbor-like receptive field of an orientation selective V1 simple-cell.
Red and blue indicate response-activating and response-suppressing sub-regions of
the RF. This cell fires best, if the stimulus contains two adjacent bright (right) and a
dark (left) components that are orientated roughly at 30° clockwise. The horizontal
and vertical extent is about 1°x1°. A Garbor is - mathematically - the convolution
of two 2D-funtions: An oriented sinosoidal luminance grating is -point by point
- multiplied with a circular 2-dimensional gaussian bell-like inverted transparency
function. The point of inflection of the bell is located on the edge between the
lumince changes. Central parts of the grating are highly effective while to the edges

the stimulus energy more and more decreases to background luminance.
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Tsao et al., 2003). The spatial RF size of these cells can span a whole hemifield
and may also reach into the ipsilateral hemifield. The ventral stream, also called the
‘what’-path is involved in object recognition.

The dorsal - occipito-parietal - pathway, in contrast, is also called the 'where’-
path, because spatial and spatio-temporal relationships are coded here. Information
flows from V1 over V2 and V3 to areas MT and MST. MT and MST neurons are
both selective for directions of visual motion, i.e. spatial displacement of ’objects’
in time. MT prefers motion in the visual plane, whereas MST is more responsive to
optic flow, i.e., motion with a component that is orthogonal to the visual plane and

causes the impression of an approximating or departing object.

1.1.1 Neurons of the visual motion sensitive middle temporal
area (MT)

Area MT of the macaque monkey (Macaca mulatta) is located in the upper, lateral
bank of the superior temporal sulcus (STS) of the macaque brain. Its human ho-
mologue is termed V5 or MT+. MT receives its most prominent inputs from layer
4B-neurons of V1, the thick stripes of area V2 and from area V3. Dubner and Zeki
(1971) were the first who reported the direction-selectivity of primates MT neurons.
This is, the cells responded to a certain direction (#) of visual motion, say, upward
motion, with a high spiking rate, decreased this rate gradually for further (counter-)
clockwise directions and reached a lower limiting firing rate for downward motion.
The neuron’s so-called ‘preferred direction’ is the one that elicits the highest firing
rate; the 'null direction’ evokes the lowest response and points exactly opposite to

the preferred direction (0, = 0,,., — 180°). The circular gaussian approximation
(Bratschelet, 1981) (Eqn.:1.1; Fig.:1.2) with only 4 free parameters provides, in

general, the best fit to the real direction specific responses (Swindale, 1998):

2 .
REO)= B+ Y ATE

i=—2

(1.1

Such, the response R, given the presence of direction 6, results from adding the
baseline or spontaneous response B, to the actual height A of the tuning curve.
The parameters ¢ and o are the preferred direction and tuning width, which is
~ 45° — 55° (half-width at half-height) in typical MT-neurons. However, a hand-
full of other functions are available and used by different investigators to fit the

responses of MT neurons to moving stimuli (see Swindale, 1998, for comparisons).
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Although the terminology of the different fitting functions in similar, their mathe-
matical behavior and effects of parameter changes differ. This may be one reason for
possible discrepancies in the results and their interpretations between different stud-
ies that use tuning-properties and -changes according to adaptational and attentional
influences (see sections 1.3.2 and 1.4.2).

The direction selectivity of MT neurons as calculated by the directional index
(DI) (Eqn.:1.2) is in general larger than 0.3 and can even reach values in the range

of 0.98, which equals a response ratio of 10000%.

DI — Responsep,es. — Responseny

= 1.2
Responsey,q. + Response, (-2

Area MT inherits the retinotopic organization of V1, i.e., neighboring MT
patches represent neighboring spatial regions of the visual field (Dubner and Zeki,
1971; Allman and Kaas, 1976; Huk et al., 2002). MT neurons’ RFs are ~ 10-fold
larger than V1 receptive fields and have a diameter that is roughly equal to their ex-
centricity (factor: ~ 0.8; Maunsell and Van Essen (1983); Britten and Heuer (1999)).
The spatial integration of responses from upstream areas evoked by spatially sepa-
rated stimuli inside the RF acts in a nonlinear way (Britten and Heuer, 1999). This is
in some disagreement with a model of (Simoncelli and Heeger, 1998), who proposed
a linear intercation. They also introduced a divisive normalization mechanism: the
response of each neuron is divided by the total response of the pool that includes
other neurons as well as itself. The normalization factor is thus always greater than
the cells - non-normalized - response. Hence, its neural response can - mathemati-
cally - only vary between 0’ and ’1’ (i.e. a minimum and a maximum firing rate).
This implicates, that the neuron can run (almost) into saturation, i.e. a further in-
crease of the input will not or only minimal increase the output (see chapter 3).

Direction selectivity is already present in V1 complex cells. What then is added
in MT? It was proposed that MT codes the motion of large objects, that exceed the
size of V1 RFs and have individual components that move in different directions.
Because V1 RFs are small, they are faced with the aperture problem: V1 cells can
only report velocities of contours that are orthogonal to their preferred orientation
(velocity is the vector representation of the direction and speed). However, to extract
the motion direction of an object, in theory, at least two local motion components
need to be combined. The term intersection of constraints (IOC) denotes this geo-
metrical solution. Movshon et al. (1985) tested if MT could solve the aperture prob-
lem by presenting plaid stimuli that were composed of two gratings that moved at
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Figure 1.2: Circular gaussian fit (red; Eqn.:1.1) through direction specific responses
of a MT neuron. The cell responses with different spike-rates to the presence of dif-
ferent directions of motion (30° separated) in its receptive field. Circles and vertical
lines indicate the mean and standard error of the cells response at tested directions
of motion. The peak of the fit is at 187° (~ downwards) and determines the pre-
ferred direction (0) of the cell. The tuning width parameter (o) equals 52°. This cell
has a directional selectivity (directional index) of 0.92 as evaluated by Eqn.:1.2.
Without any stimulus the cell fires about 5 spikes per second (blue), which is also
termed baseline response. The parameter R? refers to the goodness-of-fit of the
model equation, fitted to the actual data with a least-square-regression.
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an angle of about 120°. Human subjects reported the perception of a motion pattern
that appeared to move in the vector average direction of both components, namely
+60° apart, respectively. About 25% of the MT cells showed such a pattern selectiv-
ity, while ~ 40% were component selective. This means, they responded maximal if
either of the two components moved in their preferred direction but showed an inter-
mediate response, if both components moved 60° apart from the preferred direction.
The remaining cells exhibited indifferent preferences. Importantly, none of the also
tested V1 cells were pattern selective. However, recent investigations of V1 neurons
also revealed some pattern selectivity there (Tinsley et al., 2003; Guo et al., 2004).
Movshon et al. (1985) proposed a two-stage model, where the objects components
are initially represented in V1 and are then integrated by the second stage (MT) to
represent the whole objects velocity. Simoncelli and Heeger (1998) formalized this
idea with a computational model of MT: The Fourier transform of any translational
pattern is thought to lay a on plane in frequency plane. The pattern velocity is com-
puted as the weighted sum of V1 spatio-temporal oriented complex cells over this
plane in frequency space. This planar summation for velocity selectivity is then an
implementation of the IOC solution.

Analog to the orientation representation in area V1, MT exhibits a columnar or-
ganization: Neurons of similar directional preference form elongated clusters (©: ~
2 mm) perpendicular to the cortical surface (Albright et al., 1984; Liu and Newsome,
2003).

Motion is a 2-dimensional feature, that is, direction and speed are entangled and
cannot exist independently. MT neurons also represent the speed of moving objects.
Most neurons are sensitive to “intermediate’ speeds of about 1° — 64° (Perrone and
Thiele, 2001; Ditterich et al., 2003; Priebe et al., 2003; Liu and Newsome, 2003).
Hence, many neurons act like a band-pass filter of speed, but also low and high-pass
filtering neurons exist. Speed tuning is organized on an anatomical finer scale as
direction columns, namely in patches (not columns) that change preferences about
every 300-600 pm (Liu and Newsome, 2003). However, Priebe et al. (2003) also
reports that a large number of MT neurons is more likely tuned to spatio-temporal
frequencies, if tested with a moving grating. The cells respond indistinguishably to,
say, a | cycle/° grating that moves with a speed of 2°/sec. and to a 2 cycle/° grating

with 1°/sec..

The response latencies of MT neurons in awake monkeys are in the range of

70 &+ 10ms for flashed high contrast stimuli in the preferred direction; reducing the
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contrast, changing the direction of motion, varying the type of stimuli or the ani-
mal’s state (awake vs anesthetized) affect the latency (Schmolesky et al., 1998; Bair
et al., 2002) such that it becomes longer. Already these first few spikes within the
~100ms after stimulus onset carry about 80% of the direction information (Osborne
et al., 2004; Miiller et al., 2001). That is, on average, it is possible to reconstruct
the presented direction of motion from the first few spikes of a given single neu-
ron. Longer inspection of the stimulus only adds marginal more reliability in the
evaluation of that stimulus’ direction. But collecting more spikes over a longer pe-
riod increases the ability to discriminate two different directions of motion (Osborne

et al., 2004) from the MT neurons response.

1.1.2 MT activity and its relation to perception

Functional exclusion of brain structures, e.g. by lesioning or cooling, can reveal
its ‘normal’ contribution to perception. Lesioning area MT results in considerable
elevations of discrimination thresholds for the direction of moving stimuli with no
impairment in the processing of stimulus contrast (Newsome and Pare, 1988). Ad-
ditionally, measures for sensitivity of individual neurons in MT could account for
the behavioral performance in a direction discrimination task (Britten et al., 1992)
and stimulus detection task (Thiele et al., 2000).

However, at any given point in time, numerous neurons are simultaneously ac-
tive, representing a given stimulus. Because this is not energy-efficient the brain
should take some advantage from coding the same stimulus feature with multiple
neurons: First, the responses of individual neurons suffer from noise. That is, they
respond differently from trial to trial of equivalent stimulation. Such, the percep-
tion should not rely on single neurons, but instead *combine’ the response of several
neurons to overcome the noise. Second, from the bell-shaped individual neurons
tuning curve it follows that the response of a whole population of neurons, spanning
the 360° direction space, 1s also a bell-shaped gaussian. I.e., neurons that prefer
the actual direction of motion respond maximally, while the response of neurons
that prefer other directions is given by the distance of their preferred direction to
the actual stimulus’ direction and the width of their tuning curve. As mentioned in
section 1.1.1, the average half tuning-width of MT neurons is about ~ 45° — 55°.
Hence, the population of MT neurons has the same tuning-width. However, from
that alone it is undecidable if the motion percept is determined by the cell with the

highest response in the population (i.e. winner-take-all model) or if perception is
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generated from averaging the responses of all neurons (vector-average model). The
latter model is based on the principle of labeled lines. Each neuron is thought to be
"labeled’ with its preferred direction. Activated by a stimulus, each direction tuned
neuron will vote for its labeled direction. This vote, in turn, will be weighted by the
firing rate of the neuron and the perceived direction will correspond to the weighted
average of all labels.

Different approaches were used to test the two models. First, researchers used
microstimulation techniques in MT to shift monkeys perception/decisions during
tasks where they had to judge the direction of an ambiguous motion stimulus. Such
stimuli have no net direction of motion and are known as counterphase gratings (spa-
tially fixed amplitude oscillations of luminance) or 0%-coherent motion (random dot
pattern (RDP) with each dot moving in a random direction) stimulus. Microstimula-
tion of MT cells with a certain direction preference effected the animals directional
judgement of an ambiguous motion stimulusin favor to this direction. It thus acts as
if the truly presented motion coherence into that direction would be increased (Salz-
man et al., 1990; Salzman and Newsome, 1994). In refined experiments monkeys
were asked to judge the direction of truly directional stimuli during microstimula-
tion (Groh et al., 1997; Nichols and Newsome, 2002). In summary, for small angular
differences between the ’presented’ and ’stimulated’ direction, the monkeys judged
the stimuli to move somewhere between these direction. This is in accordance with
a vector-average model. However, when the angular distance of the two ’stimula-
tions’ (sensory and electrical) differed by as much as 140° and more, the monkeys
switched to categoric answers, how as if a winner-take-all mechanism would un-
derly his choice. This is, they choose either of the two directions. Unfortunately,
during these experiments it is not clear, what the monkeys have actually perceived,
i.e. if their decisions on the direction were accompanied with a real percept of that
direction.

Treue et al. (2000) used another visual phenomenon to test what might underly
the direction perception. The ambiguous neuronal representation induced by the
combination of two ’stimuli’ (one visual, one electrical) in the microstimulation-
studies can also be achieved with two truly visual stimuli, namely transparently
moving RDPs. These RDPs are 100% coherent, i.e., all dots of a layer move in
the same direction. Moreover, these two spatially completely overlapping stimuli
are perceived by humans as two separate ’surfaces’, if their difference in direction
exceeds about 10°. However, the population response of MT neurons recorded with

these stimuli in their RF stays single-peaked until the directions of the two stimuli
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diverge by roughly 90°, i.e. the width of a prototypical MT neurons’ tuning curve.
The percept thus cannot be explained by the outcome of a simple vector-average
nor a winner-take-all algorithm. The first would not allow to perceive transpar-
ently moving stimuli at all, because all input would be *merged’ into one vector (=
percept); the second could only detect transparency, if both directions would differ
more than 90° such that the population would consist of two peaks. Accordingly,
Treue et al. (2000) proposed a new mechanism that decides about transparency on
the basis of the actual width of the population response. If the latter exceeds the
standard tuning width by a certain amount, the brain infers, that two surfaces are
present.

The debate, however, about numerous additional models of population codes,
that have been evolved during the last years (e.g., Pouget et al. (2000); Sanger
(2003); Latham and Nirenberg (2005); Ma et al. (2000)) is still great. In summary,
these models propose some conditional, i.e., task specific, readout of the popula-
tions’ response. Depending on the subjects aims, different sub-populations of MT
are recruited, to draw the appropriate inference. Purushothaman and Bradley (2005)
recently reported some evidence for such a strategy in MT: during a fine (£3° from
vertical) direction discrimination task the behavioral performance of a monkey was
best correlated to neuronal responses of cells ("choice probability’) that preferred
directions about ~ 60° away from vertical. Information theory revealed, that indeed
these neurons should be the most informative for an observer to solve the rather
hard task. Indiscriminate pooling of all MT responses yielded far worse perfor-
mances than that of the monkey. This strongly suggests, that the animal must have

selectively read out cells with the appropriate tuning.

1.2 Variability of visual perception and processing

Visual perception is highly variable. The same physical scene or object may be
judged differently from one view to another. Psychophysical experiments revealed,
that human subjects decide ambiguously in visual detection task with one mandatory
answer out of two alternative possibilities (’two-alternative-forced-choice’;2-AFC).
When faced with a barely visible stimuli, the subjects may either detect or ignore
it from trial to trail. This shows, that the neuronal system suffers from noise, that
distorts the original signal present in the outer world; which in turn means that

visual perception per se is variable and not the outcome of a fixed, machine-like
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calculation.

Besides this noise-variability due to spike-rate fluctuations, also other forms of
variability in visual perception exist. These may be termed as contextual variabil-
ities. The term ’context’ denotes several stimulus and behavioral dimensions: e.g.
it can describe spatial relationships of simultaneously present ’objects’ in the visual
scene. Several perceptual effects of spatial context are known in different feature-
dimensions'.

A very known example of illusory percepts resulting from the spatial composi-
tion of stimuli in the visual scene exist in the orientation-domain: the tilt-illusion
(O’Toole and Wenderoth (1977), see also Akiyoshi (2007) for review). A vertical
test-grating, if presented alone, is perceived as such. But as soon as an appropri-
ately, say, ~ 15° clockwise tilted grating is displayed as an annulus around the test,
the same still truly vertical grating is illusory perceived as being tilted slightly coun-
terclockwise. This effect is largest, when the annulus directly attaches the to be
judged stimulus and gets smaller with an increasing gap between the two stimuli
Wenderoth and Johnstone (1988). This is direct evidence for the spatial extend of
lateral interactions between the neurons in the visual cortex (see Schwartz et al.,
2007, for review).

In summary, besides noise variations, the spatial composition of a visual scene
critically determines the perception of its parts and the background. This thesis
manly focusses on two additional aspects of contextual perception. First, in the
temporal dimension, the effects of adaptation caused by the history of the visual
inputs and, second, task specific, i.e. expectancy driven, contexts of ’voluntary’

attention. Both will be introduced in more detail in the next sections.

1.3 Visual adaptation

1.3.1 Adaptation effects on visual perception

Visual adaptation is an unvoluntary process that reversibly re-adjusts the operational
range of the sensory processing chain to the ’recent’ environmental conditions. It

alows us to reliably preceive changes of the environment across orders of magni-

'Throughout this thesis the term feature-dimension is used to denote different aspects of a visual
stimulus, i.e., luminance, color, orientation, motion, etc.. The term feature alone denotes a particular

value of a stimulus dimension. For example, the colors red and green represent two different features.
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udes. This is most striking when comparing the average luminance at dusk (10~%cd/
m?) with that at high noon (105cd/m?). This fast reversibility is the distinction to
other forms of other history dependent adaptive changes in the brain, e.g. behavioral
imprinting or - to a lesser degree - learning.

The definition 'recent’ is somewhat arbitrary and covers a wide range in the liter-
ature about adaptation. The range of adaptation durations spans from milliseconds,
seconds, hours, to sometimes even days (see Mather, 1998, for reviews). How-
ever, nowadays, visual adaptation is usually induced with adaptation durations in
the range of hundreds of milliseconds up to minutes. The temporal protocol of the
succession of adaptors has also great variability. The presentation of ’adaptors’ and
to-be-judged test-stimuli may alternate or initial long adaptors may be followed-up
by shorter, so called fop-up adaptors of the same feature/object which then alternate
with test-stimuli. The test-stimuli are then *misperceived’ or misjudged’ compared
to their unadapted inspection.

A fundamental perceptual effect of visual adaptation with a high-contrast stimu-
lus (e.g., grating), is the reduction of contrast sensitivity (e.g., Blakemore and Camp-
bell, 1969a,b). This effect gradually diminishes with further distance between the
adaptor’s and test-stimulus’ feature. I.e. in the motion dimension, after adaptation
to a certain direction, this directions detection threshold is increased. However, with
increasing angular differences the adaptors direction and the tests direction, the de-
tection threshold decreased to 'normal’, that is, the unadapted state, at ~ 45° — 55°
(Hol and Treue, 2001).

In addition to the increase of detection thresholds, adaptation causes illusory
perceptual distortions of supra-threshold stimuli. These effects are also often termed
aftereffects and are present in different feature-dimensions (e.g. shape aftereffects
(Suzuki, 2001) or face aftereffects (Leopold et al., 2001, 2005; Webster et al., 2004)).

A very prominent one is the motion aftereffect (MAE) that was already described
by Aristoleles (see in Verstraten (1996)) and is today - according to Wohlgemuth
(1911) - usually termed waterfall-illusison. Wohlgemuth (1911) reported, that after
he had intensively inspected a waterfall - with its downward motion content - for a
longer time-period and then directed his gaze to a stationary part of the environment,
e.g. the rocks next to the waterfall, he had the impression of an upward motion of
the rocks (see Mather, 1998, for reviews).

The strength of motion adaptation can be determined in different ways: in histor-
ical investigations the effect size of a MAE, subjects reported the - rather subjective

- duration of their illusory percept. Then, researchers switched to a more objec-
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tive titration method to find the necessary amount of motion energy in an otherwise
ambiguous motion stimulus (e.g. counterphase grating or 0%-coherent RDP) to
counterbalance the MAE (McCarthy, 1993).

Another effect of motion adaptation is the direction aftereffect (DAE) which is
expressed in the overestimation of the angular difference of the direction of motion
between an adaptor and a successively presented 100%-coherently moving test stim-
ulus. This effect is largest for a true difference of about 45° (Levinson and Sekuler,
1976; Schrater and Simoncelli, 1998) and will be explained in more detail in one of
the papers (Chapter: 2) of this thesis. The DAE has its equivalent in the orientation-
domain: the tilt-aftereffect (TAE) (Gibson and Radner, 1937; Gibson, 1937; Sekuler
and Littlejohn, 1974). It refers to the overestimation of the angular differences of
oriented lines. Here the maximum effect is obtained with an adaptor-test difference
of about 15 — 20°,1.e., roughly half the value of the DAE. The double-angle rep-
resentation of motion (360°) compared to orientation (180°) (Clifford et al., 2000;
Clifford, 2002) would predict such a relationship. Therefore it is intensely debated
if similar neuronal mechanisms may underly both adaptation effects (Clifford et al.,
2000).

Additionally, also the perception the second dimension of motion, namely speed,
is affected by adaptation: After prolonged inspection of a motion pattern its speed
appears to be reduced (Clifford and Wenderoth, 1999; Krekelberg et al., 2006;
Thompson, 1981; Schrater and Simoncelli, 1998). Clifford and Wenderoth (1999)
and Krekelberg et al. (2006) also reported an increased discriminability of speeds in
the range of the adaptors speed.

Finally, it has to be mentioned that the effects of motion adaptation can persist
a "back-calibration’, if the subjects close their eyes immediately after the adapting
procedure (see Mather, 1998). When they re-open the eyes after a delay after which
the MAE is usually diminished with constantly open eyes, the MAE is still there.
This was long taken as evidence against a simple ’fatigue’ or exhaustion-based the-
ory of adaptation (see section 1.3.2), because a 'recovery’ should even happen faster
without stimulation. Recently, van de Grind et al. (2004) proposed that a still image
- viewed after adaptation and that evokes neuronal activity in the visual areas - also
acts as a new adaptor, that may actively "pull back’ the perceptual bias and hence
increases the speed of 'recovery’ compared to waiting with closes eyes.

Theoretical hypotheses about adaptation and its perceptual consequences predict
two effects of adaptation. First, a shift of the center in the feature-space, i.e., what

is assumed to be 'normal’ or 'new standard’ (Barlow, 1961; Barlow and Foldiak,
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1989). This is expressed by the abovementioned shift of the detection threshold or
the new point of subjective equality in a direction-biased ambiguous motion stim-
ulus after directional adaptation. Second, theory also predicts for a variation of
the operational range based on the statistics of the current visual input. This, in
turn, could increase the discriminability *around’ the adaptor and should affect the
tuning-width of sensory neurons. However, this is rarely reported (e.g.: Krekelberg
et al., 2006) in the psychophysical literature.

In summary, despite the preposition *mis-" for many perceptual consequences of
adaptation the adaptive re-calibration mechanism is thought to bias the sensitivity of
the perceptual system in favor to detect discrepancies in the environment from the

new’ norm’.

1.3.2 Neuronal correlates of visual Adaptation

An established method to indirectly obtain information about the different dendritic
and spiking activities of neurons by means of their metabolism is the functional mag-
netic resonance imaging (fMRI) (Logothetis et al., 2001). It measures the haemo-
dynamic responses, i.e the blood oxygenation level (BOLD) caused by the changes
in the amount of the tissues activity. In the human cortex, motion adaptation causes
specific reductions of MT+ activity in the fMRI signal (He et al., 1998; Culham
et al., 1999; Huk et al., 2001; Tolias et al., 2001a). Similar effects are reported in
the orientation dimension for V1 (Fang et al., 2005) and the several stages along the
ventral path (Fang et al., 2005; Boynton and Finney, 2003). Over time, the activ-
ity (metabolism) is reduced in an exponential manner (Tolias et al., 2001b). This
may be seen as a fingerprint of an exhaustion or fatigue of the activated neuronal
substrate.

Because of its parsimonious and appealing neurophysiological explanation of
many psychophysical results, the usage-depended neuronal-fatigue model of adap-
tation was (see Mather, 1998, for review) and still is (van de Grind et al., 2004)
debated. Accordingly, the only effect of adaptation is the gain-reduction of acti-
vated channels. That is, after adaptation to a certain feature, the cell is *exhausted’,
such that a repeated stimulation with the same feature cannot be responded with the
previous intensity (spike-rate). Given a population of neurons that represent the to-
tal feature-dimension (i.e. 0 — 359° of motion), adaptation will reduce the ’gain’ of

the sub-population of cells that are sensitive to the adaptor. Presenting an ambigu-
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ous motion stimulus (e.g. 0%-coherent RDP) thereafter would cause an unequal
response profile of the population, such that the sub-population that was insensitive
to the adaptor would have the relatively largest firing rate. This biased response of
the population, in turn, can explain the characteristics of the MAE (van de Grind
et al., 2004) and also most of the DAE . In the latter, the responses of the neurons
to a truly directional signal biased in favor to the directions away from the adaptor’s
one. Much like the unadaptated response profile of a population looks gaussian,
the post-adaptive gain-profile is an inverted gaussian centered on the adaptors di-
rection. The largest discrepancy in the response and hence directional bias between
sub-populations that code clockwise vs counter-clockwise from the test-stimulus is
reached, when the test moves in the direction that maximizes the Fisher information
of the gaussian profile. This is slightly larger than the half width of the popula-
tion’s tuning curve of ~ 50° and is in good agreement with the directional distance
at which the DAE is largest (Levinson and Sekuler, 1976; Schrater and Simoncelli,
1998). Despite its ability to explain much of the psychophysical results and some
largely undiscussed effects of ’inheritance’ of adaptation effects across visual areas,
other theories, apart from the gain change model, with a more sophisticated funda-
ment are recently mostly tied to the adaptation process. According to the latter, the

brain permanently tends towards an efficient evaluation of the environment.

"Efficient coding’-hypotheses of the brain have become of major interest during
the last decade. In brief, the efficiency of the representation of a certain information
content in coding system relies on both, the ’sources’ amount of information and
the ’drains’ (coders) capacity to represent it. In the language of the neuronal tissue
this means, that the strategy should be to represent information according to the
statistical distribution of properties of the environment. Common entities of the
visual environment should be in the center of the coding or spike-rate range of the
neuron, rather than at either end. Spikes that code the same thing may be seen
as redundant information carriers that are energy expensive (see Lennie, 2003, for
review). According to Barlow (1961), the aim should be, to reduce the redundancy
of the neuronal code through de-correlation of spiking activity to reach an *optimal’
compromise between energy investment and sensory representation. Mechanisms
to reduce redundancy between two neurons that code very similar aspects of the
visual world should either temporally decorrelate their activity by a down-regulation
the respective spike-rates (de la Rocha et al., 2007) or/and separate the neurons

sensory preferences. Both strategies would lead to a lower mean response to the
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given sensory input.

The orientation-sensitive areas of primates and cats (V1 and Areal7, respec-
tively) have long been the major sites to evaluate adaptational effects on the single
neurons level. In summary, these neurons react to the presence of a preferred stimu-
lus with strong response that exponentially decreases with longer stimulus durations
Giaschi et al. (1993). This decrease is accompanied by an increased intracellular
hyperpolarisation (Carandini and Ferster, 1997; Sanchez-Vives et al., 2000) and in-
creased response latency (e.g. Saul, 1995). They show virtually no effect after "null’,
i.e. orthogonal orientation, adaptation (Marlin et al., 1988; Giaschi et al., 1993). To-
gether, these effects are the direct reflection of the contrast adaptation that shifts
the contrast response function rightwards (Albrecht and Hamilton, 1982; Albrecht
et al., 1984; Movshon and Lennie, 1979). Additionally, repulsive shifts of the orien-
tation tuning curves, i.e. the selectivity, of striate neurons have been found (Nelson,
1991; Miiller et al., 1999; Felsen et al., 2002; Dragoi et al., 2000, 2002; Crowder
et al., 2005).

Unlike many psychophysicists investigated motion adaptation effects during the
last two decades, the neuronal basis of this higher-vision phenomenon just recently
reappeared in the scientific focus (see Kohn, 2007, for review). In the early days of
neuronal recordings in area MT, Petersen et al. (1985) were the first who described
the differences of "preferred’ vs 'null’ adaptation on these neurons in anesthetized
monkeys. Basically, these cells reduced their sensitivity to ’preferred’ stimuli after
“preferred’ adaptation for 20s and were not affected from null adaptation, similar to

V1 neurons.

Van Wezel and Britten (2002) compared the adaptation effect of MT neurons in
awake monkeys with the behavioral effect in humans during a motion detection task.
Man and monkeys were adapted for 3 seconds with an either moving or stationary
RDP. Thereafter, a test stimulus appeared on the monitor for one second. This could
contain a variable percentage of dots that moved in either the adaptors or opposite
direction (variable %-coherence); the remaining dots moved in random directions,
respectively. The human subjects had to judge the direction of the motion content
of this high-contrast RDP; the monkey simply had to keep fixation on the screen.
Interestingly, the amount of motion energy in the adaptors direction to compensate
the MAE (point of subjective equality; PSE) in humans was fairly similar to the
percentage coherent motion needed to evoke MT spike-rates usually evoked after

contrast adaptation alone. Similar to Petersen et al. (1985), they did not find effects
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of null adaptation.

MT neurons receive their bottom-up input predominantly from area V1. Hence,
the questions arose, how far the adaptation effects of MT are simply inherited from
V1, and what would be MT’s own contribution to motion adaptation (Kohn and
Movshon, 2003). In the anesthetized monkey they recorded the responses of MT
neurons to ’preferred’ stimuli of varying contrast after ’preferred’ adaptation at full
contrast. However, the stimuli’s diameter were chosen to be roughly half of the di-
ameter of the RF of the current neuron. Such they were able to place either adaptor
and test-stimulus at two non-overlapping positions inside the RF. Accordingly, they
had 4 different spatial adaptor-test conditions and measured the effect of either com-
bination on the cells contrast response function (CRF). In summary, they found that
the rightward-shift of the CRF after adaptation became only visible, if the adaptor’s
and test’s position overlapped (Kohn and Movshon, 2003). In turn, this means that
adapting one ’subfield” of MT receptive fields does not cause contrast adaptation of
the whole MT neuron and suggests that changes of contrast sensitivity occur prior
to the spatial integration in MT. Contrast adaptation may hence be restricted to the
early visual areas of V1 and lower.

In a second experiment they investigated the influence of adaptation on the
feature-selectivity, i.e. direction-tuning, of MT neurons (Kohn and Movshon, 2004).
The adaptation paradigm was similar to that described above, but now only one ’pre-
ferred’ full contrast moving grating was used as adaptor. The test-stimuli were also
full contrast and overlapped the adaptors position. However, they differed in the
direction of motion - and orientation(!) - from trial to trial. Accordingly, Kohn
and Movshon were able to reconstruct the cells tuning curves after adaptation. Be-
sides the reduced sensitivity to the preferred direction by a factor of 0.7, they also
found a substantial bandwidth-change, i.e., a narrowing (factor: 0.54) of the tuning
curve. They also looked for a change of the preferred direction of MT neurons after
adaptation, as predicted by theory (Barlow, 1961; Barlow and Foldiak, 1989). The
adaptor’s direction was therefore chosen to lay on the 'flank’ of the tuning curve
of the actual MT neuron. Hence, they adapted the cells with directions slightly
different (20° — 75°) from their preferred direction. After adaptation, the tuning
curve was again reconstructed. Interestingly, the cells changed their preferences
(peak-response) attractively in favor to the adaptors direction of motion by ~ 10°
on average. Shifting the adaptor further to directions that the cell was unresponsive
to during the initial, unadapted measurements of the tuning curve had no effect on

the tuning function. Vl1-cells, tested as control, did not exhibit such tuning curve
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shifts, which are therefore thought to emerge on the level of spatial integration in
MT neurons. Together, these results are also in good agreement with the perceptual
repulsion effects (Schrater and Simoncelli, 1998). Given a labeled-line principle,
with each neuron ’voting’ for its unadapted preferred direction, the attractive shift
of its tuning should cause the 'new’ preferred direction to be coded as the ’old’ one.
If the *new’ preferred direction would be presented, it would be ’seen’ by hierarchi-
cally downstream neurons as the *old’ direction and may thus explain the repulsive
DAE in addition to the effects of a gain-change-only.

However, the usage a grating with its orientation content as stimulus might in-
troduce inherited adaptational influences of V1. Adapting and testing with a RDP
would allow a better description of "MT-only’ effects, because V1 would be broard-
band stimulated and not with only one spatial frequency. In fact, Kohn and Movshon
(2004) report in a subordinate clause, that they were not able to reproduce tuning
curve shifts with RDP-adaptors.

As already mentioned in the previous section, also the effects of speed adaptation
have been investigated (Krekelberg et al., 2006). The evaluation of the neurometric
speed curves before and after adaptation shows, that an ideal observer relying on
a single typical cell from these populations would report a decrease in perceived
speed after adaptation. This is consistent with the behavioral report of humans and
monkeys (Clifford and Wenderoth, 1999; Krekelberg et al., 2006; Thompson, 1981;
Schrater and Simoncelli, 1998).

The experiments and data presented so far used always an adaptor with a spe-
cific feature, i.e. it was fixed at a point in the respective feature-space. The theory
of adaptive mechanisms of the brain predict, however, also a change of the range
of neuronal represented simulus values according to the recently present range of
stimulus values (Barlow, 1961; Barlow and Foldiak, 1989). Practically, that would
mean for, e.g. a speed selective neuron to adapt such that the recently presented dis-
tribution of different speeds would define the range of its possible responses. These
kind of experiments have up to now only been done in invertebrates, namely flies.
Here, the HI-motion sensitive cells adapted to the variances of white-noise velocity
signals presented to the fly (Fairhall et al., 2001). Such stimuli have a randomly
switching direction (e.g. up and down) and also varying speeds. At a given stimulus
interval of several (up to 40) seconds, the variance of speeds was constant and then
switched to a higher or lower value and so on. Depending on the actual variance

of the speeds, the same HI-neuron represented a speed range of about £50°/sec.
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or £500°/sec. with an equal range of possible response-rates, which could vary be-
tween 0.1Hz and ~ 200 Hz. In other words, the bandwidth of the neurons coding
capacity is adapted to the bandwidth of the world’s speed distribution (see also Dean
et al., 2005; Brenner et al., 2000).

In contrast to the smooth philosophical and theoretical explanations and expecta-
tions (Barlow, 1961; Barlow and Foldiak, 1989) of adaptive mechanisms, the reality,
revealed by measurements of neuronal activity in the adapting brain, is somewhat
unwieldy. The usage of anesthetized and awake animals, recordings at different
stages of the visual system, stimulation with different stimuli (e.g., gratings, random
dot pattern, shapes, forms, colors, faces,...), stimulus configurations (whole-field,
scenes, single stimuli) and the differences in the adaptation paradigms (millisec-
onds, seconds, minutes, minutes with top-up seconds), makes it impossible to ex-
tract the neuronal mechanism of visual adaptation. Depending on the constellation
of the parameters above, there seem to be numerous explanations or combinations of
different mechanisms that are plausible; or as Kohn (2007) recently formulated it:
”...the biophysical underpinnings of neuronal [adaptation-]effects remain murky”.
Especially the oppositional effects of either repulsed V1 or attracted MT tuning
curves after adaptation show, that a single prediction for such shifts (attraction only)
does not hold the data.

Another open question concerns the ’de-correlation’-hypothesis of adaptation.
Correlations of neuronal activity are amongst others measured by the power and
frequency distribution of the LFP. However, in contrast to the investigations con-
cerning the neuronal basis of attention (see section 1.4.2) effects of adaptation on
the LFP are apparently missing.

Further investigations of the neuronal basis of adaptation, especially under nat-
ural viewing condition in awake, perceiving animals need to be done, to elucidate
the true functional benefit of adaptive sensory processing under active, i.e. decision

demanding, conditions.

1.4 Visual attention

1.4.1 Attentional effects on visual perception

If the visual environment changes, this may be a cue to decide also on a change of

behavior. However, a more precise analysis of the changed or expected to change
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visual aspect can help us to make better, more ’valuable’ decisions. One way to
do this, is to change the line of sight and bring that visual patch into the scope of
the fovea. The denser packing of the rods there allow first, a higher spatial resolu-
tion and, second, a better color discrimination compared to an extra-foveal analysis.
Besides this so called overt attention mechanism, another form of attention exists:
covert attention.

Covert attention or in short “attention’, is a mechanism that has in principle sim-
ilar effects on perception as overt attention, but differs from the latter such that it
is not accompanied by a gaze shift. Instead, a virtual attentional focus or ’spot-
light’ is thought to shift and elucidate otherwise neglected parts of the visual field
(Posner et al., 1980). Spatially directed attention reduces detection thresholds by an
increase the of the contrast sensitivity (Lu and Dosher, 1998; Carrasco et al., 2000;
Cameron et al., 2002), i.e. better detectability of a faint stimulus, and increases
the discriminability of the attended stimulus’ properties. Attentional performance
is also manifest in reduced reaction-times (e.g. Treisman and Gelade, 1980)) during
search, increased hyperacuity and spatial resolution (Yeshurun and Carrasco, 1998).
Finally, it also alters the apparent size of stimuli, which appear to be larger (Carrasco
et al., 2004; Anton-Erxleben et al., 2007).

Three ’classes’ of visual attention can be distinguished. First, the abovemen-
tioned spatial attention, second, the feature-based and, third, object-based attention.
During feature-based attention the representation of the attended feature (e.g., the
color red) is enhanced - non-spatially - throughout the visual field (Rossi and Par-
adiso, 1995; Saenz et al., 2002; Maunsell and Treue, 2006, for review). This helps in
visual search, where a target item (featured object) might be found faster and more
reliable (see Treue and Martinez-Trujillo, 2007, for example). Attention, when di-
rected towards an object, can enhance the representation to all of its features, (col-
ors, orientations,...) and may even elucidate parts of the object that reemerge behind
an occluding cover-(object) (Duncan, 1984; Valdes-Sosa et al., 1998, 2000; Blaser
et al., 2000).

However, there exist striking differences in the mode of action of attention, that
depend on the way how it is guided and evoked. The appearance of a salient stimulus
somewhere in the visual field acts as an exogenous cue and automatically captures
attention, which in turn boosts the computational power at that location (Itti and
Koch, 2001). This mechanism cannot be suppressed by the subject and is thought
to usually precede the overt attentional gaze shift towards objects of - possible -

interest (Theeuwes, 1991; Itti and Koch, 2001). However, the exogenously guided
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attentional focus is transient. This was shown by Posner and Cohen (1984) in a clas-
sical human psychophysics experiment: a spatial location on the computer-screen
was cued with 80% validity and the subject had to detect a successively presented
stimulus at either the cued or another screen-position. The reaction-time was lower
for a stimulus at the cued position compared to the un-cued location, but only for
about the first 100ms after the cue disappeared. After about 300ms the cued lo-
cation was not better represented any more and thereafter, stimulus appearances at
the uncued position caused faster reaction-times compared to a control without any
cue. After about 1000ms cue-target onset asynchrony, the cue had no influence on
either performance any more. This phenomenon was termed Inhibition of Return
(IOR, see Klein (2000) for review). l.e, spatial attention is only transiently at a cer-
tain position. Endogenously cued (’covert’) attentional focussing that bases on the

knowledge of a rule, however, does not suffer from IOR.

In addition, the measurable effect of attention on perception is not only the en-
hanced visibility of otherwise neglected stimuli, but in contrast the active masking of
unattended - despite salient - stimuli or features in favor to the attended ones. Even
putative obvious’ changes between two otherwise equal visual scenes are neglected
if they are viewed in temporal succession, simply interrupted by a short (> 80m.s)
blank stimulus. Rensink et al. (1997) termed this phenomenon ’change blindness’.
In a rather spectacular experiment Simons and Chabris (1999) even showed that
during the inspection of natural movie, when attention was instructionally directed
towards a white-dressed basketball-team among a black-dressed team, many sub-
jects did not recognize the rather absurd incident of a person, disguised as a black
gorilla, walking through the scene. Their findings further suggest that attention is
an important mechanism that allows the perception of aspects of the visual world at
all (Simons, 2000; Simons and Rensink, 2005); hence Simons terms this perceptual
blindness to unattended stimuli “inattentional blindness’ and take the phenomenon

as evidence for a ’sparse representation’ of visual informtion.

On a final note, attention increases the effects of visual motion adaptation
(Chaudhuri, 1990; Alais and Blake, 1999; Rezec et al., 2004) such that MAEs and
DAEs are enhanced. This shows that attention not only manipulates the 'recent’
visual input but also affects perceptual performances in the future. In turn, the time-
course and effects of adaptation in the neuronal substrate during active vision differ
from that of passive bottom-up stimulation of anesthetized monkeys or cats, as used

in many physiology studies.
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Taken together, the psychophysical investigations lead to the question about
what neuronal (-network) mechanisms are responsible for this plastic, variable, and

goal-driven evaluation of the visual world .

1.4.2 Neuronal correlates of visual attention

Correlates of visual attention with the brains’ metabolism and single cells activity
have been confirmed in humans and monkeys. During the last decade the fMRI
technique revealed that besides the higher visual areas (Kastner et al., 1998; Tootell
et al., 1998; Saenz et al., 2002; Pessoa et al., 2003; Yantis and Serences, 2003;
Murray and Wojciulik, 2004; Silver et al., 2007; Serences and Boynton, 2007) also
V1 (Tootell et al., 1998; Silver et al., 2007) and even the LGN (O’Connor et al.,
2002) are attentional modulated.

But how does this modulation look like and how are the mechanism imple-
mented? Single neuron investigations have already revealed attentional modulation
in different higher visual areas of macaque monkeys since the mid 80’s of the 20th
century (Moran and Desimone, 1985; Haenny and Schiller, 1988; Haenny et al.,
1988; Spitzer et al., 1988). These and following studies reported different changes
of the RF properties under attentional condition compared to passive viewing. Dur-
ing the first study by Moran and Desimone (1985), cells of the ventral pathways
area V4 were recorded. Meanwhile, two stimuli were placed in the neurons RF: one
matched the cells preferred orientation and color, the other was of an orthogonal
- non-preferred - orientation and color. The monkey performed an identity test on
either of these stimuli (the attended one) and received a juice reward for a correct
answer’. Moran & Desimone found, that the neuronal response to the pair of stim-
uli was stronger, when the preferred stimulus was in the attentional focus compared
to the condition when the non-preferred stimulus was attended. Since then, such
finding that the attended stimulus inside the RF critically determines the response
characteristic of the neuron has been corroborated in many neurophysiological stud-
ies of the ventral (Connor et al., 1996; Chelazzi et al., 1993, 2001; Motter, 1993;
Sheinberg and Logothetis, 2001; Luck et al., 1997; Reynolds et al., 1999; Reynolds
and Desimone, 2003) and dorsal (Treue and Maunsell, 1996; Treue and Martinez-
Trujillo, 1999; Martinez-Trujillo and Treue, 2002; Gottlieb et al., 1998; Bisley and
Goldberg, 2003; Wannig et al., 2007) visual pathway.

But also V1 neurons already show attentional modulations of their responses
(Motter, 1993; Roelfsema et al., 1998, e.g.). However, because the RFs of V1 neu-
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rons are rather small, only one stimulus was present inside the RF in these studies.
This shows that already on the early stages of the visual system attention can selec-
tively filter out aspects of the visual world.

Additionally, the existence of different "kinds’ of attention on the level of psy-
chophysics (spatial, feature-based, object-based) was also proved on the neuronal
level. Such, object-based effects have been found in V1 and V4 (e.g. Roelfsema
et al., 1998; Kreiman et al., 2006); feature-based effects are present in V4 and
MT (e.g Motter, 1994; Treue and Martinez-Trujillo, 1999; McAdams and Maunsell,
2000; Martinez-Trujillo and Treue, 2004; Maunsell and Treue, 2006, for review).

Together, psychophysics and electrophysiology revealed, that the representation
of an attended stimulus is favored at the expense of that of other stimuli. Based
on the psychologists view Desimone and Duncan (1995) derived their so-called
biased competition hypothesis of attention. They and others (Reynolds and Des-
imone, 1999; Pessoa et al., 2003) stated, that objects’ of the visual world per se
are ‘competing’ for neuronal resources and thus perception by means of mutual
interactions in the visual cortex. This competition could be won, either because
the strong bottom-up salience (i.e., feature contrast to the background or/and other
“distracting/competing’ stimuli) or because the voluntary top-down pushing mecha-
nism causes an outstanding response in the sensory neurons. Although it is known,
that spatially neighboring visual sub-fields can mutually interact with the ’classical
RF’ (Hubel and Wiesel, 1968) (e.g. through lateral inhibition as in center-surround
mechanisms of visual neurons), the nature of the competition is typically left un-
specified.

However, a more mechanistic and parsimonious explanation - implicitly part of
the biased competition hypothesis - 1s, that the neuronal response is ’simply’ modu-
lated in a gain-change manner such that the representation of a behaviorally relevant
stimulus-feature and/or -position is multiplicatory boosted in all relevant visual ar-
eas. Simultaneously, response normalization (Carandini et al., 1997; Simoncelli
and Heeger, 1998; Britten and Heuer, 1999; Heuer and Britten, 2002) scales the
responses of all neurons of a visual area (see section 1.1.1). The attentional ben-
efit is therefore not only measurable in the absolute response increase but also in
the larger relative differences of spiking neurons, i.e. response contrast. This be-
comes evident in the study by Martinez-Trujillo and Treue (2004) on feature-based
attention in MT. When an attended stimulus outside the RF matched the preferred
direction of the recorded neuron, its responses to a preferred stimulus inside its RF

were increased. However, when the stimulus inside the RF moved in the null di-
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rection and attention was still on the preferred direction outside the RF, the neurons
responses were even lower, than without attention on either moving stimulus. Al-
though these results were gained in the motion-dimension, they are impressively
in accordance with the perceptual suppression of unattended features as seen in
the above mentioned ’inattentional blindness’-experiments of Simons and Chabris
(1999). In MT, the angular feature-similarity between the attended feature and the
preferred direction of the neuron is positively correlated to the factor of the multi-
plicative attentional gain modulation. Angular distances larger than ~ 90° result in
a gain factor lower than 1.

Physiological evidences for such a multiplicative gain-change mechanism have
been independently described for spatial attention tasks in motion sensitive MT
neurons (Treue and Martinez-Trujillo, 1999) and orientation selective V4 and V1
neurons (McAdams and Maunsell, 1999). During the experiments of Treue and
Martinez-Trujillo (1999), the rhesus monkeys either had to detect a speed-change
in one of two simultaneously presented random dot pattern that were moving be-
hind two spatially separated virtual apertures. Either the stimulus inside the RF of
the MT neuron or outside the RF could be in the attentional spotlight. Distracting
speed-changes in the unattended movie had to be neglected. The mean attentional
modulation of MT neurons was consistently 10% across all directions. In the study
from McAdams and Maunsell (1999), the monkeys had to solve a delayed match-
to-sample task: two stimuli (one oriented grating and one color patch) were shown
simultaneously for 500ms on a computer-screen. After a brief (500ms) delay with
only a fixation spot visible, the two stimuli reappeared. However, either the color or
the orientation of the grating could differ from the initial presentation. The monkey
had to report such a change - only - at the beforehand cued spatial location by retain-
ing an otherwise given response. Such, McAdams and Maunsell collected data for a
complete orientation tuning curve with and without attention. They found that ori-
entation selective V4 cells responses are in average upregulated by 22%. During the
same experiment they also recorded the activity from V1-cells. Theses cells were
only modulated by about 8%. Together with the results of other studies that inves-
tigated even higher visual areas (MST, VIP, 7a: Treue and Maunsell (1999); Cook
and Maunsell (2002)) and found modulations up to ~ 80%(!), this is in accordance
with the idea, that attentional modulation ’acts’ independently (Maunsell and Cook,
2002) on each level of the ’cortical hierarchy’ (Felleman and Van Essen, 1991). lLe.,
the upregulated response of one area is further boosted in the following processing
stage.
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A second outcome of the two studies, that is directly derived from the fact of
multiplicative scaling, is, that the feature selectivity (orientation, direction of mo-
tion) of the neurons did not change under attention (contra Spitzer et al. (1988)).
Le., the width of the tuning curves stayed the same with and without attention. This
is an important finding, because also the spatial selectivity of MT-neurons does not
substantially vary with the spatial focus of attention as we can show in one paper of

this thesis (chapter 4). I will put further emphasis on the tuning aspects below.

How is the multiplicative gain change implemented in the brain? A ’natural’
factor that determines neuronal response strength of visual is the contrast (Albrecht
and Hamilton, 1982) and has similar effects as attention on V4 and MT neurons
(McAdams and Maunsell, 1999; Treue and Martinez-Trujillo, 1999). For example,
increasing the contrast of a sinusoidal grating typically increases the response of a
neuron to all orientations proportionately, such that a tuning curve constructed from
responses to high-contrast stimuli is a multiplicatively scaled version of one made
using lower contrast stimuli (Skottun et al., 1987). The neuronal response is a mono-
tonic function of the logarithm of stimulus contrast. Typically the contrast response
function (CRF) has a sigmoidal shape. Very low contrasts elicit no response and
high contrasts yield the cells to reach an upper response-limit, that cannot be further
increased by increasing the contrast. In between these two fixpoints, the response
curve has the mentioned, non-linear form (e.g., see Albrecht and Hamilton (1982)
and Thiele et al. (2000)) that can be a achieved through a multiplicative mechanism.
The perceptual and behavioral similarities between contrast enhancement and atten-
tional ’spotlighting’ (i.e., lowering of the perceptual threshold) led to the questions
about similarities of both mechanisms in the neural structure. Multiplicative modu-
lation of visual stimuli by attention that shift the inclination point of the sigmoidal
CREF (i.e., the contrast, at which the cell reaches 50% of its maximum firing rate;
"C50’) leftwards to lower contrast could act in two ways. First, the responses of the
neuron are up-regulated by the same factor, irrespective of the stimulus’ contrast.
This is known as ’response-gain-model’ of attention. An important result of such
a mechanism would be, that also very high contrasts, that usually saturate the cells
responses would drive the cells response beyond this boundary. The second mech-
anism assumes a more or less fixed maximum firing rate of the neurons. Such, the
C50-shift would be evoked by a pure horizontal shift of the CRF. This means that
higher contrast stimuli, that would evoke strong response without attention could

drive the cells into saturation with attention. On the other hand, contrast that would
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not evoke a neural response in the pure sensory conditions elicit some spike produc-
tion with attention. This means, the multiplicative factor would in the end not be
fixed across all contrasts but vary bell-shaped across contrast and have some peak at
intermediate contrasts.

Reynolds et al. (2000) and Martinez-Trujillo and Treue (2002) addressed this
question in physiologial studies in area V4 and MT of rhesus monkeys, respectively,
where they varied the contrast of the stimuli inside the spatial attentional focus. Al-
though the stimulus configuration and the temporal succession differed between the
studies, both found - directly or indirectly - the strongest attentional effects on low
and intermediate contrasts, with no or only small effects on high contrasts. De-
spite there is some kind of 'response-gain-effect’, the results are better explained by
the *contrast-gain-model’. This might also explain the differences in the attentional
effect size across studies: McAdams and Maunsell (1999) used intermediate con-
trast stimuli and had attentional effects of 22% whereas Treue and Martinez-Trujillo
(1999) used high contrast stimuli and had only 10% effect. However, Williford and
Maunsell (2006) recently reported that the response change of their tested V4 neu-
rons under attention can be better explained by a 'response-gain-model’. They even
accentuate, that a so-called ’activity-gain-model’, fits best their measurements. This
is basically an additive effect on the responses, such that even lowest contrasts of the
CRF are modulated, which would be equivalent to an increase of the neurons base-
line (without stimulus) firing rate. The question remains, how far the stimulation
protocol of briefly (94ms) flashed sinusoidal gratings and the short pause (94ms)
between the stimuli affected their results. First, the time between two stimuli is
comparably short, which introduces an uncertainty about which stimulus evoked a
certain spike and, second, they only measured the transient response of the neuron
to the stimulus. This time-period has different 'rules’ than the sustained response

period to a longer stimulus (see chapter 3).

A caveat of multiplicative modulation models of attention are some discrepan-
cies to fMRI studies. Accordingly, attentional effects should be week or absent for
very low contrasts (as confirmed by single-unit recordings). However, at least three
fMRI studies showed a substantial increase of the BOLD signal in attention tasks
during the absence of a stimulus, which is by definition a zero contrast (Kastner
etal., 1999; Silver et al., 2007; Serences and Boynton, 2007). Buracas and Boynton
(2007) recently reported, that according to their fMRI data they would favored addi-
tive effects of attention in human V1, V2, V3 and MT+. It remains to be clarified, if
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an increase of dendritic activity, that is not accompanied by an increase in the spike

rate can account for these results.

The basic ideas of efficient neural coding should hold true also in the case of
attention. As much as during adaptation the correlated activity of neurons should
decrease, it should increase with attention. This can, as explained above, be realized
by a firing-rate increase (de la Rocha et al., 2007) and, in theory, also by a change of
some neurons’ preferences and selectivity, e.g. preferred coded feature and width of
their tuning-curve. Attention could shift the tuning preferences of units that *almost’
represent the attended feature (e.g., direction of motion) towards this feature. More
similarly tuned neurons would deliver the fundament for a fine-grained resolution
and thus higher acuity with attention than without it. Again, despite intensive search,
such preference-change has not been found (Vogels and Orban, 1994; McAdams and
Maunsell, 1999; Treue and Martinez-Trujillo, 1999). However, Connor et al. (1996,
1997) and we (Womelsdorf et al., 2006a, see chapter 4) found such a shift of pre-
ferred coded spatial position. I.e, the point of maximum spatial sensitivity of V4
or MT neurons RF, respectively, shifts towards the spatial focus of attention. Al-
though there are several possible mechanisms that create such a spatial shift of the
RF (Compte and Wang, 2006), a very simple model that acts also in a multiplica-
tive manner is a feedforward-model. Here, the (retinotopic) neurons layer upstream
(e.g. V1) to the higher visual area (e.g. MT) neuron under observation are selec-
tively enhanced by spatial attention. Because the information of many V1-neurons
converges on one MT neuron, the input to this neuron is spatially biased by attention
(McAdams and Maunsell, 1999).

Higher correlation of neuronal activity is also known in the context of syn-
chronous discharge of neurons. This can be measured either as temporally correlated
spike occurrences or in by the amplitude of certain frequencies in the low frequency
range (1-150Hz) of the extracellular electric field potential (local field potentials;
LFP). Additionally, the correlation of spikes with the phase of the LFP is another
measure of correlated activities between neuron-groups. The LFP is thought to have
its origin in the local dendritic activity, rather than in the summed spiking activ-
ity (Logothetis, 2003). Temporally correlated activity - synchrony or coherence -
of neurons in one area could increase their impact in the sense of evoked activities
in post-synaptic neurons - especially if the input converges. Recently, this kind of
"feed-forward boosting” and guidance of sensory information is also investigated in

the light of attention.
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For V4 neurons, Fries et al. (2001) reported that the relationship of individual
spikes and frequencies of the LFP (spike-field-coherence) changes with attention.
While the stimulus in the cells RF was unattended, the evoked spikes were almost
equally strong coupled to LFPs in the a-range (8-12Hz) and in the v -range (30-
80Hz). However, when attention was directed towards the stimulus inside the RF,
a -power was reduced and ~y -power increased accordingly by about 10%. Hence,
it is not synchrony or coherence per se that is increased. Instead, frequency ranges
are affected differently. This task related variable + -power is proposed as crucial

mechanism in visual perception (see Womelsdorf and Fries, 2007, for review).

The critical experiment that would underline the importance of neuronal co-
herence would have to show, that behavioral attentional effects disappear or are
reduced when the cells loose synchronous activities, despite firing with the same
rate. Womelsdorf et al. (2006b) addressed exactly this question. They correlated the
reaction-times of monkeys in a visual change-detection task to the neuronal coher-
ence between spikes and the LFP as well as to the LFP power. In brief, when they
sorted the trials of each experimental session according to the monkeys reaction-
times and then built groups out of the fast- (~ 350ms) and slow-reaction-time quar-
tile (~ 490ms) of trials, the spike rates of the sensory V4 neurons did not differ
between the groups around the time, the monkey responded. However, when the
stimulus inside the RF was attended, fast reaction times were associated with an
increased gamma-band synchronization before and after the response. Conversely,
the slow reaction-time-trials had a lower gamma-band synchronization. These re-
lationships even inversed when the attended stimulus was outside the RF. This is
explained in the following way: High gamma-band synchronization during slow
reaction-time trials with attention outside shows, that the distractor (inside the RF)
has actually a stronger impact on the perception and, in turn, reduces the speed of
information-transmission at the attended location. Together with the results from
other recent studies (Taylor et al., 2005; Buschman and Miller, 2007) this indicates

a functional role of attentional neuronal synchronization in the gamma-range.

As much as the attentional impact on sensory neurons may vary between trials,
it can be dynamically regulated within trials. As I already mentioned, deciding is
the expression of making assumptions about the future, given the recent state of
the ’self’, the environment and the history of decisions. In usual neuro-behavioral
experiments, the subjects have to react to a critical event in the stimulation, that ap-

pears some times after the start of a trial. However, the instantaneous probability of



30 CHAPTER 1. INTRODUCTION

such an event, namely the likelihood that it will appear 'now’, given that it did not
appear yet, changes across the trial of classical attentional experiments. This con-
ditional probability is called the hazard function. Again, according to the efficient
coding hypothesis, it would be advantageous to attend - and invest extra-spikes -
based on the hazard function. Conversely, it would be a waste of energy to spend
spikes for the representation of stimulus that is currently not expected to change.
In two studies, either Ghose and Maunsell (2002) (in V4) as well as Janssen and
Shadlen (2005) (in LIP; dorsal path) found such a variable allocation of attentional
resources according to the instantaneous probability of the critical event. In the V4-
study the monkeys had to detect a change in a spatially attend stimulus, while during
the LIP-study, the monkey had to make a saccade to an appearing target after a vari-
able delay. Two different hazard rates were tested en-block, respectively, such that
the monkeys could know the actual underlying hazard function from experience.
Moreover, Janssen and Shadlen (2005) reported a coupling of the reaction-time to
the hazard rate: when the hazard rate was low, i.e. a critical event was unlikely, the
reaction times were high and vice versa.

The control of voluntary attentional modulation is thought to have its origin in
parts the frontal lobe, namely the frontal eye field (FEF). Electrical stimulation of
such FEF neurons cause saccadic eye movements Hanes et al. (1995) and different
regions of FEF code for different trajectories of the gaze shift. In his 'premotor
theory of attention’ Rizzolatti (1983) hypothesized that spatial attention is a mecha-
nism to 'pre-evaluate’ parts of the visual field that are upon to be in the retinas focus
after the fortcoming saccade. In a noteworthy experiment (Moore and Armstrong,
2003; Moore and Fallah, 2004) stimulated FEF neurons of rhesus monkeys while
these fixated a spot on the monitor. Such a suprathreshold stimulation caused the
monkey to change his gaze towards another position on the screen (its gaze field).
Moore and colleagues now searched for FEF positions that, if stimulated, would
cause a gaze shift inside the RF of a simultaneously recorded V4 neuron. After they
have found such an FEF position, they electrically stimulated it with a subthreshold
current. Interestingly, FEF-stimulation caused the V4 neuron to respond stronger
to a visual stimulus inside its RF as without electrical stimulation. These findings
show that electrical stimulation of frontal areas biases the responses of neurons in
visual areas in a similar manner to that observed during voluntary shifts of attention
and support Rizzolattis ideas. To term this with the strikingly formulation of Treue
and Martinez-Trujillo (2003), attending means: "Moving the Mind’s Eye Before the
Head’s Eye”.



Chapter 2

Brief motion adaptation causes
repulsive aftereffects

Visual adaptation has been a powerful tool for the psychophysical investigation of
human vision. So far most visual adaptation studies have used long durations (in the
rage of tens of seconds to minutes) of adaptation. However, during everyday vision
the retinal image is changing at a much faster pace, due to eye movements and rela-
tive motion of the environment. If substantial adaptation effects would be restricted
to the long exposure durations of the typical laboratory experiment the proposed
benefits of adaptation (energy- and information-efficient information coding) would
not play a role in real life.

Here we show that visual motion adaptation causes large repulsive direction af-
tereffects (DAE) after as little as 2 seconds of adaptation. In addition, we show that
these findings can be easily accounted for by a simple neuronal gain-change-model
of adaptation.

This manuscript makes an important contribution to the ongoing debate on the
role of adaptation in everyday vision. Furthermore, the results will encourage in-
vestigators to elucidate the neuronal mechanisms of adaptation in the awake and

behaving animal.
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Abstract

Prolonged sensory stimulation causes adaptive
changes in the processing of sensory information.
For example in the motion aftereffect (MAE), expo-
sure to continuous unidirectional motion causes a
subsequently presented static test stimulus to be
perceived to move in the direction opposite to the
adapter. For moving test stimuli the direction after-
effect (DAE) creates a systematic perceptual over-
estimation of small adapter-test direction differ-
ences. Such phenomena have traditionally been

investigated with adaptation durations of tens of
seconds to minutes. Here we show that substantial
adaptation effects in the human visual motion sys-
tem occur with very short adaptation durations of
as low as 2 seconds. Thus adaptation affects sen-
sory processing even in viewing conditions more in
line with the dynamics of everyday vision.
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Introduction

A long history of psychophysical studies (see
Clifford & Rhodes, 2005 for reviews) documents that
prolonged exposure to a sensory stimulus induces
adaptation. This transiently reduced sensitivity to the
stimulus’ features' (e.g. the orientation of a line or the
direction and speed of visual motion) (Gibson, 1937;
Levinson & Sekuler, 1976; Thompson, 1981) represents
a history-depended coding of the world as the nervous
system reversibly changes its response to a sensory
input depending on the statistics of the preceding in-
put on a time-scale of seconds to minutes. The appar-
ent disadvantage of a reduced sensitivity for the
adapted feature is offset by an increased coding effi-
ciency since the nervous system invests less energy in
spikes (Lennie, 2003) that represent features of the
world that are continuously present and thus contain
little new information. Instead, an adapted sensory
system is particularly sensitive to any deviations from
the prevalent input pattern.

Adaptation also increases coding efficiency
whenever a stimulus activates several neurons. Neu-
rons that represent the same aspect of the environ-
ment (such as a particular color, orientation, direction
of motion, pitch or face) produce highly correlated
spikes. To reduce this redundancy such groups of neu-
rons, should reduce their correlated activity (Barlow &
Foéldiak, 1989) by either changing their stimulus prefer-
ences as expressed in their tuning curves, i.e. the re-
sponse distribution along the encoded stimulus di-
mension and/or reduce their firing-rate. With such a
gain reduction in the face of constant sensory input
spikes from the independent neurons are more likely to
be temporally dispersed and thus will exhibit a lower
temporal covariance (Muller, 1999). In toto adaptation
will therefore reduce the allocation of encoding and

1" Throughout this manuscript we use the term ‘feature’ to denote a particular value of a stimulus dimension. For example, the colors red and green represent

two different features.
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processing resources in regions of feature space oc-
cupied by unchanging aspects of the sensory input.

A multitude of physiological studies agree with
these predictions, e.g. adaptation has been shown to
cause shifts of tuning curves for orientation-selective
(Dragoi et al., 2000; Muller et al., 1999) and direction-
selective neurons (Kohn & Movshon, 2004) as well as
increased hyperpolarization (Carandini & Ferster, 1997)
and response decreases (Movshon & Lennie, 1979;
Dragoi et al., 2000; Giaschi et al. 1993) in V1 or MT
neurons (Petersen et al., 1985; Kohn & Movshon, 2004;
Krekelberg et al., 2006) responsive to the adapting
stimulus.

Since the distribution of activity across popula-
tions of neurons conveys important information about
the sensory environment, the internal changes to sen-
sory processing caused by adaptation have perceptual
consequences. The waterfall-illusion (Wohlgemut,
1911) or motion aftereffect (MAE) (see Mather et al.,
1998 for review) is a prominent example of the percep-
tual consequences of adaptation. After prolonged (tens
of seconds to minutes) inspection of a pattern moving
in a single direction, a static or noise pattern appears
to move in the opposite direction. Further effects of
visual motion adaptation are an increase of the detec-
tion threshold for the adapted direction (Hol & Treue,
2001) and an increase of the discrimination threshold
for motion directions deviated approx. 40-60° from the
adapted direction (Regan, 1985; Hol & Treue, 2001).
Furthermore a difference between an adapter’s direc-
tion and that of a successively presented brief test
stimulus leads to a direction aftereffect (DAE), i.e. a
perceptual motion repulsion that causes an overesti-
mation of the angle between adapter and test (Levin-
son & Sekuler, 1976; Schrater & Simoncelli, 1998; Cur-
ran et al., 2006).

Traditionally investigations of perceptual pertur-
bations after adaptation employ long adaptation dura-
tions of tens of seconds to minutes followed by a brief
test period and top-up adaptation of a few seconds
with the same adapter to maintain the adapted state.
However, as eye positions during free viewing usually
shift up to several times a second (Land, 2004) and
periods of maintained fixation rarely last more than a
few seconds, the observed perceptual aftereffects may
not be of much relevance in natural viewing and
decision-making. If the visual neuronal apparatus is
designed to optimize its representation of the sensory
input and thus improve perception and save energy,

this should happen on a much shorter time-scale than
usually tested.

Only a small number of psychophysical studies
have investigated such short-term adaptation. Suzuki
(2001) showed that an adaptation to a static stimulus
presented for 2.6 seconds and less can evoke shape
perception aftereffects. Recently, Krekelberg and Al-
bright (2006) showed, that after 2 seconds of motion
adaptation speed perception is altered and provided
some evidence for functional correlates from neural
recordings in monkey area MT.

Here we report the results of brief adaptation on
the perception of the direction of visual motion. Human
subjects had to judge the direction of a moving ran-
dom dot pattern (RDP), after a brief adaptation with an
RDP moving in a different direction. We found the per-
ceptual motion repulsion described above, i.e. a direc-
tion aftereffect, already after only 2 seconds of adapta-
tion indicating that adaptive processes occur on a
timescale useful for natural viewing conditions.

Methods

Subjects: Ten naive subjects (6 females, 4
males) participated in the experiments. All except one
highschool student were college students at an age
between 15 and 33 (mean: 23.5; std.: 4.6). The volun-
teers had normal or corrected-to-normal vision and
gave their written consent to participate in the study.
Prior to the experiment all subjects were trained on an
extrafoveal direction discrimination task until they were
able to discriminate deviations from vertical motion of
less than 3°.

Stimuli: The experiment was performed using a
custom written Apple Macintosh software for stimulus
presentation and behavioral control. The stimuli were
displayed on a black (0.1 cd/m2) background on a CRT
Monitor (LaCie, 'elec-tron22bluelV') at a resolution of
38 pixel/deg and a refresh rate of 85Hz. Subjects sat in
a dimly illuminated test cabin with the head on a chin
rest to maintain a viewing distance of 85 cm. All stimuli
were random dot patterns (RDP) moving within a vir-
tual stationary circle with a density of 12 dots/deg2
where each dot had a size of 0.08° * 0.08° and moved
at a speed of 5 deg/sec. In a given session stimuli
were centered 8° left or right of a gray fixation point,
respectively. The dots of the adapter stimulus were
displayed at full luminance (68 cd/m2) whereas the test
stimulus’ dots were dimmer (34 cd/m2).
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Figure 1: Subjects had to fixate and adapt to random dot
pattern (RDP) moving at 100%-coherence 40° off vertical (0%
180°). From trial to trial one of four adaptor directions (40°,
140°, 220° or 320°) were shown. After the adaptation peri-
od,which could last between 2 seconds and 20 seconds, and
an ISI (Pause) of 1 second, they had to judge the direction of
motion of the following test-stimulus as either being tilted
clockwise or counterclockwise from the internal representa-
tion of the vertical. 40° and 320° adaptors were tested with a
0°+18° vertical test stimulus while 140° and 220° adaptors
were tested on 180°+18” directions. In the 140° off-vertical
condition the adaptors were physically the same as in the 6
sec 40° off-vertical adaptation period, but now the following
tests were chosen from the distribution of the opposite ‘verti-
cals’. The example shows the principle effect of motion re-
pulsion: After 40° clockwise adaptation a stimulus moving
exactly to 0° is perceived to move at, e.g., 5° counterclock-
wise. Therefore an about 5° clockwise moving stimulus would
be perceived to move upwards (0°). During the baseline
measurements there was no adaptor present, during the
random motion adaptation period, 6 seconds of a 0%-
coherence (‘random noise’) RDP were shown.

To compensate for small, involuntary eye
movements and ensure that the test stimuli would
stimulate a previously adapted part of the visual field,
the adapter had a larger diameter (8°) than the test
stimulus (5°).

Procedures: In a two-alternative forced choice
(2-AFC) direction discrimination task subjects were first
shown an adapting stimulus and then had to report
whether the direction of a successively presented test
pattern deviated clockwise or counterclockwise from
vertical. For each subject the experiment consisted of
12 blocks (six adaptation conditions* two visual hemi-
fields) of 100 trials each (Figure 1). Subjects were in-
structed to maintain fixation on a central fixation point
throughout each trial. They initiated each trial by press-
ing a key on a computer keyboard. 200ms after trial
start the adaptor appeared. After its offset and a
stimulus-free interval of 1 second the test stimulus was
presented for 250 ms at the adaptor’s position. Test
stimuli moved either globally ‘upwards’ or ‘downwards’

and were chosen from a range -18° to +18° from the
vertical in steps of 2°. The subject reported whether
the test direction deviated clockwise or counter-
clockwise from vertical by pressing one of two keys on
the keyboard. After approx. 1-2 seconds subjects initi-
ated the next trial.

The following six adaptation conditions where
tested: 100%-coherent motion adaptors of 2, 6 and 20
seconds duration moving at 40° relative to the vertical
(up or down) as well as 6 seconds 100%-coherent
motion RDP at an angle of 140° relative to the vertical.
Baseline performance was measured without adaptors
and effects of contrast- and local motion-adaptation
was determined using 6 seconds of 0%-coherent mo-
tion RDP adaptors.

To avoid cumulative adaptation to a certain di-
rection across several trials in an experimental block,
the adaptor direction was randomly selected for each
trial out of the four directions used. The 40° deviation
was chosen, be-cause it created large repulsive effects
in studies using long duration adapters (Levinson &
Sekuler, 1976; Hol & Treue, 2001; Schrater & Simon-
celli, 1998) while the strongest attractive effects have
been reported with a 140° deviation between adapter
and direction (Schrater & Si-moncelli, 1998). In all 40°-
trials upward moving adapters were always combined
with upward moving test stimuli and downward adapt-
ers were paired with downward test stimuli; and vice
versa for 140°-trials.

For choosing each trials’ test direction, a
weighted up-down staircase procedure (Kaernbach,
1991) was used. This ensured that the subjects’
choices of clockwise vs. counter- clockwise deviations
were approximately equated and con-centrated the
test directions near the subjects ‘point-of-perceived-
vertical’ (PPV).

Data analysis: We obtained the response dis-
tributions as a function of the test direction and fitted
them with a logistic model

P(x)=1/1+exp(-b(x — a))
where x is the direction of motion of the test stimulus
relative to the adaptors direction, P(x) is the corre-
sponding hitrate, a corresponds to the inclination point
of the function, corresponding to the subject’s per-

ceived vertical and b is used to compute the discrimi-
nation threshold defined by

aexp = xp=,84 - ‘xp=.50 = (1/b)1n(21/4)
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Figure 2: Single subjects (‘JEG’) judgments about the deviation of the point-of-perceived-vertical (PPV) after 40° directional mo-
tion adaptation for different durations and the baseline (‘black’) measurement. Positive direction values are used for directions
away from vertical towards the adapter and the point of inclination of the fitting curve (50%-probability; black arrow) is defined as
the subjects perceived vertical. The distance between this point and the 84%-probability point of the fit (1 SD; gray arrow) is taken
as discrimination threshold. Different deviations from the vertical direction (0°/180°) had to be judged if they were perceived to
move clockwise or counterclockwise. Data from the 0° and 180° test conditions is pooled and was collected simultaneously within
a session. Colors indicate the respective adaptation condition, whereas the size of the circles represents the number of measure-
ments at the given angular adapter-test difference. ‘No adaptation’ causes the PPV and the true vertical to be roughly the same -
as expected. The PPV is shifted to higher values after longer adaptation, which is interpreted as repulsive aftereffect (see text for

further explanations).

For '0%-coherence'- and 'no'-adapter condi-
tions positive values of a indicate a clockwise bias of
the '100%-coherent
motion'-adaptation positive values of a indicate a shift

of the subjective vertical towards the adapted direc-

subjective vertical. During

tion, which represents a repulsive DAE.

The respective a and Oexp values of all experi-
ments were statistically analyzed (repeated measures
one-way ANOVA; Tukey's multiple comparison test),
using "Prism 4.0c" for Macintosh.

Results

Our experiments focused on the effect of short adapta-
tion durations on the perceived direction of moving
random dot patterns deviating by approx. 40° from the
adapted direction. Figure 2 plots the direction discrimi-
nation curves for the three adaptation durations and a
control condition without adaptation for a single sub-
ject. The abscissa represents the direction of the test
stimulus in degree of deviation from the vertical. Posi-

tive values are used for test directions that are tilted
toward the adapter.

The ordinate indicates the percentage of test stimulus
presentations for which the subject reported that the
test direction’s deviation from the vertical pointed away
from the adapter’s direction. The diameter of each data
point represents the number of repetitions for each
condition.

The data of each condition are fitted with a logistic
function (goodness-of-fit: p < 0.001 for all datasets).
The 50% point of each curve represents the test direc-
tion for which subjects are equally likely to report the
test stimulus to be tilted clockwise or counter-
clockwise from vertical. This represents the ‘point-of-
perceived-vertical’ (PPV) in a particular condition. Cor-
respondingly, for the subject plotted in Figure 2, the
PPV equals the true vertical in the ‘no-adapter’ condi-
tion (black vertical arrow).

The steepness of each curve indicates the sensitivity of
the subjects to differences between test directions. We
de-fine the angular deviation from the PPV to the point
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Figure 3: Mean results of all subjects.
a) Shift of perceived vertical: ‘No-adaptation’ (black) and ‘6-

seconds-random-direction-adaptation’ (gray) evaluated no
bias in the perceived direction of motion. Longer adaptation
to 40° off vertical (green = 2 sec; blue = 6 sec; red = 20 sec)
caused significant changes in the perceived direction of ver-
tical and thus repulsion. Adapting at 140° off vertical (ma-
genta) did not significantly alter the perception of the subse-
quent vertical.

where the responses of subjects exceed 0.84 (or fall
below 0.16) as the discrimination threshold.

To assess the effect of repulsive aftereffects on direc-
tion discrimination curves let us consider the case of a
true vertical test direction. Subjects would perceive
this stimulus as deviated from the vertical, away from
the adapter’s direction. Correspondingly, for a stimulus
to be perceived as moving exactly vertically it needs in
fact be tilted towards the adapter by the amount of
repulsion. Such PPVs are plotted as positive values in
Figure 2. The observation that the direction-
discrimination curves based on the three adaptation
conditions are shifted to the right indicates a repulsive
aftereffect for all adapting conditions in this subject.
Figure 3 plots the PPV values (Figure 3a) and thresh-
olds (Figure 3b) averaged across all subjects. These
population averages show the same pattern as the
single subject data in Figure 2.

Unadapted Performance

The bias of the perceived vertical without adaptation
for all but one subject was within one standard devia-
tion of the mean (2:0.45; S.D.:1.09") and did not differ
significantly (p=0.22, 2-tailed t-test) from zero over all
subjects.

Every subject showed a mean un-adapted direction
discrimination threshold smaller than 3° (2:2.41°; S.E.:
0.21°).

0%-coherent motion (random noise) adaptation:
Adapting with a random direction noise pattern (0%-
coherent directional motion) for 6 seconds revealed no
significant change in the threshold (2.74°+ 0.31° SE;
p>0.05) nor the bias of the center (0.29°+0.45°; p>0.05)

= o ns

=6 [ I 1

E ns. ns.

S 7T 1

®» 5

e

s

5" ns.

2 ™

S 3

£

E

G 2

2

°

c 1

L2

=

17

Qo

k-] no 6 sec. 2 sec. 6 sec. 20 sec. 6 sec.
adaptor 0%-coh 40°- off vertical 140’ off vertical

b) Whereas random direction adaptation (gray) did not cause
a significant increase in the threshold compared to baseline
performance (black), all directional adaptors had a significant
influence on the threshold in that they increased it 1.6 - 2-
fold. Between the directional adaptor conditions the threshold
did not differ significantly.

compared to the un-adapted performance. Also here
the distributions of perceived verticals did not differ
from zero (p=0.57; 2-tailed t-test).

Directional adaptation: 40 deg

After 40° directional adaptation for 2 seconds all sub-
jects showed a shift of the perceived vertical com-
pared to their baseline performance. Taken together
this resulted in a significant
(2.84°+£0.52°; p<0.05) in relation to the mean un-

repulsive  effect

adapted performance and was also significantly devi-
ating from zero (p<0.001). The mean direction discrimi-
nation threshold increased by about 1.5° (3.94°+0.40°;
p<0.01) after 2 seconds of directional adaptation, with
an increase in all except one of the individual subjects'
data.

After 6 seconds of adaptation every subject’s tendency
to judge the test-pattern as being repulsed by the
adapter increased (4.34°+0.61). This was highly signifi-
cant over all subjects compared to their baseline
(p<0.001) and com-pared to zero (p<0.0001). The in-
crease in average repulsion relative to 2 seconds of
adaptation did just miss significance (p>0.05). The
discrimination threshold was significantly higher than in
the baseline condition (4.12°+£0.39°; p<0.001) but was
also not significantly affected by the ex-tended adap-
tation compared to 2 seconds of directional adaptation
duration (p>0.05).

As expected, 20 seconds of motion adaptation caused
the largest repulsion (6.96°+£0.82°; p<0.001) in every
subject. Discrimination thresholds (4.73°+0.35°) on the
other hand were not significantly higher (p>0.05) com-
pared to the 6 sec adaptation duration.
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Directional adaptation: 140 deg

Adapting 6 seconds 140° off the vertical had no signifi-
cant influence - neither repulsive nor attractive - on the
PPV (-0.13°+0.39°; p>0.05) compared to baseline per-
formance and to 0%-coherent motion (p=0.74). Only
the threshold was larger compared to the baseline
(4.46°+0.36°; p<0.001) and in a range similar to the
40°- adaptation.

All directional adapters significantly increased the di-
rection discrimination threshold (p<0.05 to p<0.001)
but adaptation duration had no significant influence on
the magnitude of this effect (p>0.05). Moreover,
thresholds in general seem to be affected more
strongly by directional motion than by a 0%-coherence
pattern. (Figure 3b)

Discussion

We determined the magnitude of the repulsive
direction aftereffect of short-term adaptation in the
human visual system. Subjects judged the perceived
direction of a moving random dot pattern after brief (2
or 6 seconds) off-axis (40°) adaptation. All subjects
showed the classical repulsive effect, i.e., a mispercep-
tion of the direction of motion away from the adapting
direction (Levinson & Sekuler, 1976). Most importantly,
even an adaptation of only 2 seconds created a highly
significant aftereffect. This shows that motion adapta-
tion changes directional judgments on a much shorter
time-scale than previously reported.

Similarily, we observed highly significant eleva-
tions of the direction discrimination thresholds even
after as little as 2 seconds of adaptation, and of the
same magnitude as reported for long adaptation dura-
tions (Hol and Treue, 2001).

Effects of short-term adaptation appear to be a
general phenomenon. There are reports of shape after-
effects (Suzuki et al., 2001), speed aftereffects (Krekel-
berg et al., 2006) and motion aftereffects (rMAE; Kanai
and Verstraten, 2005) after 1-2 seconds of adaptation.

No perceptual change after 140° adaptation:
Repulsion effects have been well accounted for by
simple fatigue-models of adaptation. The observation
of an attractive aftereffect for large angles between
adaptor and test-directions (Schrater and Simoncelli,
1998) suggests a need for more elaborate models,
since fatigue models can only account for repulsive
effects. Such more elaborate models postulate the
additional presence of a bandwidth change of neurons
that code directions near the adapter (band-width re-

duction) and of neurons that prefer direc-tions far from
the adapter (band-width increase; Clifford et al., 2000).

Our data, like that of some other studies (Pat-
terson et al.,1996; Levinson & Sekuler, 1976), do not
show an attractive aftereffect. Even Schrater and Si-
moncelli (1998) point out, that their reported attractive
aftereffects may be an artificial interaction between
motion- and orientation-mechanisms, because of the
use of gratings during adaptation.

Conclusion

Our data document the existence of rapid ad-
aptation on a timescale fitting the dynamics of every-
day vision, i.e., after a couple of seconds or less of
exposure.

This is consistent with 'fatigue'-models that
interpret adaptation as a neuronal gain-change. It
leaves open the possibility, that longer adaptation du-
rations evoke aftereffects that cannot be fully ac-
counted for by such simple gain-change models (Des-
calzo et al., 2005).

The presence of substantial adaptation effects
after brief adaptation significantly enhances the possi-
bilities to study the neurophysiology of adaptation ef-
fects in awake fixating monkeys.
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Chapter 3

Response saturation determines
attentional modulation onset in MT
neurons

In his groundbreaking book ”Vergleichende Lokalisationslehre der Grosshirnrinde
in ihren Prinzipien dargestellt auf Grund des Zellenbaues” the german anatomist
Brodmann (1909) used the variation of number and - anatomical - type of neurons
in the cortex to differentiate areas in the brain. Nowadays, we know that these struc-
tural differences also represent functional differences, i.e. areas represent specific
sensory-, association- or motor-features. Additionally, the cortical neurons differ in
their specific interconnectivity (Roerig et al., 2003; Stettler et al., 2002; Douglas and
Martin, 2004) and cell-types can be classified by either morphological or/and phys-
iological parameters in almost unmanageable ways (Kawaguchi, 1995; Shinomoto
et al., 2003; Nowak et al., 2003; Markram et al., 2004).

Despite this diversity, the neurons recorded in one cortical area are usually -
mostly implicitly - assumed to build a homogeneous, ergodic population (Masuda
and Aihara, 2003). However, whenever one lowers an electrode into the brain one
does not exactly know, which type of neuron one records from, although, there is
a bias toward principal cells due to their larger and further-spreading extracellular
potentials (Towe and Harding, 1970). Additionally, there is a bias towards cells
with relatively high spontaneous firing rate and most cells even do not leave their
electrical ’fingerprint’ on the electrode tip (Shoham et al., 2006). In summary, one
has to assume, that the population of neurons that is represented in a given data-set

is composed of different neuron-types (Mitchell et al., 2007) with different response

41
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properties.

In such a population of MT neurons, recorded under various attentional condi-
tions, we found a general temporal delay in the attentional modulation after stimulus
onset. We determined, if and how far the time-course of the attentional top-down
modulation of each cell varies with its bottom-up sensory response characteristics
and found that the attentional delay was indeed not equivalent across all cells in
the population. Moreover, the response saturation of some cells during their boost-
ing initial bottom-up response seemed to prevent a further attentional up-regulation
of the spike-rate during the early phase of the response. Cells with a more tonic
response profile were immediately affected by the top-down modulation.
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Abstract

Visual attention modulates information processing
in the visual cortex of primates by increasing neu-
ronal responses to attended stimuli relative to unat-
tended ones. We have found that for neurons in
middle temporal area (MT) of macaques such re-
sponse increase arises on average at about 120ms
after a stimulus appeared at an attended location
(‘attentional delay’). However, at the level of indi-
vidual neurons attentional delay varies considera-
bly. Here, we demonstrate that such variability is
largely determined by the relationship between the
transient-to-sustained response magnitudes (tran-
sient index). Neurons with larger transient indices
show practically no attentional modulation during
the first 150ms after a visual stimulus onset result-
ing in large attentional delays. On the other hand,
neurons with low transient indices were signifi-
cantly modulated by attention immediately after
response onset.

Keywords: transient response, transiency, contrast
gain, instantaneous spike rate, feature-based attention,

transparent motion
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Introduction

Visual attention increases the detectability and dis-
criminability of stimuli in the visual field. Single-unit
recordings from behaving macaque monkeys have
show that the neural correlate of these effects is an
enhanced response of single neurons in primate visual
cortex to attended compared to unattended stimuli
(Moran & Desimone, 1985; Spitzer et al., 1988; Haenny
et al. 1988a,b; Motter, 1993, Connor et al., 1996; Luck
et al., 1997; Treue & Maunsell, 1996,1999; Treue &
Martinez-Trujillo, 1999; McAdams &Maunsell, 1999;
Fries, 2001; Reynolds et al., 1999). On the level of neu-
ronal populations, the temporal dynamics of this effect
with respect to the appearance of the stimuli has been
previously described: immediately after stimulus onset,
the average neuron is apparently not modulated by
attention, but as soon as the initially boosting response
adapts to a lower, sustained response, the strength of
the attentional effect increases to its maximum. Differ-
ent authors have reported different starting times for
the attentional response modulation (attentional delay):
For V4-neurons such attentional delays are in the
range of 150-200ms (Motter, 1994a; Reynolds et al.,
2000; Chelazzi et al., 2001). For V1, Roelfsema et al.
(1998) found an attentional delay of about 235ms and
Seidemann & Newsome (1999) one of ~250ms for MT
neurons.

At least two factors may underlay this variability
of the attentional delay. The first one is a behavioral
delay, i.e. attention might only be allocated after the
stimulus appearance in a given task design (top-down
bias). The neural correlate of such a close temporal link
between the instantaneous level of attentional load
(determined by the hazard rate, i.e. the momentary
likelihood of a behaviorally relevant event) and the
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modulation of neuronal responses has been demon-
strated recently (Ghose & Maunsell (2002), Janssen &
Shadlen (2005)).

The second possibility is a difference in the
susceptibility of neurons to the modulatory effect of
attention during different response periods (bottom-up
or sensory bias). A transient response saturation after
the onset of a stimulus could be this alternative reason
for the attentional delay. It has been proposed that
response saturation evoked by high contrast stimuli
makes individual neurons less sensitive to attentional
modulation (Martinez-Trujillo & Treue, 2002; Reynolds
et al., 2000; Treue, 2001). Therefore, neurons with a
strong transient response (figure 1b) and therefore
more likely near their maximally possible activation are
hypothesized to show a larger attentional delay since
the attentional influence becomes apparent only after
the transient response, while tonic cells (figure 1c)
would be able to exhibit the attentional influence earlier
after stimulus onset.

To distinguish between the two alternatives we
recorded single cell responses in area MT during an
attentional task and examined the temporal dynamic of
attentional modulation in neurons with different tran-
sient response intensities. We found that attentional
delays were indeed strongly correlated with the inten-
sity of transient responses i.e., they were larger in high
transient cells relative low transient cells. The different
temporal characteristics of individual neurons' re-
sponse saturation therefore determines the popula-
tion's average attentional delay.

Methods

Subjects: We recorded the responses of
direction-selective cells to moving random dot patterns
(RDP) in area MT of two male monkeys (Macaca mu-
latta) while the animals performed a speed change
detection task. Two different experiments were inde-
pendently conducted (see below) in both animals. All
the experimental procedures were in agreement with
the local and national rules and regulations, approved
by the Regierungspraesidium Tuebingen, Germany.

Apparatus and recording procedures: The
experimental procedures have been described in more
detail elsewhere (Martinez-Trujillo & Treue, 2004).
Briefly, the monkeys sat in front of a computer monitor
with their head restrained. Eye-positions signals were
measured throughout the trials using the scleral-search
coil technique (Judge, 1980; Robinson, 1963). A cus-

tom computer program controlled the stimulus pres-
entation, monitored and stored the eye position and
behavioral responses as well as the neuronal (spike-
times) data during the experiments. The latter were
recorded using tungsten microelectrodes (impedance
0.5-2 mQ, Microprobe Inc. and FHC Inc., USA) ad-
vanced into area MT by a hydraulic microdrive (Kopf
Instruments, USA) through a craneotomy on the parie-
tal bone. Signals were amplified and classified as
spikes using a window-discriminator (BAK Inc, USA).

Stimuli and task: We used random dot pat-
terns (RDP) composed of white dots on a dark back-
ground (maximum contrast). The RDPs had a circular
shape and a dots density of 5 dots/degree?. Their di-
ameter and speed were optimized to match the size
and preferred speed of a neuron’s receptive field (RF).
During the experimental trials, the animals were re-
quired to maintain fixation within 1° of a fixation spot. If
they failed to do so the trial was immediately aborted.

In general, an experimental trial consisted of the
following sequence of events: A central fixation spot
and a static RDP appeared on the computer screen,
The monkey foveated the fixation spot and pressed a
lever to trigger the trial presentation. 200-400ms after
level press the static RDP (target) began to coherently
move and a second moving RDP (distractor) appeared
on the screen. The animal was rewarded with a drop of
juice for releasing the lever in response to a transient
speed change in the target while ignoring changes in
the distractor. Changes in the target or distactor could
appear within a temporal window of 260 ms to 2300
ms after stimulus onset and they never occurred simul-
taneously.

We presented two RDPs of equal size at equal
eccentricity on opposite sides (hemifields) of the fixa-
tion point. One pattern was positioned inside the re-
corded cell’s RF and the other outside. We recorded
the responses to 12 different directions of the pattern
inside the RF when the target was the RDP positioned
outside and when it moved either in the same (attend
same) or in the opposite (attend opposite) direction
(figure 1a).

In experiment 2 (Supplementary figure 2a) the
trial sequence was similar to the one of experiment 1.
However, here the two RDPs were superimposed and
moved in opposite directions (transparent motion) in-
side a neuron’s RF. One pattern always moved in the
preferred and the other in the opposite/null direction. A
cue RDP presented at the beginning of the trial indi-
cated the target pattern (‘surface') and disappeared
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Figure 1: a) Sequence of events in a single trial in experiment 1. After the monkey initiated fixation on the fixpoint, a static spatial
cue appeared to cue spatial attention. Then the monkey pressed a lever and the another stimulus appeared on the monitor inside
the RF of the neuron we recorded from. Both stimuli began to move and the monkey had to detect a speed change at the cued
position ('target') while ignoring changes of the RDP inside the RF ('distractor'). Throughout the whole experimental session, both,
inside-RF- and outside-RF-stimuli could be target from trial to trail. Also the directions of motion of the RDP inside the RF was
balanced during the session. We restricted our analysis on trials with attention outside the RF and a RDP inside the RF moving in
the neurons preferred direction as highlighted by the arrows. This is the same condition as shown in figure 2a of (Treue and
Martinez-Trujillo,1999) and figure 1a (left) of (Martinez-Trujillo & Treue,2004). b) Response of a highly transient cell to a preferred
direction stimulus inside ist RF, when the spatially attended stimulus outside the RF moved either in the same (red) or opposite
(green) direction. c) Example of a low transient cell from the same experiment 1.

350ms before the transparently moving RDPs ap-
peared on the screen. The monkey was instructed to
detect a speed change in the target surface and ignore
similar changes of the distractor surface. We com-
pared responses when the monkey attended to the
pattern moving in the preferred direction against re-
sponses when the animal ignored the RDPs and had to
detect a luminance-change at the fixation spot.

Data analysis: For the data of experiment 1 we
determined the direction tuning of every cell by fitting
average responses to a circular wrapped Gaussian
distribution (Bratschelet, 1981):

2 09— —ix360)>
R)=B+ > A5
i=—2
where R is the fitted response to a stimulus direction
O, B is the offset (minimum) of the response, A is the
amplitude of the tuning curve and the parameters ¢
and o are the preferred direction and tuning width
respectively.

We recorded cell responses and analyzed them
over different time periods. We computed a directional
index (DI) during the 1200 ms after stimulus onset us-

ing the equation:

Responsep,ep. —Responseanti—pref.
Responseprcf.+Responseanti—pref.

DI =

In order to increase the number of trials per condition,
we pooled trials from directions that were +30° away
from the preferred and null direction, respectively.

We calculated a neuron’s instantaneous spike
rate from 350ms before to 1200ms after stimulus onset
in each ftrial for each interspike-interval (ISI) using the
equation:

1000
— 151

spikerate;

For trials with no spikes the spikerate is set to zero
rate. To account for between trial spike-timing differ-
ences, we convoluted this state-histogram with a 50
ms Gaussian kernel.

Attentional modulation. We computed the percentage
attentional modulation (AM) by using the formula:

Responseattend—same

AMI[%)] = £ 100

Rp'sponsp/attcndfapposite

Two time windows were used for this computation: a)
from 50 to 250ms after motion-onset (transient re-
sponse, 'early'), and b) from 300 to 1000ms after mo-
tion onset (sustained response, 'late'). We analyzed
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Figure2: Statistics of the early (middle plots) and late (lower plots) attentional modulation of 140 neurons with respect to
their transiency (upper plot). The colors indicate the membership to either the low-, medium- and high-transient sub-
population (blue, gray, orange) as referenced in the rest of this publication. The Tls are normal distributed. During the early
response period the cells are at mean not modualted (2: 2.4%; p=0.5) by attention. However, the regression (p<0.01)
through the AM as function of the Tl show, that low transient cells are likely to be positively attentional modulated while
high transient cells show a slightly negative AM during this period with attention. This relationship is no more present
(p=0.3) during the late, sustained response period. Here, in contrast to the early period, the mean AM is significantly posi-

tive at 9.9% (p<0.01).

only cells that exhibited a mean positive AM during the
late period.

Transient-to-sustained index (Tl). This was
computed by using the formula:

T = Responseinit. —Responsesust.
Response;nii. +Responseg, ot
Cells were sorted according to their Tl and pooled into
two classes representing either 33% low- or high Tls.
Figure 1 shows examples of neurons with high (c) and
low (d) transient indices, respectively.
Attentional latency was defined as the time from
motion onset after which the median AM was always

positive. We divided neurons into five groups accord-
ing to their Tl and then computed a bootstrap median
over the mean attentional time-courses of each group.
From this we determined the attentional latencies and
fitted a regression line through these values.

Results

We recorded the responses of 170 MT neurons to the
same distractor stimulus inside their RF while the ani-
mals switched attention between two different motion
directions of a target stimulus outside. We restricted
our analysis to the 139 neurons with Dls larger than
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Figure 3: a) Average time course of the attentional effect in the low (blue) and high (orange) transient sub-pupulation. While the

low transient cells are positively modulated by attention immediately with the appearance of the moving stimuli on the screen, the
high transient cells' AM is delayed by about 180 ms until it constantly stays positive. (see Supplementary Fig 2d for similar effects

in experiment 2)

b) Linear regression of the attentional latency as a function of transiency index for experiment 1. All 5 bins span an equal range of
the whole populations Tl range. The number of cells evaluated in each bin is depicted over the bins. The respective latency value

in ms is assigned to every bin.

0.3, with at least 8 correctly performed trials per atten-
tional condition (224.4+8.5SD). Only correctly per-
formed trials were analyzed. In this group Tls varied
from 0 to 0.67 and showed a unimodal distribution
(D’Agostino-Pearson omnibus test; p = 0.10) with a
mean of 0.31+0.17 SD (figure 2a).

In order to quantify the effects of feature-based
attention across our sample we computed the atten-
tional modulation (AM) within two time windows (‘early’
and 'late', see methods). The mean late AM was 10%
(9.9+3%SE; p<0.01, Wilcoxon signed rank), i.e. the
neurons’ responses were enhanced when the animal
was attending to the preferred direction of motion (fig-
ure 2a, histograms on the right) but the mean early AM
was not different from zero (2.5£2.4%SE; p=0.5, Wil-
coxon signed rank). We fitted a linear regression model
to the early and sustained AM data as a function of the
Tl in all neurons. During the early period, cells with

higher Tls were clearly less modulated than those with
lower Tls (figure 2a-middle-left: slope = -40; 95%ClI =
-66 to -13). However, during the late period the same
neurons show no correlation between Tl and AM (fig-
ure 2a bottom-left: slope = 18; 95%CI = -16 to 53).
This suggests that during the transient period cells
with the largest Tl were less modulated by attention.
The individual cells relationship between early and late
AM can be seen in the supplementary figure 1a.

For a closer evaluation of this observation we
examined the time course of the attentional modulation
in cells with high and low Tls. We divided our sample
into three equally sized groups (low (0<Tl<0.21), mid
(0.21<T1<0.37), and high (0.38<Tl<0.67) transient cells)
with 48 neurons each. Each sub-group’s mean modu-
lation during the two periods is shown in the supple-
mentary figure 1b. The average AM over time for low
and high transient cells is plotted in figure 3a. Clearly,
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AM becomes positive in the low transient group much
earlier than in the high transient group. Interestingly the
AM in low transient cells remains almost constant over
time during.

In order to further test whether Tl determines
attentional delay we grouped cells according to their Tl
into 5 different sub-groups of equal Tl-range to reduce
variability in our estimates of attentional delays for in-
dividual cells and determined the attentional latency in
each sub-group (figure 3b). Across the sub-groups
attentional delays become shorter for cells with low Tls
and the regression line relating the attentional delay
with Tl shows a significant positive slope (abscissa =
-88, slope = 683, p<0.05, F-test). This suggests that
indeed the transient index determined the attentional
delay in our sample of MT neurons.

One possibility that could account for this result
is that neurons with low and high Tl showed different
selectivities for motion direction and since we are ex-
amining the effect of attention to the cell preferred di-
rection (feature-based attention) this variable could be
correlated with the intensity and onset of attentional
modulation (Martinez-Trujillo & Treue, 2004). Thus, we
examined the directionality of low and high Tl cells.
These two groups had similar selectivity for motion
direction (mean DI = 0.84 for low and 0.85 for high
transient, p=0.81, t-test, data not shown). So, we con-
clude that directional-selectivity cannot account for the
observed results.

The results of experiment 2 point in the same
direction like those reported for experiment 1. Please,
refer to the supplementary material for the detailed
results.

Taken together, both experiments showed a significant
correlation between the transiency of the response and
the initial susceptibility to attentional modulation, such
that higher transiency was accompanied with a lower
initial AM and a longer attentional delay (experiment 1

only).

Discussion

The most important finding in this study is that the
relationship between transient and sustained re-
sponses in MT neurons determines the onset of atten-
tional modulation (attentional delay) in the presence of
a constant hazard rate. The bigger the difference be-
tween the initial (transient) response within a 50-250ms
time-window after stimulus onset and the sustained

response thereafter, the higher the attentional delay. In

contrast neurons with low transient to sustained re-
sponse differences showed the shortest attentional
delays.

The hazard rate

Our results are very unlikely explained by sys-
tematic variations of the attentional load over the pe-
riod of the trial due to a monkey's changing expec-
tancy of a critical event in the target stimulus, i.e. the
hazard rate (Ghose & Maunsell, 2002; Janssen & Shad-
len, 2005). This is because in our experiments the haz-
ard rate was always kept constant. Interestingly, de-
spite the hazard rate was zero during the first 260ms of
stimulus presentation in both experiments, many cells
were AM much earlier. The most likely explanation for
this effect is that the animals voluntarily chose to allo-
cate attention to the stimulus early during the trial
since the cue presented at the beginning of the trial
indicated the attended direction of motion from trial
onset. Thus, it was likely not a good strategy for the
animal to direct attention away from the stimulus direc-
tion and then re-allocate it 260ms later on the same
stimulus. We therefore conclude that the reported ef-
fect is caused by differences in the transient to sus-
tained response across individual neurons.

Response saturation

Another important implication of our result is for
current models of attentional modulation (contrast vs.
response gain). It has been proposed that attention is a
gain regulating mechanism that
changes neuronal responses across the cortex
(McAdams & Maunsell, 1999; Treue & Martinez-
Trujillo,1999). Some authors have further proposed that

multiplicatively

the effects of attention are similar to the effect of
stimulus contrast (Reynolds et al. 2000; Martinez-
Trujillo & Treue,2002) and therefore hypothesized that
attention modulates sensory inputs into visual neurons
before contrast saturation has occurred. However,
other authors have failed to find a systematic satura-
tion of attentional modulation and therefore proposed
that attention is simply a mechanism that multiplies the
cell response (Williford & Maunsell, 2006). Our results
are in agreement with the former hypothesis since
clearly for high transient neurons attentional modula-
tion was virtually absent during the transient response
period (see figure 2).

Mechanisms

One possible explanation for our findings would
be that in high-transient cells the synaptic transmission
is already saturated by the sensory feed-forward input
of a high-rate neuron into the recorded MT cell, which
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in turn causes synaptic depression in the latter. This
effect of non-linear summation of EPSP's has been
described for V1 neurons receiving LGN input (Tsodyks
& Markram, 1997; Abbott et al., 1997; Varela et al.,
1997) and also modeled by Chance et al. (1998). If the
attentional modulation directly affects synaptic inputs,
when the synapse is saturated (during the transient
response in high transient cells) and therefore falls into
synaptic depression, attention cannot further increase
synaptic transmission. In the low transient neurons the
spike rate of the inputs is within a range that does not
cause synaptic depression. Hence, they are immedi-
ately modulated by attention. In fact Olshausen et al.
(1993) already proposed such a pre-synaptic gain con-
trol and gating mechanism that dynamically 'guides’
the information-flow under attention. However, this
hypothesis needs further testing.

Interestingly, the attentional modulation of
visual neurons also seems to be affected by other indi-
vidual cell properties. For example Mitchell et al. (2007)
recently reported differences in the AM of V4 neurons
with respect to the shape of the individual neurons
spike-wave-forms. How their result is related to the
one reported here is a matter of further research.

Conclusion

Finally, we conclude that in our sample of MT
neurons attentional modulation onset was clearly de-
pendent on the relationship between transient and
sustained response in individual cells. This result
makes an important insight into the mechanisms of
attention in the primate brain.
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Supplementary Figure 1: Experiment 1

a) Relationship of the individual cells 'early' and 'late' attentional modulation in experiment 1. The data-points are colored according
to their membership to the respective Tl classes (blue = low Tl trimester; gray = middle Tl trimester; orange = high Tl trimester;

N =140) .

b) Mean = SE attentional modulation of the low-, mid- and high-transient sub population, either in the 'early' (magenta) or 'late’
(cyan) response period.

Results Experiment 2:

During this experiment we recorded 75 neurons. 12 cells were discarded from further analysis,
because the number of trials per either condition was lower than six or another criterion already men-
tioned for experiment 1 was not reached. The two attentional conditions had systematically different
numbers of trials (044.4+15.8 SD and o11.6+4 SD, respectively). Tuning data was no more available.
However, the 'preferred' stimuli evoked substantially larger responses than the 'null'-stimuli. The distri-
bution of Tls of the remaining 63 cells was not normal but left-skewed to lower values.

Here, both, the mean early and late AM were significantly positive across the cells (17.2+3.8%SE;
p<0.001. and 21.6+3.2%SE; p<0.001 Wilcoxon signed rank, Supplementary figure 3 right). However,
the linear regression model of the individual cells early and late attentional modulation as function of the
Tl revealed opposite signed slopes: while the early AM significantly decreased with increasing Tl (Sup-
plementary figure 3-middle-left: slope = -110; 95%CI = -181 to -40; r? = 0.14; p<0.01), the late AM
increased with increasing Tl (Supplementary figure 3-bottom-left: slope = 81; 95%CI = 20 to 142;
r2 = 0.10; p<0.01).

The third of cells with the lowest Tl (N=21) showed a mean positive early AM (26+6.2% p<0.001,
Wilcoxon signed rank test) and the high transient sub-population almost no early AM (2.7+5.7% p=0.38,
Wilcoxon signed rank test) (Supplementary figure 2c). Again, like in experiment 1, this relationship re-
versed - here even significantly - in the late response period (p<0.05, Mann-Whitney test), such that the
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low-Tl cells AM is down-regulated to 16.5+6.6% (p<0.01) and the high-Tl cells reach an AM of
29.9+5.6% (p<0.0001) and are thus significantly stronger modulated than during the early response pe-
riod (p<0.001, two-tailed t-test).

The attentional delay could not be determined in experiment 2, because of the skewed TI-
distribution. Grouping the cells in 5 Tl-bins of equal range, the upper two bins only contained data from
three and one cell, respectively, and were thus to noisy for a statistically reliable analysis. However, the
time-course of AM in the aforementioned high- and low-transient trimester reveal a delayed increase of
the high transient cells AM by about 220ms after stimulus onset (Supplementary figure 2d).
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Supplementary Figure 2: Experiment 2:

a) Sequence of events in a single trial in experiment 2. When the monkey fixated and pressed he lever, a cue appeared to indicate,
what surface to attend. After a brief delay of 350ms the transparent motion stimulus appeared an the monkey had to indicate a
speed-change of the cued surface.

b) Relationship of the individual cells 'early' and 'late' attentional modulation in experiment 2. The data-points are colored according
to their membership to the respective Tl classes (blue = low Tl trimester; gray = middle Tl trimester; orange = high Tl trimester;

N = 63).

c) Mean + SE attentional modulation of the high-, mid- and low-transient sub-population, either in the 'early' (magenta) or 'late'
(cyan) response period.

d) Temporal dynamics of the Mean + SE attentional modulation of the high- and low-transient sub-population (N= 21, each). While
the low-transient cells further increase their positive AM immediately with motion stimulus onset, the high-transient cells behave

indifferent during the ~220ms of their transience, thereafter their AM even overcomes that of the low-transient cells.

10
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Supplementary Figure 3: Experiment 2:

Statistics of the early (middle plots) and late (lower plots) attentional modulation of 63 neurons with respect to their transiency (up-
per plot). The colors indicate the membership to either the low-, medium- and high-transient sub-population (blue, gray, orange) as
referenced in the rest of this publication. The distribution of Tls is skewed to lower values. During the early response period the
cells are at mean positively modulated (: 17.2%; p<0.001) by attention. However, the regression (p<0.01) through the AM as func-
tion of the Tl shows, that low transient cells are more likely to be positively attentional modulated while high transient cells show a
different AM during this period of the trial. This relationship is reverses (p<0.01) during the late, sustained response period. The
mean attentional modulation slightly increases to 21.6% (p<0.001), but this now mainly caused by the strong AM of high transient
cells. Moreover, the AM of the low transient cells is somehow reduced as compared to the early response period.
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Chapter 4

Dynamic shiftsof visual receptive
fields in cortical area MT by spatial

attention

Spatial RF properties of higher visual neurons are subject to attentional modulation.
Already one of the earliest single-cell studies on attention revealed that the response
of a neuron is critically determined by the attended of two different stimuli within
its RF (Moran and Desimone, 1985), that is, V4 neurons tended to respond as if only
the attended stimulus was inside its’ RF. This a finding that has been corroborated
by others (Reynolds et al., 1999; Treue and Martinez-Trujillo, 1999). Moran and
Desimone (1985) and Reynolds et al. (1999) hypothesized that RFs shift towards
and/or shrink around the attended stimulus and by that reduce the impact of the
unattended stimulus on the neurons response.

We directly tested this hypothesis in monkey area MT neurons. The monkeys
performed a spatial attention task on either of three stimuli: one outside the RF, two
inside the RF. All three stimuli moved in the cells ’null’-direction. Simultaneously
we presented preferred stimuli at varying positions inside the RF and recorded the
neurons responses during this mapping-procedure. We found that the spatial fo-
cus of attention determined the effectivity of the preferred stimuli. I.e., a mapping
stimulus near the attentional focus could cause spike-response but failed to do so if
the attentional focus shifted further away. This means the spatial RF significantly

shifted towards the focus of attention. Also a small shrinkage of the RF was found.
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Voluntary attention is the top-down selection process that focuses cortical processing resources on the most relevant sensory
information. Spatial attention—that is, selection based on stimulus position—alters neuronal responsiveness throughout primate
visual cortex. It has been hypothesized that it also changes receptive field profiles by shifting their centers toward attended
locations and by shrinking them around attended stimuli. Here we examined, at high resolution, receptive fields in cortical area
MT of rhesus macaque monkeys when their attention was directed to different locations within and outside these receptive fields.
We found a shift of receptive fields, even far from the current location of attention, accompanied by a small amount of shrinkage.

Thus, already in early extrastriate cortex, receptive fields are not static entities but are highly modifiable, enabling the dynamic
allocation of processing resources to attended locations and supporting enhanced perception within the focus of attention by

effectively increasing the local cortical magnification.

Vision at an attended location is faster, more accurate, and of higher
spatial resolution and enhanced sensitivity for fine changes!™. Stimuli
outside this ‘spotlight of attention’ appear to have lower contrast or
might not be perceived at all>®. Physiologically, one well-investigated
effect of attention in visual cortex is a multiplicative modulation of
neuronal responses’. But not all observed effects of attentional
modulation are clearly multiplicative!®1l. Most prominently, this is
the case for the effect observed when one of two stimuli inside the
receptive field is attended to: attending to the stimulus that elicits the
stronger sensory response when presented alone typically enhances
responses, whereas attending to the less optimal stimulus reduces
responses'?%, It has been suggested!? that the neural basis of this
differential, push-pull modulation of the respective effectiveness of
each stimulus is a shrinkage of receptive fields around the attended
stimuli. This would attenuate the influence of unattended stimuli
at nearby locations. This influential hypothesis has never been empiri-
cally validated. Such changes in the profiles of receptive fields would
have far-reaching consequences in successive areas of the cortical
processing hierarchy'>18. In particular, it would provide higher-
order areas with an almost exclusive representation of stimuli at the
attended spatial location®®.

RESULTS

Neuronal shifts with attention inside the receptive field

To investigate the influence of attention on receptive fields, we recorded
from 78 neurons in cortical area MT of two macaque monkeys. Area MT
is an early processing stage in the dorsal pathway and is central for the
processing of visual motion information. Recordings were made while
the monkeys’ attention was directed to one of two stimuli (S1, S2)

moving in the antipreferred direction inside the receptive field, or to a
third stimulus (S3) positioned outside the receptive field (Fig. 1). We
acquired high-resolution maps of a neuron’s receptive field by present-
ing a succession of brief probe stimuli at up to 52 positions covering the
receptive field (sparing the locations of S1 and S2) while the monkey’s
attention was allocated to one of the three stimuli. Probe stimuli were of
the same size as S1, S2 and S3 but of higher contrast, and they moved in
the preferred direction of the neuron. We conjectured that the hypothe-
sized distortion of the receptive field would result in a push-pull effect,
enhancing probe responses around the attended location and reducing
responses to the probe farther from this focus of attention.

The results for an example neuron (Fig. 2; see also Supplementary
Fig. 1 online) illustrate that the most responsive part of the receptive
field was shifted substantially toward the attended position inside the
receptive field (that is, when attention was directed toward S1 and S2,
which were located inside the receptive field). To quantify this effect
across our sample of 78 MT neurons, we determined the ‘neuronal
shift’: the amount by which the center of mass of each receptive field
shifted between the conditions when attention was directed to S1 versus
S2 along the axis of the ‘attentional shift’ (that is, the connection
between the locations of S1 and S2). Positive values indicated shifts in
the same direction as the attentional shift (that is, toward the focus of
attention; Fig. 3a). Across our cells, we found a highly significant
neuronal shift that averaged 30.3% of the attentional shift (Fig. 3b
horizontal axis, P < 0.001, t = 14.0, one-sample ¢-test). For the sample
of receptive field sizes and stimulus locations in our study, this
corresponded to an average shift of 3.0° of visual angle or 22% of the
receptive field diameter. Additionally, we determined the shift for the
orthogonal direction (with positive values indicating shifts toward the

1F.C. Donders Centre for Cognitive Neurcimaging, Radboud University, Kapittelweg 29, 6525 EN Nijmegen, The Netherlands. 2Cognitive Neuroscience Laboratory, German
Primate Center, Kellnerweg 4, 37077 Gottingen, Germany. Correspondence should be addressed to T.W. (t.womelsdorf@fcdonders.ru.nl).
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Figure 1 Experimental protocol. Time course of events and example of the
placement of cue, stimuli and probes in an experimental trial (details in
Methods). Black square, fixation point.

fovea) as a measure of the variability of the data. This distribution
showed no significant bias (Fig. 3b vertical axis, P = 0.48).

To determine how many of the individual cells showed a significant
shift, we performed a bootstrap analysis (Supplementary Note online).
Of our 78 cells, 49 (63%) showed a significant (P < 0.05) receptive field
shift in the direction of the attentional shift, and none shifted sig-
nificantly in the opposite direction. In contrast, the orthogonal shift was
significant (P < 0.05) in only 3 cells (3.8%), indicating that the
receptive fields displacement fell along the axis of the attentional shift.

We can rule out the possibility that the neuronal shift was due to
small differences in eye position across conditions, because we calcu-
lated the deviation in eye position along the axis of the attentional shift
and found an average displacement of only 0.0182° (£ 0.0065°, s.e.m.;
details in Supplementary Note and Supplementary Fig. 2 online).

Receptive field size changes with attention

To determine if the neuronal shift was accompanied by the hypothe-
sized shrinkage of the receptive field around the attended stimulus, we
compared the size of receptive fields when attention was directed inside
versus outside the receptive field. Whereas receptive fields were, on
average, 4.3% smaller with attention inside the receptive field (Fig. 3c),
this effect was only marginally significant (+ 3.4%, 95% confidence
interval, P < 0.05, t = —2.56, paired #-test). Receptive field shrinkage
was isotropic—that is, similar in magnitude parallel and orthogonal
to the direction of the attention shift (Supplementary Note and

st @s2 O M 150 spikespers

a b
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Supplementary Fig. 3 online). Thus, the influence of spatial attention
was dominated by a shift, rather than a shrinkage, of receptive fields,
and our observation of only a small amount of shrinkage resonates
with the psychophysical observation of a coarse spatial resolution of
visual attention?’.

Our findings demonstrate that the enhanced/reduced response of
MT neurons when spatial attention is directed to the preferred/
antipreferred of two stimuli inside their receptive field can be
accounted for by a systematic and large change in the receptive field
profile. In effect, attention changes the spatial filtering characteristics of
those MT neurons whose receptive fields overlap with the currently
attended location.

Spatial extent of receptive field shifts with attention

For an attentional location just outside the receptive field, a previous
study in area V4 (ref. 21) has demonstrated that receptive fields are
distorted toward the location of attention. We were wondering if such
an effect is also present in area MT and if it extends beyond the
immediate surround of the receptive field. To investigate this issue, we
compared the receptive field profile when attention was directed to
either S1 or S2, located inside the receptive field (the ‘in’ condition), to
the profile when attention was directed to S3, located far outside the
receptive field in the opposite hemifield (the ‘out’ condition; Fig. 4a). If
the receptive field in the out condition was unaffected by the location of
the attentional focus relative to the receptive field, the in condition
should shift the receptive field center along a vector pointing directly at
the attended stimulus™ location inside the receptive field. If, on the
other hand, the receptive field center in the out condition was already
attracted toward the attended stimulus’ location outside the receptive
field, then switching to the in condition should not only shift the center
to the new location of attention, but should also release it from the
attraction toward the S3 location. In this case, the resulting shift vector
should not point directly at the attended stimulus’ location inside the
receptive field, but should be deviated somewhat by a vector compo-
nent pointing away from the direction of S3. We found just that for a
significant majority of the vectors (62.5%, P < 0.05, Wilcoxon signed
rank test; Fig. 4b). Further support for a shift of the receptive field
center toward the location of attention in the out condition came from
the finding that the eccentricities of the receptive fields in trials with
attention outside the receptive field were smaller than their eccentri-
cities in trials with attention inside the receptive field (7.9%, P = 0.019,
paired t-test). These findings are not only in agreement with the
findings from V4, but go well beyond them in demonstrating a
far-reaching effect of spatial attention that even affects neurons with
receptive fields in the opposite hemifield.

DISCUSSION

One effect of spatial attention that has been reported frequently is a
multiplicative modulation of tuning curves”=. The push-pull modula-
tion of MT receptive fields with shifts of spatial attention within the

Figure 2 Receptive field profiles of an example cell, as 2D surface plots.
(a—c) Receptive field (RF) profiles when attention was directed inside the RF,
to stimulus S1 (a) or S2 (c), or when attention was directed outside the RF, to
S3 (b). The surface color at each point in the plots indicates the increase in
the neuron’s response elicited by the presentation of a probe stimulus at that
position, over the response observed in the absence of a probe (that is, when
only S1 and S2 were present). Supplementary Fig. 1 online shows the same
data as absolute firing rates. (d) Difference map, computed by subtracting
the RF when attention was on S1 from the RF when attention was on S2.
The map illustrates that shifting attention from S1 to S2 enhances
responsiveness around S2 and reduces it near S1.
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Figure 3 Quantification of RF shift and shrinkage.
(a) Convention used to quantify the shift of RF
centers. (b) Magnitudes of the neural shifts, along
the axis of the attentional shift (x-axis and top
histogram) or orthogonal to it (y-axis and right
histogram; positive values indicate shifts toward
the fovea). Light gray, monkey D; dark gray,
monkey R. Circle, example cell illustrated in
Figure 2 (attentional shift: +53.6%.). Filled and
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size change of the example cell from Figure 2; the RF shrank when attention was directed toward S1 or S2 (-9.5% and —4.4%, respectively). The histogram is
shifted slightly to the left, indicating a small but significant mean reduction of RF size (4.3 + 3.4%, 95% Cl, P < 0.05, paired #test) when attention was
directed into the RF. The size reduction did not differ significantly between the two monkeys and was around the 0.05 significance level when the two data sets
were analyzed separately (monkey R: =3.7% + 4.3%, P = 0.077; monkey D: -5.7% + 5.6%, P = 0.039).

receptive field is not a multiplicative change of a neuron’s spatial tuning
curve; nevertheless, it is important to point out that the underlying
attentional modulation might still be multiplicative. If attention
differentially acts on the neurons with smaller receptive fields that
provide the input to MT, the observed modulation in receptive field
profiles could be achieved with multiplicative effects: for instance, by
increasing the response gain of input neurons representing the attended
location and decreasing the response gain of the neurons representing
unattended regions within the MT receptive field!”.

Our findings show that spatial attention shifts the receptive fields of
MT neurons toward the attentional focus. Such a dynamic routing
provides a powerful mechanism to increase selectivity of visual repre-
sentations within and across functionally specialized visual areas, and
serves to constrain models of the perceptual organization of selective
visual processing. For the neural population as a whole, the spatial shift
reflects the additional recruitment of processing resources at the focus
of attention. Paralleling the increase in the observed magnitude of
attentional modulation, the shifts of receptive fields probably increase
with increasing receptive field size in successive areas of the visual
hierarchy. It could also be the neural correlate of various perceptual
effects that are centered on the focus of attention, including enhanced
processing accuracy and spatial resolution close to the attentional focus,
suppression in its surround and distortions in spatial judgments?>-2°,
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S e, N [ ]
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In summary, our finding that receptive fields are highly malleable by
the attentional state demonstrates a dynamic spatial filtering system
that could provide the neuronal correlate of the central purpose of
attentional modulation: namely, the allocation of processing resources
to the attended stimuli at the expense of the unattended ones. This
dynamic modification by spatial attention seems to affect the receptive
field mosaic across the whole visual field and is likely to be part of a
mechanism active during the planning or execution of eye move-
ments?6~2°, Furthermore, the similarity between the far-reaching influ-
ence of spatial attention across the visual field and the distribution of
feature-based attention” supports the hypothesis that both rely on a
common underlying mechanism.

METHODS

Electrophysiological recording. All procedures reported in this study were
approved by the district government of Braunschweig, Lower Saxony, Germany.
Neuronal activity was recorded from 57 and 21 single isolated cells from

Figure 4 Receptive field shift when attention is directed inside versus outside
the receptive field. (a) Typical stimulus arrangement. Black circle and gray
diamond, RF center positions. Vectors indicate the direction of a direct shift
of the RF center toward the attended stimulus inside the RF (the ‘reference
vector’) and the direction of the observed shift. Note that the eccentricity of
the RF when attention was directed inside the RF (distance from fixation
point to gray square) was, on average, 7.9% larger than the RF eccentricity
when attention was directed to S3 (distance from fixation point to black
circle). We analyzed the data from the two monkeys separately and found
that this effect was significant only in monkey R (9.9%, P = 0.02).

(b) Distribution of observed shift vectors. These data are based on the

64 cells for which sufficient data were available for both the attend-outside
(to stimulus S3) and each of the attend-inside (to stimulus S1 or S2)
conditions. All vectors were rotated, such that the reference vector would
point straight up, and flipped horizontally (if necessary), such that the

83 stimulus position would be on the right. The gray arrow pointing in the
direction opposite to the location of S3 indicates a systematic and significant
deviation of the vectors (average deviation of 15.2°, 95% angular
confidence: + 9.8°, P < 0.05), and implies a far-reaching modulation of
receptive fields by attention. We analyzed the data from the two monkeys
separately and found that this effect was significant only in monkey

R (19.2 + 10.5°, P < 0.05).
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monkeys R and D, respectively, with tungsten electrodes (impedance
1.0-4.0 MQ, Frederick Haer). Cell isolation was based on window discrimina-
tion (BAK Electronics or Plexon). Cells were localized in area MT by their
physiological characteristics and the histological reconstruction of recording
sites in monkey R. Access to MT was provided by a craniotomy and a recording
chamber surgically implanted above the superior temporal sulcus of the left
hemisphere. During the experiment, a custom computer program running on
an Apple Macintosh PowerPC controlled stimulus presentation, and monitored
and recorded eye positions and neuronal and behavioral responses. Eye
positions were determined using a high-resolution, video-based eye tracking
system (ET49, Thomas Recording GmbH) with a sampling frequency of 230
Hz, and were digitized and stored at 200 Hz.

Visual stimuli. Stimuli were moving random dot patterns (RDPs) of small
bright dots (density: 10 dots per deg?) plotted within a stationary circular
aperture on a dark (0.7 cd) computer monitor. For each receptive field, stimuli
S1 and S2 were placed at similarly responsive positions in the receptive field at
equal eccentricity and equidistant from the center of the receptive field when
the monkey was directing its attention to the fixation point. S3 was placed in
the opposite hemifield. Initial estimation of this ‘sensory’ receptive field center
was based on a manual mapping with a mouse-controlled RDP and with
quantitative mapping during the main experiment. Note that the shift and
shrinkage of the receptive field when attention was directed to S1 or S2 could
cause the other stimulus to fall outside the receptive field on those trials (see
Fig. 2a— for an example). Note also that the initial manual mapping was used
only for the placement of the stimuli. All receptive fields profiles used in the
analysis were mapped quantitatively during temporally interleaved trials in
which attention was directed to S1, S2, S3 or the fixation point. Therefore all
receptive field profiles used in the analysis were determined with temporally
interleaved mapping. This ensured that the results were not contaminated by
potential changes in a neuron’s isolation or responsiveness over time.

Stimuli S1, S2 and S3 moved in the cell’s antipreferred direction and with a
reduced luminance (19 cd) in order to prevent a saturation of the cell’s
response due to the presence of S1 and S2 alone. A fourth RDP (the ‘probe),
47 ¢d) moving in the preferred direction of the neuron was used to probe the
spatial sensitivity. This probe stimulus was of the same size as S1, S2, and S3,
and was presented at the intersections of a dense grid (between 42 and 52
positions) spanning the classical receptive field and its immediate surround,
but sparing the S1 and S2 location (in order to avoid potential nonlinear
interactions and changes in the sensory quality of S1 and S2 that could affect
the attentional task performed on these stimuli). The longer axis of the elliptical
probe grid was always along the S1-S2 axis.

Experimental procedure. First we isolated a single cell and determined its
preferred direction. Then we centered the virtual grid of the array of probe
positions at the estimated center of the receptive field (Fig. 1), in an approach
similar to that used in a previous study®. A trial started once the monkey’s gaze
was directed within 0.75° of the fixation point. After the monkey touched a
lever, the cue (a stationary RDP) appeared for 445 ms at the upcoming position
of either S1, S2 or S3, indicating the ‘target’ location for the trial. After a 145-ms
interstimulus interval, S1, S2 and S3 were presented. The task was to detect a
brief (80 ms) phase during which the target (the stimulus at the previously cued
location) moved in a different direction, while ignoring equivalent phases in the
two other RDPs (the ‘distracters’). Successive presentation of the receptive field
probe stimulus began 160 ms after the onset of S1, S2 and S3. Probe duration
was 187 ms with an interprobe blank period of 27 ms. The direction of the
target and the distracter stimuli changed 670—4,670 ms after the trial began; the
times of these changes were randomly picked from a uniform distribution. In
control trials, the monkey had to detect a change in the color of the fixation
square. Trials were aborted if the monkey’s gaze left the fixation window or if the
monkey released the lever outside a 150- to 750-ms time window after the
change of the target stimulus (for example, because the monkey released the
lever in response to a distracter change, or if it failed to detect the target change).

Data analysis. To analyze the data, we used the mean neuronal responses to
probe presentations from only the correctly completed trials in the three
experimental conditions (that is, when attention was directed to S1 (‘attend-
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inside’ receptive field), to S2 (‘attend-inside’ receptive field) or to S3 (‘attend-
outside’ receptive field)). The mean firing rate was computed for a 60- to
200-ms interval after the onset of the probe stimulus. For each condition, some
of the probe presentations were skipped (that is, no probe was shown) in order
to determine the cell’s response to S1 and S2 alone. This baseline was subtracted
from all probe responses before the interpolation of the receptive field profile
by cubic spline interpolation. These two-dimensional (2D) profiles were used
to determine receptive field centers and sizes.

We calculated the shift of the receptive field (Fig. 3b) between attentional
conditions by using the center of mass of one-dimensional projections of the
receptive field surface. For this analysis, we averaged the activity of the receptive
field profile orthogonal to the axis connecting the two stimuli within the
receptive field (Fig. 3b, horizontal axis) or to an orthogonal axis (Fig. 3b,
vertical axis). Averaging was limited to regions of the receptive field surface that
exceeded two s.d. of the baseline response in any of the attentional conditions,
in order to exclude visual field regions that did not contribute to the receptive
field profile. For each 2D projected receptive field slice, we determined the
center of mass and the peak positions (data not shown but qualitatively
identical to results with the center of mass). Receptive field shifts between
the two attend-inside conditions are expressed as the proportional distance of
the center of mass relative to the reference distance between the stimuli S1 and
S2 (Fig. 3a). Shift values were positive when the receptive field center lay closer
to the attended stimulus in the respective attentional conditions.

To quantify the statistical significance of the shift of the neuronal receptive
fields for individual cells, we applied a bootstrap method (details in
Supplementary Note).

The receptive field size was calculated as the square root of the area in which
the 2D receptive field surface exceeded the half-maximal response (after
subtracting the baseline responses—that is, responses in the same attentional
condition when S1 and S2 were present but no probe stimulus was shown). We
compared receptive field sizes when attention was directed to the stimulus
outside the receptive field versus when attention was directed to either of the
stimuli inside the receptive field, by using an attentional modulation index'?:
(Sin = Sout) (Sin + Sour)> where S;, and S, are the size of the receptive field
when attention was directed inside and outside, respectively. The size index
ranges between —1 and 1; negative values reflect a smaller receptive field size
when attention was directed inside the receptive field compared to outside the
receptive field (Fig. 3¢). The average index value is a conservative estimate as it
corresponds to a geometric mean (that is, the mean is less influenced by large
values than a regular mean would be).

Note: Supplementary information is available on the Nature Neuroscience website.
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Dynamic shifts of visual receptive fields

in MT by spatial attention
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The supplementary material provides additional information about three results:
* We address the possibility that the attentional shift effects observed were caused by
changes in eye position.
*  We provide information about the bootstrap method used to estimate the statistical
reliability of the receptive field centre shift in individual neurons.
* We illustrate that the moderate shrinkage of receptive fields in conditions with
attention inside versus outside the receptive field is isotropic, i.e. it is not biased with

regard to the direction of attention.

The receptive field shift cannot be explained by changes of the eye position within
the fixation window

Receptive fields in area MT are retinotopic, i.e. they move across the visual field with
changes in eye position. It is therefore conceivable that the shifts in receptive field centres we
have observed are due to systematic differences in eye positions between the attentional
conditions. Such a shift would only be able to provide a small contribution to the changes we
have observed since the average shift of receptive field centres was 3.0° (see main text, Fig.
3), much larger than the diameter of the fixation window (1.5°) that the monkey had to stay
within throughout all trials. Nevertheless, we computed the difference of the average eye
position in conditions with attention to either stimulus S1 or stimulus S2 in the direction from
S1 to S2, i.e. the axis along which attention was shifted between conditions. This analysis
revealed a very small difference in average eye position of only 0.018° (£ 0.0065° SE)

between the conditions. We also calculated the average eye position difference between the

Page 1



attend-inside conditions and the attend-outside condition along the axis of the respective
stimuli (i.e. along the axis from S1-to-S3 or from S2-to-S3). Similar to the previous analysis
we found a very small difference of eye positions of only 0.009° (£ 0.004° SE) in the
direction of the attended stimulus. Supplementary Figure 2 illustrates the distribution of gaze
positions for three representative example cells in conditions with attention to either stimulus
S1 (upper panels), or to S2 (lower panels) inside the receptive field. The centre of the
coordinate system is the fixation point and the relative direction of the attended (non-
attended) stimulus is indicated by the square (circle) plotted on the axes border. For these
examples, the average difference of gaze positions along the S1-to-S2 axis ranged from

—0.036° to 0.054°. The receptive field shifts of these conditions were 1.8° to 4.2° in the
direction of the attended stimulus, many times larger than the differences in average gaze
position. These results demonstrate that the contribution of eye position artefacts to the

estimated receptive field shifts was marginal at best.

Calculation of the statistical significance of the receptive field shift in individual cells
To quantify the statistical significance of the shift of the neuronal receptive fields for
individual cells we applied a bootstrap method. To this end we computed the variability of the
receptive field profile by simulating our experiment 1000 times. On each repetition we
simulated the response for each probe position by drawing (with replacement) and averaging
across as many individual responses as were collected in the actual experiment from the
original distribution of responses. To compare the receptive field centers for the two attention
conditions (attend S1 versus attend S2) statistically we determined the 95 % range of
receptive field centers for each condition (by determining the 2.5 % leftmost and 2.5 %
rightmost center position from the 1000 simulations). When the 95 % distributions of both
conditions did not overlap the difference in receptive field center positions were considered
statistically significant. This procedure corresponds to a two-tailed randomization test with a

significance level of P = 0.05.

Spatial isotropy of changes in receptive field size with attention inside the receptive
field

We found only moderate receptive field shrinkage with attention to a stimulus inside
compared to attention outside the receptive field (see Fig. 3c¢). On average receptive fields
were 4.3 % smaller when attention was directed inside the receptive field with a 95%

confidence range of + 3.4 %. To determine whether this change in receptive field size was
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different in the direction of the attention shift (see Fig. 3a and Fig. 4) we computed the
maximum extent of the receptive field parallel and orthogonal to the axis of the attentional
shift, i.e. the axis from stimulus S3 outside the receptive field (the attended stimulus in the
outside condition) toward stimulus S1 / S2 in conditions with attention inside the receptive
field. This analysis showed no spatial bias of receptive field size changes parallel and
orthogonal to the direction of the attentional shift (paired t-test, P = 0.444, t = 0.77). The
distribution of receptive field size changes parallel to the attentional shift (along the x-axis)
and orthogonal to the axis of the attentional shift (along the y-axis) are shown in

Supplementary Figure 3.
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Supplementary Figure 1. Receptive field profiles of an example cell as 2-
dimensional surface plots (same format as in Fig. 2). The RF profiles are from the
same example cell as shown in (Fig. 2). Here the plots are based on the raw response
evoked during probe presentation, without subtracting the response evoked by S1 and
S2 alone. The black outlines represent the area above half-maximum response and the
white outline is based on the data in (Fig. 2).

Womelsdorf, Anton-Erxleben,
Pieper & Treue
Supplementary Fig. 1
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Supplementary Figure 2. Distribution of eye positions for trials where attention
was directed onto one of the stimuli inside the receptive field in three example cells
(a-c) The grey values represent the frequency of gaze positions relative to the fixation
square represented by the central intersection. The relative direction from the fixation
point to the attended (non-attended) stimulus is shown as a square (circle) on the axis
border (see text for details). Axes values represent the distance of eye position from
the fixation point in degrees of visual angle. The circles around the plot centres repre-
sent the virtual fixation window within which the monkey’s gaze had to stay through-
out each trial.

Womelsdorf, Anton-Erxleben,
Pieper & Treue
Supplementary Fig. 2
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Supplementary Figure 3. Spatial isotropy of changes in receptive field size with
attention inside (to stimulus S1 or S2) versus attention outside the receptive field (to
stimulus S3). Shown is the distribution of receptive field size changes parallel (along
the x-axis) and orthogonal (along the y-axis) to the axis from stimulus S3 to stimulus
S1/S2 for conditions with attention to S3 and attention to S1/S2. The receptive field
size change was not statistically different parallel versus orthogonal to the axis of the
attention shift (3.1% versus 4.9% respectively).
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Chapter 5
Summary

The presented papers further corroborate, that visual perception perception is criti-
cally influenced by both, the short-term history of the visual input and the cognitive
control of the subject. As much as perception is variable from the subjects point of
view, the spatio-temporal scope of a neuron in its feature dimension is determined by
a fast, reversible plasticity. Attention is a mechanism that roughly instantaneously
changes computational properties of neurons if needed. We have shown that adapta-
tion also acts on a short time scale, such that it also determines our natural viewing.
Or results ultimately should engage researchers to focus on short-term - in the range
of a second and below - temporal dynamics of sensory and cognitive processes and
their representation in different cell-types. This may elucidate the cascade of sin-
gle adaptive mechanisms that are usually overlooked in data that is averaged across
seconds or minutes and inhomogeneous cell populations.

As mentioned in the preface, reducing perception to a simple sensory (de-)
coding task might lead us to the wrong questions in the future. The ultimate reason
for an individual’s brain-anatomy and -function depends on the history of its (and its
ancestors) self-environment-interaction, or decisions (see Glimcher, 2002)! Actual
decisions may be seen as the result of a bayesian inference about the future self-
environment-interaction, given the history of interactions, sensory input and evoked
responses on either level of life’s adaptiveness. These levels have different time
constants and mechanistic background and are termed: genomic or behavioral im-
printing, learning, priming, facilitation, sensitization and ’adaptation’. The ability to
direct attention is hence just another implementation of a plastic, conditional recali-

bration of i.e. the sensory representation that helps to come to adaptive decisions.
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