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ABSTRACT

The present study takes a spatiotemporal filtering perspective on one of the most prominent
organizational principles of population activity in visual cortex, viz. columns or feature maps. Functional
maps have been demonstrated in V1 for stimulus position, orientation, direction of motion and spatial
frequency, as well as for ocular dominance, although not all maps are present in all species examined. The
existence of such maps and the observed topological relationships between them has led to the proposal
that they could serve as the basis for a spatial feature code. In this scheme, a specific combination of
stimulus features would elicit a pattern of population activity that is predicted from the intersections

of the independent feature maps. However, several properties of neural receptive fields in primary

visual cortex make this scenario unlikely. While neural responses to stimulus position, orientation

and eye of stimulation are indeed independent of each other, the same is not the case for orientation,
direction of motion and spatial frequency. Spatiotemporal frequency theory that models neurons not

as feature detectors but as frequency filters having bandpass properties in the two spatial and the
temporal dimension, predicts several critical interdependencies between the neural selectivity for these
three features. Here we demonstrate for the first time, using optical imaging of intrinsic signals, the
population level consequences of spatiotemporal filtering that force us to revise our current notions of
what is mapped in primary visual cortex. We also construct a simple receptive field model to show that
such filtering can indeed account for the neural behavior we observe. Finally, we investigate the related
question of the mapping of spatial frequency preference and show that this map, at least in the ferret,

is dependent upon the maps of orientation and visual space. Thus the body of work presented in this
thesis, taken together, argues against the view of V1 as consisting of several overlapping feature maps (of
orientation, direction and spatial/temporal frequency) and in favor of preferred position in 3D frequency

space being the most prominent functional receptive field property mapped in primary visual cortex.



To,

Ramchandra Hari Sahasrabudhey
(1917-2002)

Everything passes away - suffering, pain, blood, hunger and pestilence. The sword will pass away too,
but the stars will remain when the shadows of our presence and our deeds have vanished from the earth.
There is no man who does not know that. Why, then, will we not turn our eyes towards the stars? Why?

-Mikhail Bulgakov, The White Guard

sab kahan; kuch lala-o-gul mein numayaan ho gaiin

khak mein kya suratein hongiin ke pinhaan ho gain

But a few do the tulip and the rose reveal
What faces of beauty must the dust conceal!

-Asadullah Khan “Ghalib”






Chapter One: Introduction

Overview

The columnar organization of neural activity is one of the most prominent features of the visual cortex. From
the classical orientation columns of V1 and the direction columns of MT to more tenuous “object columns”

in inferotemporal cortex, columnar organization seems to be a recurring principle of cortical circuitry. While
they are easy to demonstrate in the form of feature maps (which are basically a set of columns), particularly
with the advent of in vivo imaging techniques such as optical imaging of intrinsic signals, the biological
function of a column is still far from settled. This thesis concerns itself largely with functional columns in

V1 and V2 (areas 17 and 18) of ferret visual cortex. In general terms, we will explore the consequences of
adopting a spatiotemporal frequency space approach to interpreting neural activity, for feature maps in V1.

We will attempt to show that spatial coding schemes that use multiple feature maps as their substrate will fail
when one considers the true nature of the V1 map. This is due to the fact that many different combinations of
stimulus features give rise to very similar columnar patterns of activity. This is expected if what a V1 neuron
responds to are not particular stimulus features but those aspects of local spatiotemporal image structure that
match its receptive field structure. Population activity in V1 then results from a map of receptive field position
in spatiotemporal frequency space instead of from a set of overlapping maps of different stimulus features

such as orientation or spatial frequency. The introductory chapter begins with a brief overview of the “neuron
doctrine,” the preeminent unifying idea in modern neuroscience. We then go on to review the history of cortical
columns in general and visual feature maps in particular. Next, a spatial coding scheme based on feature maps
is articulated and potential problems with it are discussed. We end with an account of spatiotemporal filtering in

visual cortex and its implications for cortical feature maps.

The neuron doctrine in modern neuroscience

Overwhelming evidence has accumulated since antiquity that an animal’s brain is essential for its behavior and
for the successful propagation of its genes (but see Lorber, 1981). While it would be vain to pinpoint an exact
time for the birth of modern neuroscience, the hundred year period from the later-half of the 19" century to the

first-half of the 20" century saw several important advances that defined the shape it would take. Following an



early false start in the form of the phrenology school of Gall and others, area-level cytoarchetectonic studies of
cortex, neuron-level anatomical studies of Golgi, Cajal, Sherrington and others and finally electrophysiological
recordings (both cortical evoked potentials by Canton and spike recordings from peripheral neurons by Adrian
and others) all saw the light of day in this brief period (Adrian, 1946; Finger, 1994). Ramon y Cajal’s extension
of the cell theory of Schleiden and Schwann to the brain, at the end of the 19" century (Shepherd, 1991), can be
considered the beginning of an era in modern neuroscience. The forceful articulation by Cajal (and others of the
so-called “neuron doctrine” school of thought), of the idea that the neuron constitutes an important, if not the

fundamental functional unit of brain function undergirds all of modern neurophysiology and neuroanatomy.

Frogs and grandmothers

The functional analog of Cajal’s essentially structural idea was articulated famously by Horace
Barlow (Barlow, 1953; Barlow, 1972) and by Lettvin and colleagues (Lettvin et al., 1968) who spoke of “bug
detectors” in the frog retina. The notion that the activity (spike discharge) of a single neuron is related directly
to perception of a specific aspect of the outside world is now a commonly held belief among neuroscientists,
even if not all will go the full-extent of affirming their faith in the infamous “grandmother cell,” the mythical
neuron at the top of the neural totem pole that is sensitive to a complex organization of features (such as the face
of one’s grandmother). However, the discovery of neurons selective for complex visual objects (such as faces
and fire extinguishers) in inferotemporal cortex (Gross et al., 1972; Tsunoda et al., 2001) make the grandmother-
selective neuron seem like not such an outlandish idea after all. Although, exactly how a neuron selective for a
complex object could subserve perception of that object is still unclear, the link between neural selectivity and
perception (Barlow’s 4™ and 5" dogmas, see Barlow, 1972) has been most convincingly demonstrated for the
middle temporal area (MT) in primates. But before we discuss that, the particular types of feature selectivity

discovered in visual cortex need to be examined.

Receptive fields

In relating the activity of single neurons to perception, the neural receptive field is an important concept.
Hartline (1940) first spoke of a neural receptive field as being that area of visual space where an increase in

brightness elicited increased spike discharge from the retinal ganglion cells he was recording from. However,



the spatial aspect of a receptive field is only its most obvious feature. Since the early days of physiological
recordings, much attention has been focused on an analysis of the receptive field properties of neurons starting
at the periphery of the visual system (Barlow, 1953; Hartline and Ratliff, 1957; Kuffler, 1953). The reason

for such efforts is that a characterization of the input-output transform of a neuron is believed to be the key

to understanding visual processing. In line with this project and closely following Mountcastle’s pioneering
efforts in somatosensory cortex (Mountcastle, 1957; Powell and Mountcastle, 1959), Hubel and Wiesel greatly
advanced our understanding of the transforms performed by neurons in primary visual cortex (Hubel and
Wiesel, 1962; Hubel and Wiesel, 1965; Hubel and Wiesel, 1968). One significant discovery to result from

this work was the phenomenon of orientation selectivity. Neurons in visual cortex responded differentially to
bars of light depending upon the spatial orientation of the bar. Figure 1.1a (top) shows a typical orientation
tuning curve obtained from an extracellular recording in ferret V1. As can be seen the neuron has a preferred
orientation (i.e. the orientation in response to which it fires the most number of spikes) and an orientation
bandwidth (i.e. the width of the tuning curve). Further work by Hubel, Wiesel and other investigators showed
that cortical neurons responded selectively to many aspects of the visual stimulus including its direction and
speed of motion, its spatial frequency (i.e. the size and spatial detail of a pattern), its contrast and in a few cases
its color as well (Livingstone and Hubel, 1984). Example direction and spatial frequency tuning curves from the

ferret are shown in Figure 1.1a (middle and bottom panels).

From feature selectivity to perception via population codes

A simple (and tempting) interpretation of orientation or direction selectivity is that these properties
encode the perception of orientation or motion direction in the world. Such an interpretation is indeed widely
endorsed and a large number of experiments and computational models have been devoted to elaborating upon
this theme. However, it is also obvious from visual inspection of the tuning curves shown in Figure 1.1a that
an individual neuron responds to a broad range of orientations or spatial frequencies. This observation argues
against the straightforward notion that each neuron may subserve the detection of a given orientation or for
that matter any other feature. Indeed it was the physicist Thomas Young who noticed early on that since there
were an infinite number of possible stimuli (in his case color or wavelength of cone excitation) it would be
rather uneconomical (not to say impossible) for the nervous system to have a separate receptor dedicated to

the detection of each stimulus (the so-called labeled-line hypothesis of coding). On the other hand, he argued



for color, the existence of just three broadly tuned receptors would be adequate provided (and this is the key
insight) one were to consider the activation of a given receptor with reference to the activity of the other two
(Young, 1802). Such a system would today be called a “population code” or a “distributed code.” That broad
neural tuning functions require some sort of distributed coding scheme has been appreciated independently by
many authors working in different sensory systems (see Erickson, 2001 for a comparative review). A relevant
thought from Hartline (1940) is worth quoting because it prefigures several of the ideas that we now consider
commonplace and that have been most convincingly demonstrated by optical imaging of intrinsic signals, a

technique extensively employed in the present study. Hartline says with regard to position coding by the retina:

“It is evident that illumination of a given element of area on the retina results in a specific pattern of
activity in a specific group of optic nerve fibres. The particular fibres involved, and the distribution of
activity among them are characteristic of the location on the retina of the particular element of area
illuminated. Corresponding to different points on the retina are different patterns of nerve activity; even
two closely adjacent points do not produce quite the same distribution of activity, although they may
excite many fibres in common” (Hartline, 1940, quoted in Erickson, 2001, italics mine).

This basic idea has now been extended in generalized formal models for many different sensory, motor and even
cognitive applications (Deneve et al., 1999).

The next step, from population codes to perception has also been attempted albeit these are still early
days. In a comprehensive article Parker and Newsome (1998) review various forms of experimental evidence
in many different sensory systems that try to establish the link between sensory perception and the activity of
neurons in the sensory cortices. The lines of evidence presented are of the following types:

1. The sensitivity of the neuron to a particular parameter matches well with the organism’s sensitivity, i.e. the
neurometric function and the psychometric function are comparable.

2. Signal detection theory approaches can be applied to neural data to show that an ideal observer could
discriminate between two alternatives based on the differences in neural activity and neural discrimination
thresholds thus measured, match psychophysical ones.

3. Simultaneous acquisition of neural and psychophysical data shows that under identical conditions both
performances can be comparable and that on a trial-by-trial basis errors in neural discrimination are reflected in
the organism’s decisions

4. Electrical microstimulation shows that artificially increased activity levels in a population of neurons with a

particular preference affects the organism’s performance by biasing its decisions in the manner predicted by the



stimulation

All the above criteria have been met and the connection between a neural receptive field property and
perception most clearly demonstrated, in the primate visual area MT for the perception of direction of motion
(Britten et al., 1992; Newsome and Pare, 1988; Salzman et al., 1990; Salzman et al., 1992; Shadlen et al.,

1996). However almost everywhere else in the visual system and elsewhere in the brain this connection remains
problematic and the link from neural activity to perception is far from clear. Experiments described in thesis
further complicate straightforward interpretations of neural activity as conveying information about specific

features of the visual world, at least for early visual cortex.

Coding with Columns

Along with selectivity to stimulus features, described in the previous section, we will be equally concerned
with a particular spatial organization of feature selective responses found in mammalian cerebral cortex. This
organization is the cortical column, arguably the most salient feature of the cerebral cortex, discovered first by

Mountcastle in primate somatosensory cortex and soon after by Hubel and Wiesel in cat and primate visual

cortex (Hubel and Wiesel, 1977; Mountcastle, 1957).

A computational unit of cortical function?

Although cortical anatomists had noticed something akin to a columnar organization of cells normal
to the pial surface as early as the 1920s, Lorente de No in 1949 was one of the first to explicitly talk about a
cortex “‘composed of an enormous number of elementary units” (quoted in Mountcastle, 2003). The functional
proof of this concept came in the form of Mountcastle’s observations in his seminal study on the somatosensory
system of the cat. He recorded from a series of neurons in a vertical penetration (normal to the pial surface) and
found that these neurons shared several of their receptive field properties (e.g. they were activated by the same
class of peripheral receptors) (Mountcastle, 1957). Extending Mountcastle’s work to the visual system, Hubel
and Wiesel noted that neighboring neurons in cat and monkey striate cortex were responsive to stimulation in
largely overlapping parts of visual space and were also tuned to similar orientations. Moreover the preferred
orientation and the preferred position in space changed smoothly if one recorded a sequence of neurons in

a tangential (as parallel to the pial surface as possible) penetration through cortex. This led them to propose



that the visual cortex consisted of sets of such “orientation columns” (which in their scheme is the amount of
cortical space it takes to change the preferred orientation by 10°, which amounts to ~50 pm) (Hubel and Wiesel,
1977). Over the years many other stimulus features have been added to the list of columns and elaborate spatial
coding schemes have been proposed taking inspiration from Hubel and Wiesel’s original observations. These

are discussed in the next section.

While the foregoing picture of the cortical column is correct in its broad outlines, there are several
problems too. Firstly, the anatomical features of a column are not as easy to find as the physiology might
suggest. In fact Mountcastle’s initial discovery was received with doubt precisely because anatomical features
to delineate a column were hard to find (Mountcastle, 2003). That said there are still many features of local
and long-distance intracortical circuitry that seem to obey some sort of columnar rule (Bosking et al., 1997;
Gilbert and Wiesel, 1989; Kisvarday et al., 1997; Lund et al., 2003). Perhaps it is more accurate to say that
many properties that obey such rules are not strictly columnar in that they do not occur in all cortical layers.
Thus at the functional level, receptive field properties do not stay strictly constant in the vertical dimension.
For example, neurons in layer 4c of the primate are poorly tuned for orientation, while those in layer 2/3 are
well-tuned (Blasdel and Fitzpatrick, 1984) and neurons in layer 4b are well-tuned for direction while those in
layer 2/3 are not (Hawken et al., 1988). Secondly, the functional extent of a column may itself vary based on
the type of technique used to measure it as well as the choice of stimulus. For example, in the original scheme
proposed by Hubel and Wiesel an orientation column was the amount of cortical space required to change
the preferred orientation by 10° (~50 um). With modern imaging techniques it is possible to show that even a
single orientation can activate a cortical area as broad as 200-300 um (Blasdel, 1992; Bonhoeffer and Grinvald,
1991). This is presumably a function of the orientation tuning width, which can be up to 45° (half-width at half-
height). As a corollary, stimuli that evoke more broadly tuned responses will result in a broader “columnar”
activity pattern. These facts may argue against the monolithic nature of a column, however they do not rule
out the possibility that different components of a column (e.g. different lamina) function together to perform
the same computations everywhere. The observation that one can induce orientation modules in auditory
cortex by routing retinal inputs to it (Sharma et al., 2000) does suggest some kind of equivalence of general
function between varied sensory cortices. At the theoretical level the idea of cortex as a generic model-builder

that performs the same computations everywhere has been articulated by (Barlow, 1985). Whatever form this



computation may take (and it is far from clear at this point), experiments presented here argue that it is unlikely

to be the detection of a single orientation or any other such simple feature.

Optical imaging and the 2D columnar organization of feature selectivity

Although extracellular single unit recording had revealed the phenomenon of feature selectivity
and even given us some understanding of its organization in visual cortex, the technique was incapable of
addressing the issue of two-dimensional organization. The 2D patterns of ocular dominance columns could be
demonstrated by injection of tracers such as tritiated proline into the eye however a property such as orientation
selectivity which is essentially a functional aspect of neural organization could not be similarly tackled. The
advent of 2-deoxy glucose (2DG) labeling revealed for the first time the actual nature of orientation columns.
Using a full-field grating of one orientation Hubel et al. (1978) demonstrated that orientation columns in
macaque striate cortex were more complex than the originally conceived “slabs” that would run orthogonal to
the ocular dominance columns (i.e. the ice-cube model in Hubel and Wiesel, 1977). Although 2DG labeling
is an activity-based technique (it labels metabolically active neural populations) it has the serious limitation
that the experimenter can only measure the cortical response to one stimulus before the animal has to be
sacrificed for autoradiography. It was optical imaging of intrinsic signals that first offered a powerful new way
of visualizing the patterns of activity evoked by many orientations within the same piece of cortex. Intrinsic
signal imaging is an in vivo technique that relies on the fact that increases in neural activity cause an increased
metabolic demand in the active tissue (in this it is similar to 2-DG labeling) which in turn causes changes
in the tissue reflectance under red illumination (>600 nm). The changes in reflectance have been mainly
attributed to changes in the ratio of oxy to deoxy hemoglobin as well as less well-defined changes in the way
light is scattered by active neural tissue (Bonhoeffer and Grinvald, 1996; Frostig et al., 1990; Malonek et al.,
1997). This technique revealed a prominent attribute of the functional architecture of primary visual cortex in
the form of “feature maps.” A feature map is the result of a systematic 2D organization of neurons in which
neighboring neurons are similarly tuned to a stimulus property (i.e. fire more action potentials in response to a
stimulus with say the same orientation or spatial frequency). Such maps have now been demonstrated in areas
V1 and V2 of cats, ferrets and primates for ocular dominance and for stimulus position, orientation, direction
of motion and spatial frequency (Blasdel and Salama, 1986; Bonhoeffer and Grinvald, 1991; Everson et al.,

1998; Hubel and Wiesel, 1977; Hubener et al., 1997; Issa et al., 2000; Shmuel and Grinvald, 1996; Weliky et al.,



1996; Rao et al., 1997; White et al., 2001; White et al., 1999). The first feature maps to be demonstrated with
optical imaging were the maps of ocular dominance and orientation (Blasdel and Salama, 1986; Grinvald et al.,
1986). Subsequent to these initial discoveries, several studies in the early 1990s established the key aspects of
organization of the orientation map such as pinwheels (around which orientation preference goes the full circle)
and saddle points where orientation preference changes only slowly (Bartfeld and Grinvald, 1992; Blasdel,
1992; Bonhoeffer and Grinvald, 1991).

Figure 1.1b shows examples of feature maps obtained by measuring the optical response to full-field
gratings that differ in one of the three parameters. Here the color of a pixel denotes its orientation, direction
or spatial frequency preference. It is obvious that neighboring pixels share stimulus preferences, as Hubel and
Wiesel had first noted in their extracellular recordings. As a consequence of the presence of a feature map, the
presentation of a particular stimulus orientation, for example, results in a cortical activation pattern that can
be well-predicted based on the knowledge of the topology of the orientation map (which provides the center-
of-mass of the activity pattern) and the tuning width of individual neurons (which provides the spread of
activity around its center-of-mass). This aspect of cortical organization (first demonstrated by 2DG but most
convincingly shown by optical imaging of intrinsic signals) has led some to propose that feature maps could
serve as bases for a spatial code wherein the spatial pattern of cortical activity resulting from a stimulus would
encode information about particular stimulus features. The idea at its core is the same as the population coding

schemes discussed earlier, but in addition it has a spatial dimension that abstract population coding schemes

lack.

The multiple-maps hypothesis, map relationships and the idea of “coverage”

The concept of coverage draws inspiration from the views of cortical function alluded to earlier, which
hold that the same basic computational function is performed by cortex in an iterative fashion everywhere, while
the inputs and outputs change. Central to this notion is the existence of a piece of “cortical machinery” devoted
to processing information from a small part of the world. This basic machinery is thought to be replicated
so as to cover all parts of the visual field. “Coverage” thus refers to the act of covering all parts of the visual
field with machinery for processing all aspects of the visual scene (orientation, direction, spatial frequency
etc). It was once again Hubel and Wiesel, who first asked a simple question starting this line of inquiry.

They pondered “what happens to the position of receptive fields in the visual field as an electrode moving



horizontally through the cortex traverses a hypercolumn” (a unit of cortex required to accommodate neurons
with orientation preferences spanning the entire 180° range)? They pointed out that it would “make no sense at
all if movement through one orientation hypercolumn were associated with a movement through the visual field
that was large compared to aggregate field size” because that would mean that there were “holes” in the cortical
representation of orientation (Hubel and Wiesel, 1977). Furthermore, in their “ice-cube’ model of visual cortex,
out of similar coverage considerations, Hubel and Wiesel also proposed that ocular dominance bands should
intersect orientation slabs at some consistent angle. In accordance with this prediction, iso-orientation lines have
been shown to run orthogonal to ocular dominance boundaries while orientation pinwheels are centered along
the midline of ocular dominance columns in cat and monkey (Bartfeld and Grinvald, 1992; Blasdel et al., 1995;
Hubener et al., 1997). Surprisingly, the relationship between the maps of visual space and orientation has been
somewhat more controversial. An early report argued that the mapping of visual space in the cat was not smooth
(as had been thought) and that orientation rate-of-change (ROC) was positively correlated with ROC in the
visual space map (for e.g. near pinwheels where orientation ROC is highest, neighboring neurons were seen to
have spatially non-overlapping receptive fields) (Das and Gilbert, 1997). The implication of this finding is that
there are “holes” in the cortical mapping of orientation such that all orientations are not in fact covered for all
parts of visual space. Later findings have shown that this is, in fact, not the case in both cats (Buzas et al., 2003)
and tree shrews (Bosking et al., 2002).

Although Hubel and Wiesel’s original model was limited to the three maps of orientation, ocular
dominance and visual space (and wisely so, for good evidence exists to suggest that these receptive field
properties are independent of each other, as required for the coverage idea to work), the idea has since
been extended to the mapping of the three receptive field properties that will be of main concern to us viz.
orientation, direction of motion and spatial frequency. Orderly relationships between these three (and possibly
even more) overlapping feature maps are thought to ensure that all combinations of stimulus features are
represented uniformly across the visual field (Issa et al., 2000; Swindale, 2000; Swindale et al., 2000). Many
studies have been devoted to delineating the topological relationships between these feature maps. Thus
orientation domains are thought to be divided into two direction domains of opposite directions orthogonal to
that orientation (Shmuel and Grinvald, 1996; Weliky et al., 1996) and possibly into several spatial frequency
sub-domains that code for a gradient of spatial frequencies from low to high. Moreover, high spatial frequency

zones are thought to coincide with orientation pinwheel centers (Issa et al., 2000). The spatial organization



of spatial frequency preference, however, has proved to be much more controversial than that of orientation
preference and these relationships are not as robust as those found between the orientation map and maps of
visual space and ocular dominance. We take up the issue of spatial frequency maps in more detail in Chapter
Four.

Furthermore, in the foregoing framework, a specific combination of stimulus features (e.g. a vertical
stimulus of high spatial frequency moving to the right) is represented by a pattern of population activity that
corresponds to appropriate intersecting regions of different feature maps and this pattern of activity uniquely
signifies the presence of a specific combination of stimulus features. This hypothesis, here referred to as the

“multiple-maps hypothesis™ is illustrated schematically in Figure 1.2. To quote Swindale (2000):

“In addition to topographic map of the retina, mammalian visual cortex contains superimposed, orderly
periodic maps of features such as orientation, eye dominance, direction of motion and spatial frequency.
There is evidence that these maps are overlaid so as to ensure that all combinations of the different
parameters are represented as uniformly as possible across visual space.”

However, as we shall see, this whole scheme is problematic for anything beyond Hubel and Wiesel’s original
combination of orientation, ocular dominance and visual space mapping. In particular for the relationships
between orientation, direction and spatial frequency this idea has appeared to be sustainable not because these
feature are truly independent in the neural response but largely because of the choice of stimuli employed in

studying feature maps.

The aperture problem and limitations of full-field grating stimuli

To date, the multiple-maps hypothesis has been based on the analysis of cortical responses to drifting
gratings wherein the range of motion and spatial frequency cues is limited to those that vary along an axis
orthogonal to the grating’s orientation. This limitation is a consequence of the so-called “aperture problem”
(Wallach, 1935; English translation by Wuerger et al., 1996). As shown in Figure 1.3 the veridical direction
of motion of a line segment translating behind an aperture is ambiguous. Its apparent motion is determined
by the geometry of the aperture and the direction of motion of its end-points or “terminators.” Thus for a
circular aperture, though the motion of a line always appears to be orthogonal to its orientation, the direction
of perceived motion is in fact consistent with any of an infinite number of veridical directions (Fig. 1.3a).

Similarly, in the well-known “Barber-Pole Illusion” a line segment translating behind a rectangular aperture



appears to move either in the up-down axis or the left-right axis depending on the orientation of the rectangle
(Fig. 1.3b, for more compelling demonstrations of this effect see http://www.purveslab.net/). Since full-

field gratings which extend beyond the limits of the stimulus field (monitor) can be considered as infinite

line segments, their motion is constrained along an axis orthogonal to their orientation. Moreover the spatial
frequency of a grating (or an infinitely long line segment) is also defined only along an axis orthogonal to its
orientation by virtue of the fact that the luminance modulation along the axis parallel to the line orientation is
zero (Fig. 1.3c¢, in this and all such subsequent images, the x and y axes correspond to spatial frequency along
the x and y dimensions and the color scale encodes magnitude of power at a given frequency.). Hence it is not
possible, with grating stimuli, to examine two dimensional interactions between motion, orientation and spatial
frequency that are common in real world situations.

At this point one may wonder why gratings became the stimulus of choice for studying functional
maps. As described below, the use of sine wave gratings in revealing maps of orientation, direction and spatial
frequency was a natural extension of their use in describing receptive field properties, where they played a
pivotal role in challenging the feature detector view of cortical receptive field organization. It is thus one of the
ironies of scientific inquiry that grating stimuli have been used to construct the multiple maps hypothesis even

by investigators whose work at the single unit level challenged the feature detector hypothesis.

How to think about VI neurons: Edge detectors or Fourier analyzers

In order to appreciate the use of sine wave gratings to characterize visual responses some background is
required on current receptive field models of visual cortical neurons. Revolutionary though they were in
advancing our understanding of visual cortical processing, the Hubel-Wiesel experiments offered an ultimately
restrictive view of neural receptive field properties. In their model, neurons in V1 were primarily considered
orientation or edge detectors. Using simple stimuli such as flashed and moving bars of light, they classified
neurons in primary visual cortex into several subtypes and classes. One enduring dichotomy on which much
attention has been focused is that between simple cells and complex cells. Simple cells have receptive fields
that can be divided into spatially distinct excitatory and inhibitory subdivisions (the so-called “on” and “off”
subfields), while complex cells usually show overlapping on and off responses all over the receptive field.

Moreover, simple cells seem to sum inputs from different parts of the receptive field in a more-or-less linear



fashion while complex cells are obviously non-linear in their responses (Movshon et al., 1978a; Movshon et al.,

1978c¢).

A frequency space challenge to edge-detection

Through the 1970s the Hubel-Wiesel view was challenged and the model of V1 receptive fields made
more sophisticated, by the work of several investigators (De Valois et al., 1979; Movshon, 1975; Movshon
et al., 1978a; Movshon et al., 1978b; Movshon et al., 1978c; Hammond and MacKay, 1977). The idea of
using sine-wave gratings, linear systems theory and Fourier analysis to understand neural response dates back
to the pioneering studies of Enroth-Cugell and colleagues (Campbell et al., 1969). Since those early days,
many studies have been devoted to developing a comprehensive linear filtering model for cortical simple
cells (Carandini et al., 1999; De Valois et al., 1979; De Valois and De Valois, 1988; Jones and Palmer, 1987a;
McLean and Palmer, 1989; Movshon et al., 1978b; Simoncelli and Heeger, 1998; Skottun et al., 1994). At the
core of these efforts lies the idea that simple cells respond (to varying degrees of approximation) by performing
a weighted integration of luminance within the receptive field over local space and recent time. We now
describe two applications of linear systems theory to understanding the behavior of cortical neurons.

Movshon et al. (1978c¢), showed that for simple cells in cat striate cortex, the spatial frequency tuning
function and the spatial impulse response (also called the line-weighting function because it is determined
by measuring the response of the cell to thin lines positioned at different places within the receptive field)
were related to each other via the Fourier transform. More specifically one could predict the shape of the
line-weighting function (or the spatial profile of activation) from the inverse Fourier transform of the spatial
frequency tuning curve. This brings out the equivalence between the space domain organization of the receptive
field (revealed by its line-weighting function) and its frequency domain organization (revealed by its spatial
frequency tuning curve). This finding has since been replicated by several authors (Andrews and Pollen, 1979;
Glezer et al., 1982; Kulikowski and Bishop, 1981) and extended into the time domain by DeAngelis et al.
(1993) who show that, for layer 4 simple cells, receptive field maps obtained by reverse correlation techniques
can well predict the spatial and temporal frequency tuning measured by sine-wave gratings. Such equivalence
between the two domains is characteristic of a linear neuron (or linear system).We will exploit this linearity
in Chapter Three when we present a space domain receptive field model and demonstrate that its behavior is

equivalent to two frequency domain models of our data published by Mante and Carandini (2005) and Baker



and Issa (2005).

Our second example is a much cited experiment by De Valois et al. (1979) that attempts to settle
the question of whether V1 neurons (in the cat) function as edge detectors or frequency filters. Using sine-
wave gratings and checkerboard stimuli DeValois et al showed that the responses of V1 neurons (simple and
complex) were correctly predicted by the orientation and spatial frequency of the Fourier components and not
the orientation of the edges present in the stimulus (but see MacKay, 1981) for an alternative explanation). Thus
a neuron would respond equivalently to checkerboards of many different orientations as long as the Fourier
fundamental in the checkerboard was oriented at the same angle. This experiment is possible because, unlike
a square or sine wave grating, a checkerboard can possess power in the frequency domain at orientations other

than the orientation of the edges of its elements (because of the presence of corners in the pattern).

Spatiotemporal frequency filters

The two examples cited above showed that a simple edge-detection framework was inadequate to
describe the behavior of V1 neurons. This work has since been extended and formalized. Many investigators
have shown that neural responses in V1 and V2 can be modeled as the output of a quasi-linear (“quasi” because
strict linearity is not possible for reasons such as the presence of a spike threshold and other non-linearities
discussed later), band-pass filters, sensitive to a range of spatial frequencies along two spatial dimensions as
well as to a range of temporal frequencies (De Valois et al., 1979; De Valois and De Valois, 1988; Movshon et
al., 1978b; Movshon et al., 1978c; Skottun et al., 1994; DeAngelis et al., 1993; Jones and Palmer, 1987a). In
this conception, each neuron has a receptive field in three-dimensional frequency space, the shape of which is
determined by the tuning function of the neuron along each of the three dimensions. Figure 1.4a adapted from
Mante and Carandini, schematically depicts such a receptive field (Mante and Carandini, 2005). This work and
its relation to the present study are recounted in the Discussion section of Chapter Three. Figure 1.4b shows
a slice of the same receptive field in the two spatial dimensions (collapsing across the temporal frequency
axis) and schematically demonstrates the preferred orientation of such a neuron based on its preferred 2D
spatial frequency. That such a neuron would behave in an orientation selective fashion and that its orientation
selectivity (as measured by single bars, for example) is a consequence of its tuning in frequency space was
demonstrated by DeValois et al. (1979). The foregoing discussion applies most immediately to simple cells.

Complex cells are similar to simple cells in having selectivity for orientation in space-time (see red arrow



in Fig. 1.4a) resulting from the position of their receptive field in frequency space. However, unlike simple
cells, their responses are phase independent (i.e. independent of the precise location of the stimulus within the
receptive field). The phase independence is usually modeled as resulting from a combination of two or more
phase dependent (simple-cell like) subunits that are squared and summed. These subunits are in quadrature i.e.
90° out-of-phase with one another (Adelson and Bergen, 1985). There is indeed some evidence that complex
cell receptive fields are built out of a number of linear simple-cell like subunits (e.g. Martinez and Alonso,
2001), although this idea is by no means universally accepted (Fregnac, 1996; Martin and Whitteridge, 1984).
For our purposes, the distinction between simple and complex cells is not as important as the similarities, the

key similarity being that they are both selective for spatiotemporally oriented stimulus energy.

Consequences for cortical functional architecture

It now remains to list a few consequences of spatiotemporal filtering for tuning to stimulus features. Then

the challenge to the multiple map framework discussed earlier, will be obvious. It has been shown that
preferred orientation depends on the spatial frequency content of a stimulus (De Valois et al., 1979), preferred
direction depends upon its speed (Hammond and Reck, 1980), and the preferred spatial frequency can vary
with orientation (Webster and De Valois, 1985). These observations are consistent with the main assumptions
of spatiotemporal filtering but they raise problems for the multiple-maps hypothesis since they imply that
orientation, direction and spatial frequency selectivity are dependent upon one another. While these ideas are
not new, their implications for population codes based on multiple maps have not been appreciated. If a neurons
acts as a multidimensional filter, its output will be related to its input by a convolution integral (in case of linear
filters). Such a neuron is not expected to faithfully encode a particular feature such as orientation or spatial
frequency independent of changes in other features. Even for neurons that display obvious non-linearities

(e.g. complex cells) the response is determined by a combination of features that contribute to the energy (i.e.
the power at different frequencies) of the stimulus. Since this neuron responds not just to a particular spatial
pattern (such as an oriented line) but to a range of spatial and temporal frequencies, it seems likely that it’s
measured orientation preference will not be constant but instead will change with the frequency content of

the stimulus. Thus the above described line of empirical research also leads us to question the multiple-maps

hypothesis couched as it is in terms of independent orientation, direction and spatial frequency maps. Adopting



a spatiotemporal filtering framework, such as the one outlined above thus forces us to revise our notions of what
is mapped in primary visual cortex. The remainder of this thesis is dedicated to articulating this viewpoint with

the help of empirical data from the ferret.

Aim and scope of the present study

With specialization comes modesty of endeavor. And hence, the scope of the present study is considerably less
grand than the preceding introduction may suggest. The following is a brief outline of the work presented in
Chapters Two, Three and Four. In Chapter Two we present evidence that “orientation maps” in ferret V1 and V2
are better thought of as maps of receptive field position in spatiotemporal frequency space (henceforth preferred
position in frequency space). This study was published in 2003 under the title “Mapping multiple features in the
population response of visual cortex” (Basole et al., 2003). Chapter Three describes a computational receptive
field model that attempts to explain the results of Basole et al in the spatiotemporal frequency framework.
Chapter Four considers the question of spatial frequency maps and whether preferred spatial frequency is
mapped independent of other features, in visual cortex. Chapter Five concludes the thesis with a general

discussion of the results.



Figure 1.1: Tuning curves and preference maps in visual cortex

a. Extracellularly recorded tuning curves for bar orientation (top), direction of motion (middle) and spatial
frequency of a sine-wave grating (bottom, on log, scale). Each point is average number of spikes/trials + s.e.m.
b. Preference maps for orientation (top), direction (middle) and spatial frequency (bottom) obtained with optical
imaging of intrinsic signals. Keys on right of each image show the color code for each variable. The spatial

frequency map is from Issa et al. (2000) (copyright 2000 by the Society for Neuroscience).
Figure 1.2: The multiple map hypothesis

Top: An optical image showing orientation domains (black) activated by the presentation of a horizontal
grating. Superimposed on the orientation domains are arrows indicating the preferred direction of motion. Each
orientation domain is divided into direction domains preferring opposite directions of motion. Bottom: Each

direction domain is further sub-divided into high and low spatial frequency preferring sub-domains.
Figure 1.3: The aperture problem

a. An infinite line segment translating behind a circular aperture. The perceived direction of motion (red arrow)
is orthogonal to the line orientation and is consistent with an infinite number of veridical directions (some of
which are shown as black arrows). b. The “barber-pole” constitutes a single line or a grating translating behind
a rectangular aperture. The perceived direction of motion of the line is determined by the geometry of the
aperture. ¢. An infinite line segment in the space (left) and frequency (right) domains. The frequency domain
representation of the 2D image shows power only at an orientation orthogonal to the orientation of line segment
in space. The axes for the 2D power spectrum are spatial frequency long the x axis (SF, ) and spatial frequency
along the y axis (SF,). The origin of the plot is at the center of the image and the spectrum is symmetrical about
the origin (out of convention). Amount of power (normalized to the maximum value) is represented by the

pseudocolor scale with larger values being shown as hotter colors.



Figure 1.4: Receptive fields in spatiotemporal frequency space

a. The figure shows two spheres of the receptive field (corresponding to the neural response to opposite
directions of motion). The three axes are wx — spatial frequency along the x dimension, wy — spatial frequency
along the y dimension and ot — temporal frequency. The shape of the sphere is a result of its tuning function
along each of the three dimensions and its position determined the preferred orientation in space-time (red
arrow) of the receptive field (adapted from an earlier version of Mante and Carandini (2005)). b. A 2D
projection of the right quadrant of the plot in a, collapsing across the temporal frequency axis. The receptive
field is now a circle and the slope of the line from the origin to the center of the circle is the preferred

orientation (in space only) of this neuron.
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