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The debate about representation in the brain and the nature of the cognitive system has
been going on for decades now. This paper examines the neurophysiological evidence,
primarily from single cell recordings, to get a better perspective on both the issues. After
an initial review of some basic concepts, the paper reviews the data from single cell
recordings — in cortical columns and of category-selective and multisensory neurons. In
neuroscience, columns in the neocortex (cortical columns) are understood to be a basic
functional/computational unit. The paper reviews the fundamental discoveries about the
columnar organization and finds that it reveals a massively parallel search mechanism.
This columnar organization could be the most extensive neurophysiological evidence
for the widespread use of localist representation in the brain. The paper also reviews
studies of category-selective cells. The evidence for category-selective cells reveals
that localist representation is also used to encode complex abstract concepts at the
highest levels of processing in the brain. A third major issue is the nature of the cognitive
system in the brain and whether there is a form that is purely abstract and encoded by
single cells. To provide evidence for a single-cell based purely abstract cognitive system,
the paper reviews some of the findings related to multisensory cells. It appears that
there is widespread usage of multisensory cells in the brain in the same areas where
sensory processing takes place. Plus there is evidence for abstract modality invariant
cells at higher levels of cortical processing. Overall, that reveals the existence of a purely
abstract cognitive system in the brain. The paper also argues that since there is no
evidence for dense distributed representation and since sparse representation is actually
used to encode memories, there is actually no evidence for distributed representation in
the brain. Overall, it appears that, at an abstract level, the brain is a massively parallel,
distributed computing system that is symbolic. The paper also explains how grounded
cognition and other theories of the brain are fully compatible with localist representation
and a purely abstract cognitive system.

Keywords: localist representation, distributed representation, amodal representation, abstract cognitive system,
theory of the brain, cortical columns, category cells, multisensory neurons
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INTRODUCTION

We have argued for decades about how features of the outside
world (both abstract and concrete) are encoded and represented
in the brain (Newell and Simon, 1976; Newell, 1980; Smith, 1982;
Hinton et al., 1986; Earle, 1987; Smolensky, 1987, 1988; Fodor
and Pylyshyn, 1988; Rumelhart and Todd, 1993). In the 70s and
80s, however, when the various theories were proposed and most
of the fundamental arguments took place, study of the biological
brain was still in its infancy. We, therefore, didn’t have much
neuroscience data to properly evaluate the competing theories.
Thus, the arguments were mainly theoretical. Fortunately, that
situation has changed in recent years with a significant amount
of research in neurophysiology. We are, therefore, in a better
position now to evaluate the competing theories based on real
data about the brain.

Freeman and Skarda (1990) have argued that the brain
does not need to encode or represent features of the outside
world in any explicit way. Representation, however, is a
useful abstraction for computer and cognitive sciences and for
many other fields and neurophysiology continues to search
for correlations between neural activity and features of the
external world (Logothetis et al., 1995; Chao and Martin, 2000;
Pouget et al., 2000; Freedman et al., 2001; Wang et al., 2004;
Quiroga et al., 2005; Samejima et al., 2005; Averbeck et al.,
2006; Martin, 2007; Patterson et al.,, 2007; Kriegeskorte et al.,
2008). In fact, the two Nobel prizes in physiology for ground-
breaking discoveries about the brain have been about encoding
and representation: (1) Hubel and Wiesel’s discovery of a
variety of fundamental visual processing cells in the primary
visual cortex, such as line, edge, color and motion detector
cells (Hubel and Wiesel, 1959, 1962, 1968, 1977), and (2) the
discovery of place cells by O’keefe and grid cells by Mosers
(O’Keefe and Dostrovsky, 1971; O’keefe and Nadel, 1978; Moser
et al., 2008). Thus, in this paper, I focus primarily on the
two main competing theories of representation - localist vs.
distributed.

The cortical column - a cluster of neurons that have similar
response properties and which are located physically together
in a columnar form across layers of the cortex - is now
widely accepted in neuroscience as the fundamental processing
unit of the neocortex (Mountcastle, 1997; Horton and Adams,
2005; DeFelipe, 2012). There are some very interesting findings
from studies of the cortical columns and it makes sense to
understand the nature and operation of cortical columns from
a representational and computational point of view. So that is a
major focus of this paper.

Encoding of complex abstract concepts is the second major
focus of this paper. Distributed representation theorists have
always questioned whether the brain is capable of abstracting
complex concepts and encoding them in single cells (neurons)
or in a collection of cells dedicated to that concept. There was an
article in MedicalExpress (Zyga, 2012) on localist representation
following the publication of Roy (2012). That article includes
an extensive critique of localist representation theory by James
McClelland. T quote here a few of his responses regarding
encoding of complex concepts:

(1) “what basis do I have for thinking that the representation
I have for anyconcept - even a very familiar one -
as associated with a single neuron, or even a set of neurons
dedicated only to that concept?”

(2) “A further problem arises when we note that I may
have useful knowledge of many different instances of
every concept I know - for example, the particular
type of chicken I purchased yesterday evening at the
supermarket, and the particular type of avocados I found
to put in my salad. Each of these is a class of objects,
a class for which we may need a representation if
we were to encounter a member of the class again.
Is each such class represented by a localist representation
in the brain?”

As one can sense from these arguments, the nature and means
of encoding of complex abstract concepts is a major issue in
cognitive science. A particular type of complex abstract concept
is the concept of a category. There are several neurophysiological
studies on category representation in the brain and they provide
some new insights on the nature of encoding of abstract concepts.
I review some of those studies that show that single cells can
indeed encode abstract category concepts.

I also address the issue of modality-invariant (or amodal)
representation, which is also a form of abstraction, and provide
evidence for the extensive use of an amodal cognitive system in
the brain where such abstractions are encoded by single cells.
Finding these different kinds of abstractions in the brain (from
categorization to modality-invariance) resolves a long standing
dispute within cognitive science - between grounded cognition,
which is modality-based, and the traditional cognitive system
defined on the basis of abstractions (Borghi and Pecher, 2011).
Given the evidence for grounded cognition (Barsalou, 2008) and
the various forms of abstractions encoded by single cells, it is
fair to claim that both a purely abstract form of cognition and
modality-dependent cognition co-exist in the brain providing
different kinds of information and each is supported by localist
representation.

Finally, I address the issue of distributed representation or
population coding (Panzeri et al., 2015) and its conflict with the
evidence for localist representation. I essentially argue that there
is no evidence for distributed representation because there is
no evidence for dense distributed coding. And dense distributed
coding is the essential characteristic of distributed representation
as claimed by some of the original proponents (McClelland et al.,
1995).

The paper has the following structure. In Section “Localist vs.
Distributed Representation,” I provide the standard definitions
for localist and distributed representations and explain the
difference between distributed processing and distributed
representation. In Section “Columnar Organization in the
Neocortex,” I explore the neuroscience of columnar organization
in the neocortex and what it implies for representational theories.
In Section “Category Cells,” I review neurophysiological studies
that relate to encoding of category concepts in the brain. Section
“Multisensory Integration in the Brain” has the evidence for
multi-sensory integration and modality-invariant single cells
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in the brain. In Section “The Existence of a Single Cell-Based
Purely Abstract and Layered Cognitive System and Ties to
Grounded Cognition,” I argue that there’s plenty of evidence
for a purely abstract, single-cell based cognitive system in the
brain. In addition, I argue that a sensory-based (grounded)
non-abstract and a purely abstract cognitive system co-exist
and support each other to provide cognition in its various
forms. In Section “On the “Meaning and Interpretation”
of Single Neuron Response,” I explain what “meaning and
interpretation” implies for a single cell response. Section
“Localist Representation and Symbols” explains why localist
neurons are symbols in a computational and cognitive sense.
Section “No Evidence for Distributed Representation” argues
that there is no neurophysiological evidence for distributed
representation because distributed representation is about dense
representation. Section “Conclusion” has the conclusions.

LOCALIST VS. DISTRIBUTED
REPRESENTATION

Definitions and What They Mean

Distributed representation is generally defined to have the
following properties (Hinton et al., 1986; Plate, 2002):

e A concept is represented by a pattern of activity over
a collection of neurons (i.e., more than one neuron is
required to represent a concept).

e Each neuron participates in the representation of more than
one concept.

By contrast, in localist representation, a single neuron
represents a single concept on a stand-alone basis. But that
doesn’t preclude a collection of neurons representing a single
concept. The critical distinction between localist units and
distributed ones is that localist units have “meaning and
interpretation” whereas the distributed ones don’t. Many authors
have pointed out this distinction.

e Elman (1995, p. 210): “These representations are distributed,
which typically has the consequence that interpretable
information cannot be obtained by examining activity of
single hidden units.”

e Thorpe (1995, p. 550): “With a local representation, activity
in individual units can be interpreted directly... with
distributed coding individual units cannot be interpreted
without knowing the state of other units in the network.”

e Plate (2002):“Another equivalent property is that in a
distributed representation one cannot interpret the meaning
of activity on a single neuron in isolation: the meaning of
activity on any particular neuron is dependent on the activity
in other neurons (Thorpe, 1995).”

Thus, the fundamental difference between localist and
distributed representation is only in the interpretation and
meaning of the units, nothing else. Therefore, any and all kinds of
models can be built with either type of representation; there are
no limitations as explained by Roy (2012).

Reviewing single cell studies, Roy (2012) found evidence that
single cell activations can have “meaning and interpretation,”
starting from the lowest levels of processing such as the retina.
Thus, localist representation is definitely used in the brain. Roy
(2013) found that multimodal invariant cells exist in the brain
that can easily identify objects and concepts and such evidence
supports the grandmother cell theory (Barlow, 1995, 2009; Gross,
2002). This paper builds on those previous ones and provides
further evidence for widespread use of localist representation
by examining columnar organization of the neocortex and the
evidence for category cells.

Other Characteristics of Distributed
Representation

(a) Representational efficiency - Distributed representation
is computationally attractive because it can store multiple
concepts using a small set of neurons. With » binary output
neurons, it can represent 2" concepts because that many
different patterns are possible with that collection of binary
neurons. With localist representation, n neurons can only
represent n concepts. In Section “Columnar Organization
in the Neocortex,” I explain that this property of distributed
representation could be its greatest weakness because such a
representation cannot be a feasible structure for processing
in the brain, given the evidence for columnar organization
of the neocortex.

Mapping efficiency - Distributed representation allows
for a more compact overall structure (mapping function)
from input nodes to the output ones and that means
less number of connections and weights to train. Such
a mapping function requires less training data and will
generalize better.

Resiliency - A distributed representation based mapping
function is resilient in the sense that degradation of a few
elements in the network structure may not disrupt or effect
the overall performance of the structure.

Sparse distributed representation - A distributed
representation is sparse if only a small fraction of the n
neurons is used to represent a subset of the concepts. Some
argue that representation in the brain is sparse (Foldiak,
1990; Olshausen and Field, 1997; Hromadka et al., 2008;
Yu et al., 2013).

(b)

(©

(d)

McClelland et al. (1995), however, have argued that sparse
distributed representation doesn’t generalize very well and
that the brain uses it mainly for episodic memories in
the hippocampus. They also argue that dense distributed
representation is the only structure that can generalize well
and that the brain uses this dense form of representation
in the neocortex to learn abstract concepts. Bowers (2009)
summarizes this particular theory of McClelland et al. (1995) in
the following way: “On the basis of this analysis, it is argued that
sparse coding is employed in the hippocampus in order to store
new episodic memories following single learning trials, whereas
dense distributed representations are learned slowly and reside in
cortex in order to support word, object, and face identification
(among other functions), all of which require generalization (e.g.,
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to identify an object from a novel orientation).” The essence of
this theory is that only dense representations can generalize and
learn abstract concepts. And thus the only form of distributed
representation to consider is the dense one.

Distributed Processing vs. Distributed

Representation

The interactive activation (IA) model of McClelland and
Rumelhart (1981), shown in Figure 1, is a classic localist model.
The IA model is a localist model simply because the letter-feature,
letter and word units have labels on them, which implies that
they have “meaning and interpretation.” Although the model is
localist, it uses distributed and parallel processing. For example,
all of the letter units are computed in parallel with inputs
from the letter-feature layer. Similarly, all of the word units are
computed in parallel with inputs from the letter units layer. Thus,
both localist and distributed representation can exploit parallel,
distributed processing. The representation type, therefore, does
not necessarily place a restriction on the type of processing. And
localist representation can indeed parallelize computations.

COLUMNAR ORGANIZATION IN THE
NEOCORTEX

Although the neocortex of mammals is mainly characterized
by its horizontal layers with different cell types in each layer,
researchers have found that there is also a strong vertical
organization in some regions such as the somatosensory,
auditory, and visual cortices. In those regions, the neuronal
responses are fairly similar in a direction perpendicular to
the cortical surface, while they vary in a direction parallel to
the surface (Goodhill and Carreira-Perpifidn, 2002). The set of

FIGURE 1 | Schematic diagram of a small subcomponent of the
interactive activation model. Bottom layer codes are for letter features,
second layer codes are for letters, and top layer codes are for complete
words, all in a localist manner. Arrows depict excitatory connections between
units; circles depict inhibitory connections. Adapted from Figure 3 of
McClelland and Rumelhart (1981), by permission of American Psychological
Association.

neurons in the perpendicular direction have connections between
them and form a small, interconnected column of neurons.
Lorente de N6 (1934) was the first to propose that the cerebral
cortex is formed of small cylinders containing vertical chains of
neurons and that these were the fundamental units of cortical
operation. Mountcastle (1957) was the first to discover this
columnar organization (that is, the clustering of neurons into
columns with similar functional properties) in the somatosensory
cortex of cats. Hubel and Wiesel (1959, 1962, 1968, 1977) also
found this columnar organization in the striate cortex (primary
visual cortex) of cats and monkeys.

A minicolumn, a narrow vertical chain of interconnected
neurons across the cortical layers, is considered the basic
unit of the neocortex. The number of neurons in these
minicolumns generally is between 80 and 100, but can be more
in certain regions like the striate cortex. A cortical column (or
module) consists of a number of minicolumns with horizontal
connections. A cortical column is a complex processing unit
that receives input and produces outputs. In some cases, the
boundaries of these columns are quite obvious (e.g., barrels in
the somatosensory cortex and ocular dominance columns in the
visual cortex), but not always (e.g., orientation columns in the
striate cortex).

Figure 2 shows the “ice cube” models that explain the spatial
structure of orientation columns, ocular dominance columns and
hypercolumns across layers of the striate cortex. An orientation
column has cells that have the same orientation (i.e., they respond
to an edge or bar of light with the same orientation) and
this columnar structure is repeated in the striate cortex for
different orientations and different spatial positions [receptive
fields (RFs)] on the retina. Tanaka (2003) notes that: “Cells
within an orientation column share the preferred orientation,
while they differ in the preferred width and length of stimuli,
binocular disparity, and the sign of contrast.” Hypercolumn
(macrocolumn) cells, on the other hand, respond to the same
spatial position (RF) in the retina, but have different orientation
preferences. Orientation preferences generally changes linearly
from one column to the next, but can have jumps of 90 or
180°. A hypercolumn (macrocolumn) contains about 50-100
minicolumns. According to Krueger et al. (2008), the neocortex
has about 100 million minicolumns with up to 110 neurons in
each.

Direction of motion selectivity columns have been found in
the middle temporal (MT) visual area of macaque monkeys
(Albright et al., 1984; DeAngelis and Newsome, 1999). Figure 3
shows the distribution of preferred directions of 95 direction-
selective lateral intraparietal area (LIP) neurons of two male
rhesus monkeys from the study by Fanini and Assad (2009). Out
of the 614 MT direction selective neurons monitored by Albright
et al. (1984), 55% responded to moving stimuli independent of
color, shape, length, or orientation. The response magnitude and
tuning bandwidth of the remaining cells depended on stimulus
length, but not the preferred direction. They also found that “cells
with a similar direction of motion preference are also organized
in vertical columns and cells with opposite direction preferences
are located in adjacent columns within a single axis of motion
column.” Diogo et al. (2002) found direction selective clusters of

Frontiers in Psychology | www.frontiersin.org

February 2017 | Volume 8 | Article 186


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Roy

A Purely Abstract Cognitive System

FIGURE 2 | Orientation columns, ocular dominance columns, hypercolumns, and layers of the striate cortex. (A) Adapted from Figure 1 of Bressloff and
Carroll (2015). (B) Reprinted from Ursino and La Cara (2004), with permission from Elsevier.
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FIGURE 3 | Distribution of preferred directions for 95
direction-selective LIP neurons of two male rhesus monkeys (filled
arrowheads for monkey H and open arrowheads for monkey R).
Adapted from Figure 6 of Fanini and Assad (2009), by permission of

The American Physiological Society.

cells in the visual area MT of the Cebus apella monkey that change
gradually across the surface of MT but also had some abrupt 180°
discontinuities.

Tanaka (2003) found cells in the inferotemporal cortex (area
TE) that selectively respond to complex visual object features and
those that respond to similar features cluster in a columnar form.
For example, he found cells in a TE column that responded to
star-like shapes, or shapes with multiple protrusions in general.
Tanaka (2003) notes: “They are similar in that they respond to
star-like shapes, but they may differ in the preferred number
of protrusions or the amplitude of the protrusions.” Figure 4
shows types of complex objects (complex features) found (or
hypothesized) by Tanaka in TE columnar modules. He also notes:
“Since most inferotemporal cells represent features of object images
but not the whole object images, the representation of the image
of an object requires a combination of multiple cells representing
different features contained in the image of the object.”

In general, neuroscientists have discovered the columnar
organization in many regions of the mammalian neocortex.
According to Mountcastle (1997), columnar organization is just
one form of modular organization in the brain. Mountcastle
(1997) notes that the modular structure varies “in cell type and

number, in internal and external connectivity, and in mode of
neuronal processing between different large entities.” DeFelipe
(2012) states that “The columnar organization hypothesis is
currently the most widely adopted to explain the cortical processing
of information. ..” although there are area and species specific
variations and some species, such as rodents, may not have
cortical columns (Horton and Adams, 2005). However, Wang
et al. (2010) found similar columnar functional modules in
laminated auditory telencephalon of an avian species (Gallus
gallus). They conclude that laminar and columnar properties of
the neocortex are not unique to mammals. Rockland (2010) states
that columns (as modules) are widely used in the brain, even in
non-cortical areas.

Columnar Organization - Its Functional
Role and as Evidence for Localist

Representation

Neuroscience is still struggling to understand the functional
role of columnar organization in cortical processing (Horton
and Adams, 2005; DeFelipe, 2012). Here I offer a macro level
functional explanation for columnar organization and the way
it facilitates fast and eflicient processing of information. I
also explain why distributed representation (population coding)
is inconsistent with and infeasible for the type of superfast
processing required in certain parts of the neocortex (and perhaps
for other parts of the brain also), where such superfast processing
is facilitated by the columnar organization. And columnar
organization could be the most extensive neuroscience evidence
we have so far for the widespread use of localist representation in
the brain.

What the columnar organization reveals is a massively parallel
search mechanism - a mechanism that, given an input, searches
in parallel for a match within a discrete set of explicitly coded
features (concepts). In other words, it tries to match the input,
in parallel, to one of the component features in the discrete
set, where each such component feature is encoded separately
by one or more minicolumns. And the search is parallelized
for all similar inputs that arrive simultaneously at a processing
stage. That is, each input that arrives at the same time at a
processing stage, is processed immediately and separately in a
parallel mode. To make this type of parallelized search feasible
for multiple inputs, it provides a dedicated macrocolumn (such
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FIGURE 4 | Columnar modules of region TE. Adapted from Figures 3 and 7 of Tanaka (2003), by permission of Oxford University Press.

as a hypercolumn), that encodes the same set of discrete features
in its minicolumns, to each and every input (e.g., a RF) so that
it can be processed separately in parallel. Horton and Adams
(2005) describe a hypercolumn as a structure that contains “a
full set of values for any given set of receptive field parameters.”
The discrete set of explicit features (concepts) — which range
from simple features (e.g., line orientation) to complex and
invariant ones (e.g., a star-like shape) and where the set of features
depends on the processing level - is, of course, learned over
time.

Thus, the defining principle of columnar organization is
this parallel search for a matching explicit feature within a
discrete set, given an input, and performing such searches for
multiple inputs at the same time (in parallel), where such parallel
searches for multiple inputs are facilitated by deploying separate
dedicated macrocolumns for each input. This same parallel
search mechanism is used at all levels of processing as necessary.
This mode of processing is, without question, very resource
intensive. However, this mode of processing is an absolute
necessity for the neocortex (and elsewhere in the brain) wherever
there is a need for incredibly fast processing.

What’s really unique about columnar organization is the fact
that it creates a discrete set of features (concepts) that are
explicit. The features are explicit in the sense that they are
interpretable and can be assigned meaning. And that organizing
principle provides direct evidence for widespread use of localist
representation in the cortex and perhaps other areas of the brain
(Page, 2000; Roy, 2012, 2013). Here’s an explanation from a
computational point of view why columnar organization works
that way and why distributed representation, especially dense
distributed representation which is hypothesized to be used in
the neocortex (McClelland et al., 1995; Poggio and Bizzi, 2004;
Bowers, 2009), is not compatible with the processing needs. In
dense distributed representation, concepts are coded by means
of different patterns of activation across several output units
(neurons) of a network. If such a pattern vector, which can
code for any number of concepts, is transmitted to another
system, that system would have to know how to decode that
pattern vector and determine what the concept is. That means
that the receiving system would require a decoding processor
(a decoder) to understand an incoming pattern vector encoded

by signals from a population of neurons. If the columnar
organization were to use dense distributed representation to
code for features and concepts, it would have to deploy
millions of such decoders. That obviously would add layers
of processing and slow down the processing of any stimulus.
Explicit features, encoded by one or more neurons in cortical
columns, make the interpretation (decoding) task simple for
subsequent processes. Thus, learning of explicit features by the
columnar organization could be mainly about simplification of
computations and to avoid a complex decoding problem at every
stage of processing.

CATEGORY CELLS

There is significant evidence at this point that animal brains,
from insects to humans, have the ability to generalize and create
abstract categories and concepts and encode and represent them
in single cells or multiple cells, where each group of such cells is
dedicated to a single category or concept. This reveals a lot about
mental representation in the brain. This aspect of abstraction and
representation of such abstractions has been ignored and denied
in the distributed representation theory.

The Evidence for Abstract Category Cells

Regarding the ability to create abstract categories, Freedman and
Miller (2008) notes (p. 312): “Categorization is not an ability
that is unique to humans. Instead, perceptual categorization and
category-based behaviors are evident across a broad range of
animal species, from relatively simple creatures like insects to
primates.” Researchers have found such abstraction capability in
a variety of studies of animals and insects. Wyttenbach et al.
(1996), for example, found that crickets categorize the sound
frequency spectrum into two distinct groups — one for mating
calls and the other for signals of predatory bats. Schrier and Brady
(1987), D’amato and Van Sant (1988) and others have found that
monkeys can learn to categorize a large range of natural stimuli.
Roberts and Mazmanian (1988) found that pigeons and monkeys
can learn to distinguish between animal and non-animal pictures.
Wallis et al. (2001) recorded from single neurons in the prefrontal
cortex (PFC) of monkeys that learned to distinguish whether
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two successively presented pictures were same or different.
Fabre-Thorpe et al. (1998) found that monkeys can accurately
categorize images (food vs. non-food, animal vs. non-animal)
with remarkable speed in briefly flashed stimuli. They conclude:
“Overall, these findings imply that rapid categorization of natural
images in monkeys must rely, as in humans, on the existence of
abstract categorical concepts.”

Merten and Nieder (2012) found single neurons in the
PFC of two rhesus monkeys that encoded abstract “yes” and
“no” decisions from judgment about the presence or absence
of a stimulus. They note the following (p. 6291): “we report
a predominantly categorical, binary activation pattern of “yes”
or “no” decision coding.” Rolls et al. (1997) found viewpoint-
independent spatial view cells in the vicinity of the hippocampus
in monkeys. These cells responded when the monkey looked
toward a particular view, independent of the place where the
monkey is or its head direction. Vogels (1999) found single cells
in the anterior temporal cortex of two rhesus monkeys that were
involved in distinguishing trees from non-trees in color images.
About a quarter of those neurons responded in a category-specific
manner (that is, either trees or non-trees). And the responses
were mostly invariant to stimulus transformation, e.g., to changes
in position and size.

Lin et al. (2007) report finding “nest cells” in the mouse
hippocampus that fire selectively when the mouse observes a
nest or a bed, regardless of the location or the environment. For
example, they found single cells that drastically increased the
firing rate whenever the mouse encountered a nest. If the mouse
looked away from the nest, that single cell became inactive. In
testing for invariance, they note (p. 6069): “Together, the above
experiments suggest that the responses of the nest cell remained
invariant over the physical appearances, geometric shapes,
design styles, colors, odors, and construction materials, thereby
encoding highly abstract information about nests. The invariant
responses over the shapes, styles, and materials were also observed
in other nest cells.”

Other single cell studies of the monkey visual temporal
cortex have discovered neurons that respond selectively
to abstract patterns or common, everyday objects (Fujita
et al., 1992; Logothetis and Sheinberg, 1996; Tanaka, 1996;
Freedman and Miller, 2008). Freedman and Miller (2008)
summarize these findings from single cell recordings
quite well (p. 321): “These studies have revealed that the
activity of single neurons, particularly those in the prefrontal
and posterior parietal cortices (PPCs), can encode the
category membership, or meaning, of visual stimuli that the
monkeys had learned to group into arbitrary categories.”

Different types of faces, or faces in general, represent a type of
abstract categorization. Face-selective cells have been a dominant
area of investigation in the last few decades. Bruce et al. (1981)
were the first ones to find face selective cells in the monkey
temporal cortex. Rolls (1984) found face cells in the amygdala
and Kendrick and Baldwin (1987) found face cells in the cortex
of the sheep. Gothard et al. (2007) studied neural activity in
the amygdala of monkeys as they viewed images of monkey
faces, human faces and objects on a computer monitor. They
found single neurons that respond selectively to images from

each category. They also found one neuron that responded to
threatening monkey faces in particular. Their general observation
is (p. 1674): “These examples illustrate the remarkable selectivity
of some neurons in the amygdala for broad categories of stimuli.”
Tanaka (2003) also observed single cell representation of faces
and observes: “Thus, there is more convergence of information to
single cells for representations of faces than for those of non-face
objects.”

On the human side, in experiments with epileptic patients,
Fried et al. (1997) found some single medial temporal lobe
(MTL) neurons that discriminate between faces and inanimate
objects and others that respond to specific emotional expressions
or facial expression and gender. Kreiman et al. (2000),
in similar experiments with epileptic patients, found MTL
neurons that respond selectively to categories of pictures
including faces, houses, objects, famous people and animals
and they show a strong degree of invariance to changes in
the input stimuli. Kreiman et al. (2000) report as follows:
“Recording from 427 single neurons in the human hippocampus,
entorhinal cortex and amygdala, we found a remarkable degree
of category-specific firing of individual neurons on a trial-by-trial
basis. ... Our data provide direct support for the role of human
medial temporal regions in the representation of different categories
of visual stimuli.” Recently, Mormann et al. (2011) analyzed
responses from 489 single neurons in the amygdalae of 41
epilepsy patients and found that individual neurons in the right
amygdala are particularly selective of pictures of animals and that
it is independent of emotional dimensions such as valence and
arousal.

In reviewing these findings, (2000) observes:
“Electrophysiology  has identified  individual neurons  that
respond selectively to highly complex and abstract visual stimuli.”
According to Pan and Sakagami (2012), “experimental evidence
shows that the PFC plays a critical role in category formation and
generalization.” They claim that the prefrontal neurons abstract
the commonality across various stimuli. They then categorize
them on the basis of their common meaning by ignoring their
physical properties. These PFC neurons also learn to create
boundaries between significant categories.

Gross

Can We Believe these Studies? Are They
Truly Category-Selective Cells?

These studies, that claim category-selective response of single
cells, are often dismissed because, in these experiments, the cells
are not exhaustively evaluated against a wide variety of stimuli.
Desimone (1991) responds to that criticism with respect to face
cell studies: “Although they do not provide absolute proof, several
studies have tried and failed to identify alternative features that
could explain the properties of face cells.” For example, many
studies tested the face cells with a variety of other stimulus,
including textures, brushes, gratings, bars and edges of various
colors, and models of complex objects, such as snakes, spiders,
and food, but there was virtually no response to any such stimulus
(Bruce et al., 1981; Perrett et al., 1982; Desimone et al., 1984;
Baylis et al., 1985; Rolls and Baylis, 1986; Saito et al., 1986). In
fact, each such face cell responded to a variety of faces, including
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real ones, plastic models, and photographs of different faces (e.g.,
monkey, human). Rolls and Baylis (1986) found that many face
cells actually respond to faces over more than a 12-fold range in
the size. Others report that many face cells respond over a wide
range of orientations in the horizontal plane (Perrett et al., 1982,
1988; Desimone et al., 1984; Hasselmo et al., 1989). Desimone
(1991) concludes: “Taken together, no hypothesis, other than face
selectivity, has yet been advanced that could explain such complex
neuronal properties.”

Are Category-Selective Cells Part of a
Dense Distributed Representation? If So,
Do We Need Exhaustive Testing to Find
that Out?

A dense distributed representation uses a small set of neurons to
code for many different concepts. The basic idea is compressed
encoding of concepts using a small physical structure. This also
means that different levels of activations of these neurons will
code for different concepts. In other words, for any given concept,
most of the neurons in such a representation should be active
at a certain level. If that is the case and if a so-called “category-
selective” cell is actually a part of a dense representation, then
stimuli that belong to different abstract concepts should activate
the so-called “category-selective” cell quite often. There is no
need for exhaustive testing with different stimuli to find that the
“category-selective” cell is part of a dense representation. Testing
with just a few different types of stimuli should be sufficient to
verify that a cell is either part of a dense representation that codes
for complex concepts or codes for a lower level feature. And that’s
what is usually done in these neurophysiological studies and that
should be sufficient. That doesn’t mean that rigorous testing is
not required. It only means that we don’t need exhaustive testing
to establish that a cell is selective of certain types of stimuli.

MULTISENSORY INTEGRATION IN THE
BRAIN

Research over the last decade or so has produced a large
body of evidence for multisensory integration in the brain
and even in areas that were previously thought to be strictly
unisensory or unimodal. Ghazanfar and Schroeder (2006)
claim that multisensory integration extend into early sensory
processing areas of the brain and that neocortex is essentially
multisensory. Stein and Stanford (2008) observes that many areas
that were previously classified as unisensory contain multisensory
neurons. This has been revealed by anatomical studies that show
connections between unisensory cortices and by imaging and
ERP studies that reveal multisensory activity in these regions.
Klemen and Chambers (2012), in a recent article, notes that
there is now “broad consensus that most, if not all, higher, as well
as lower level neural processes are in some form multisensory.”
The next two sections examine some specific evidence for
multisensory integration.

The Evidence for Multisensory

Integration in Various Parts of the Brain
Neurons in the lateral intraparietal (LIP) area of the PPC are
now known to be multisensory, receiving a convergence of eye
position, visual and auditory signals (Andersen et al., 1997).
Ventral intraparietal area (VIP) neurons have been found to
respond to visual, auditory, somatosensory and vestibular stimuli,
and for bi- or tri-modal VIP neurons, RFs driven through
different modalities usually overlap in space (Duhamel et al.,
1998). Graziano et al. (1999) found neurons in the premotor
cortex that responded to visual, auditory and somatosensory
inputs. Maier et al. (2004) found that the function of these
neurons appear to be ‘defense’ related in the sense that
monkeys (and humans) are sensitive to visual, auditory and
multisensory looming signals that indicate approaching danger.
Morrell (1972) reported that up to 41% of visual neurons
could be driven by auditory stimuli. Single unit recordings in
the IT cortex of monkeys performing a crossmodal delayed-
match-to-sample task shows that the ventral temporal lobe
may represent objects and events in a modality invariant way
(Gibson and Maunsell, 1997). Saleem et al. (2013) recorded
from mice that traversed a virtual environment and found that
nearly half of the primary visual cortex (V1) neurons were
part of a multimodal processing system that integrated visual
motion and locomotion during navigation. In an anatomical
study, Budinger and Scheich (2009) show that the primary
auditory field AI in a small rodent, the Mongolian gerbil,
has multiple connections with auditory, non-auditory sensory
(visual, somatosensory, olfactory), multisensory, motor, “higher
order” associative and neuromodulatory brain structures. They
observe that these connections possibly mediate multimodal
integration processes at the level of AIl. Some studies have
shown that auditory (Romanski and Goldman-Rakic, 2002),
visual (Wilson et al., 1993; O’Scalaidhe et al., 1999; Hoshi et al.,
2000), and somatosensory (Romo et al., 1999) responsive neurons
are located within the ventrolateral prefrontal cortex (VLPFC),
suggesting that VLPFC is multisensory.

The Evidence for Modality-Invariant

Single Cell Representation in the Brain
Here, I review some of the evidence for modality-invariant single
cells in the brain of humans and non-human.

Fuster et al. (2000) were the first to find that some PFC
cells in monkeys integrate visual and auditory stimuli across
time by having them associate a tone of a certain pitch for
10 s with a color. PFC cells responded selectively to tone and
most of them also responded to colors as per the task rules.
They conclude that PFC neurons are part of an integrative
network that represent cross modal associations. Romanski
(2007) recorded from the VLPFC of rhesus macaques as they
were presented with audiovisual stimuli and found that some
cells in VLPFC are multisensory and respond to both facial
gestures and corresponding vocalizations. Moll and Nieder
(2015) trained carrion crows to perform a bimodal delayed paired
associate task in which the crows had to match auditory stimuli
to delayed visual items. Single-unit recordings from the area
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nidopallium caudolaterale (NCL) found memory signals that
selectively correlated with the learned audio-visual associations
across time and modality. Barraclough et al. (2005) recorded
from 545 single cells in the temporal lobe (upper and lower
banks of the superior temporal sulcus (STS) and IT) from
two monkeys to measure the integrative properties of single
neurons using dynamic stimuli, including vocalizations, ripping
paper, and human walking. They found that 23% of STS
neurons that are visually responsive to actions are modulated
significantly by the corresponding auditory stimulus. Schroeder
and Foxe (2002), using intracranial recordings, have confirmed
multisensory convergence in the auditory cortex in macaque
monkeys. Using single microelectrode recordings in anesthetized
monkeys, Fu et al. (2003) confirmed that such convergence in the
auditory cortex occurs at the single neuron level.

In some experiments, reported in Quian Quiroga et al. (2009)
and others, they found that single MTL neurons can encode
an object-related concept irrespective of how it is presented -
visual, textual, or sound. They checked the modality invariance
properties of a neuron by showing the subjects three different
pictures of the particular individual or object that a unit responds
to and their spoken and written names. In these experiments,
they found a neuron in the left anterior hippocampus that fired
selectively to three pictures of the television star Oprah Winfrey
and to her written and spoken name (Quian Quiroga et al,
2009, p. 1308). The neuron also fired to a lesser degree to a
picture of actress Whoopi Goldberg. And none of the other
responses of the neuron were significant, including to other
text and sound presentations. They also found a neuron in the
entorhinal cortex of a subject that responded (Quian Quiroga
et al,, 2009, p. 1308) “selectively to pictures of Saddam Hussein as
well as to the text ‘Saddam Hussein’ and his name pronounced by
the computer. . ... There were no responses to other pictures, texts,
or sounds.”

Quian Quiroga (2012, p. 588) found a hippocampal neuron
which responded selectively to pictures of Halle Berry, even when
she was masked as Catwoman (a character she played in a movie).
And it also responded to the letter string “HALLE BERRY,” but
not to other names. They also found that a large proportion of
MTL neurons respond to both pictures and written names of
particular individuals (or objects) and could also be triggered by
the name of a person pronounced by synthesized voice. Hence,
they conclude: “These and many other examples suggest that MTL
neurons encode an abstract representation of the concept triggered
by the stimulus.” Quian Quiroga et al. (2008) estimate that 40% of
MTL cells are tuned to such explicit representation.

Suthana and Fried (2012, p. 428) found an MTL neuron that
responded to a picture of the Sydney Opera House but not to 50
other landmarks. It also responded to “many permutations and
physically different representations of the Sydney Opera House,
seen in color, in black and white, or from different angles.”
The same neuron also responded to the written words “Sydney
Opera.” Nieder (2013) found single neurons in a parieto-frontal
cortical network of non-human primates that are selectively
tuned to number of items. He notes that: “Such ‘number neurons’
can track items across space, time, and modality to encode
numerosity in a most abstract, supramodal way.”

THE EXISTENCE OF A SINGLE
CELL-BASED PURELY ABSTRACT AND
LAYERED COGNITIVE SYSTEM AND
TIES TO GROUNDED COGNITION

Sections “Category Cells and Multisensory Integration in the
Brain” on category cells and multisensory, modality-invariant
cells provide significant biological evidence for the existence of
a single cell-based purely abstract cognitive system in the brain.
The multisensory cells are abstract in the sense that they integrate
information from more than one sensory process. And since
the multisensory neurons are also present in what are generally
considered to be unisensory areas, such an abstract cognitive
system is well-spread out in various parts of the brain and not
confined to a few areas. This does not mean that cognition in
appropriate cases is not grounded in sensory-motor processes
(Barsalou, 2008, 2010; Pezzulo et al., 2013). In this section,
I extend a well-known abstract model of cognition and show
how abstract cognition could be connected to modality-based
representations, memory and sensory processes and invoke them
as necessary. And it is fair to claim, based on the biological
evidence, that both the abstract and non-abstract systems co-exist
in the brain and are tightly integrated.

Lets now examine an often referenced abstract model of
cognition from Collins and Quillian (1969) shown in Figure 5.
Rogers and McClelland (2004, 2008) uses the same model to
illustrate how distributed representation might be able to create
the same semantic structure. Figure 5 shows a possible way of
storing semantic knowledge where semantics are based on a
hierarchy of abstract concepts and their properties. Given the
evidence for category and multisensory abstract cells, this model
now looks fairly realistic. In this tree structure, nodes represent
abstract categories or concepts and arrows reflect properties
of that category or concept. For example, the node bird has
arrows for the properties feathers, fly, and wings. The arrows
point to other nodes that represent these properties, which are
also abstract concepts. The semantic tree shows the hierarchical
relationship of these abstract concepts and categories. For
example, plant and animal are subcategories of living thing. Here,
nodes pass down their properties to the descendant nodes. For
example, salmon inherits all the properties of fish (scales, swim,
and gills) and also the properties of animal (move, skin) and living
thing (grow, living). The properties of higher level concepts reflect
the common properties of lower level concepts. The tree produces
propositions such as: living things grow; a plant is a living thing; a
tree is a plant; and an oak is a tree. It therefore follows that an oak
can grow.

This model can be easily extended to include modality-
based representations, memory and sensory processes including
simulations. For example, the robin node could be a multimodal
invariant abstraction that is activated by the physical appearance
of a robin (or its picture), by its singing and by the written or
spoken name “robin.” However, multisensory integration exists
at many levels of processing. For example, there could be a
multisensory neuron that integrates information from just the
visual and auditory systems. That is, it fires with the physical
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FIGURE 5 | A taxonomic hierarchy of the type used by Collins and Quillian (1969). Adapted from Figure 2, Rogers and McClelland (2008) reproduced with
permission.

appearance of a robin (or its picture) and/or when it sings. Many
other combinations of sensory information are possible - two at
a time, three at a time and so on.

Thus, there could be a layered structure of abstractions in the
brain, starting with bi-modals, then tri-modals and so on. And
Section “Multisensory Integration in the Brain” cites evidence for
such different levels of abstractions. One can think of this layered
structure of abstractions in terms of an inverted tree (similar
to Figure 5) culminating in a single, high-level multimodal
abstraction such as the robin node of Figure 5. Inversely, one
can think of the robin node having deep extensions into lower
levels of modality invariant neurons through an extended tree
structure. The lowest level bi-modal invariant nodes, in turn,
could be coupled with modal-based representations, memories
and sensory processes. A modal representation of a robin in the
visual system could have links to a memory system that has one
or more generic pictures of robins in different colors and thereby
provide access to the imagery part of cognition (Kosslyn et al.,
2006). A visual system can also trigger a simulation of the bird
flying (Goldman, 2006).

In summary, a purely abstract cognitive system could be
tightly integrated with the sensory system and the integration
could be through the layered level of abstractions that various
multisensory neurons provide. In other words, the conjecture
is that a purely abstract cognitive system co-exists with a
sensory-based cognition system and perhaps is mutually
dependent. For example, the fastest way to trigger the
visualization of robins on hearing some robins singing in
the background could be through the multisensory (bi-modal)
neurons embedded in the sensory systems. The abstract
cognitive system could, in fact, provide the connectivity
between the sensory systems and be the backbone of
cognition in its various forms. So the second part of this
Barsalou (2008, p. 618) statement is very consistent with
the claims in this section: “From the perspective of grounded
cognition, it is unlikely that the brain contains amodal symbols;
if it does, they work together with modal representations to create
cognition.” And Sections “Multisensory Integration in the Brain

and The Existence of a Single Cell-Based Purely Abstract and
Layered Cognitive System and Ties to Grounded Cognition”
answers another Barsalou question (p. 631): “Can empirical
evidence be found for the amodal symbols still believed by many to
lie at the heart of cognition?”

ON THE “MEANING AND
INTERPRETATION” OF SINGLE NEURON
RESPONSE

I come back to the issue of “meaning and interpretation” of the
response of a single neuron, an issue that is crucial to the claims
of both localist representation and a purely abstract cognitive
system. Instead of getting into a philosophical discussion on
meaning of the term “meaning,” it would be better if we grounded
the discussion in neurophysiology. In neurophysiology, the
purpose of testing single neurons with different stimuli is to find
the correlation between the response and the collection of stimuli
that causes it. This is the “meaning and interpretation” of the
response to an external observer such as a scientist. From an
internal point of view of the brain, the firing of a neuron can
have a cascading effect and trigger other neurons to fire and this
generates extra information or knowledge. This is best explained
with reference to Figure 5 and the discussions in Sections
“Multisensory Integration in the Brain and The Existence of a
Single Cell-Based Purely Abstract and Layered Cognitive System
and Ties to Grounded Cognition.” For example, when we see
a robin, it would fire a bi-modal neuron that associates the
physical appearance of a robin with its singing. This and other
multisensory neurons would, in turn, cause the multimodal
invariant robin node of Figure 5 to fire. That firing, in turn, would
cause the other associated nodes of Figure 5 to fire, such as the
nodes bird, animal, living thing and their associated properties.
What this means is that the brain activates and collects a body of
knowledge after seeing the robin. And that body of knowledge,
from multiple cell activations, is the composition of internal
meaning of robin in the brain. And that whole body of knowledge
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can be activated by any and all of the sensory modalities. And
that body of knowledge is the sense of “meaning” internal to the
brain. And we observe this body of knowledge when we find
the multisensory and abstract neurons in the brain. Of course,
a simple line orientation cell or a color detection cell may not
activate such a large body of abstract knowledge internally in the
brain. But these cells still have both internal and external meaning
in a similar sense.

LOCALIST REPRESENTATION AND
SYMBOLS

An obvious question is, in what way is localist representation
symbolic? T explain it here in a computational sense without
getting into a philosophical discussion of symbols. One can
think of the neurons, in parts of the brain that use localist
representation, as being a unit of memory in a computing
system that is assigned to a certain variable. The variables in
this case range from a purely abstract concept (e.g., a bird) to
something as concrete as a short line segment with a certain
orientation. And when any of these neurons fire, it transmits a
signal to another processor. These processors could, in turn, be
neurons in the next layer of a sensory cortex, in the working
memory of the PFC or any other neurons it is connected to.
Thus, a localist neuron not only represents a variable in the
computing sense, but also does processing at the same time.
And, in this computational framework, the so-called variables
represented by the localist neurons have meaning inside the brain
and are also correlated with stimuli from the external world,
as explained in Section “Localist Representation and Symbols.”
Hence, these localist neurons are symbols both in the computing
sense and because they are correlated with certain kinds of
external stimuli.

NO EVIDENCE FOR DISTRIBUTED
REPRESENTATION

As mentioned in Section “Other Characteristics of Distributed
Representation,” McClelland et al. (1995) have argued that
sparse distributed representation does not generalize very well
and that the brain uses it mainly for episodic memories
in the hippocampus. They also argue that dense distributed
representation is the only structure that can generalize well
and that the brain uses this dense form of representation
in the cortex to learn abstract concepts. And thus the only
form of distributed representation to consider is the dense
one. But no one has found a dense form of coding anywhere
in the brain. In a recent review article, Panzeri et al. (2015)
summarize the findings of population coding studies as follows
(p. 163): “... a small but highly informative subset of neurons
is sufficient to carry essentially all the information present in the
entire observed population.” They further observe that (pp. 163-
164): “This picture is consistent with the observed sparseness of

cortical activity (Barth and Poulet, 2012) (at any moment only
a small fraction of neurons are active) and is compatible with
studies showing that perception and actions can be driven by
small groups of neurons (Houweling and Brecht, 2008).” These
observations are also supported by other studies (Olshausen
and Field, 1997; Hromadka et al., 2008; Ince et al., 2013;
Yu et al, 2013). And these findings are quite consistent with
findings on multisensory neurons that indicate that a lot of
information can be coded in a compact form by a small set of
neurons.

CONCLUSION

Neurophysiology has provided a significant amount of
information about how the brain works. Based on these
numerous studies, one can generalize and claim that the brain
uses single cells (or a collection of dedicated cells) to encode
particular features and abstract concepts at various levels of
processing. One can also claim, based on the evidence for
multisensory neurons and category cells, that the brain has a
purely abstract and layered cognitive system that is also based
on single cell encoding. And that abstract cognitive system, in
turn, is connected to the sensory processes and memory. The
combined abstract and non-abstract cognitive systems provide
the backbone for cognition in its various forms. Parts of the
abstract system are also embedded in the sensory systems and
provide fast connectivity between the non-abstract systems. This
kind of architecture has real value in terms of simplification,
concreteness, automation, and computational efficiency. It
essentially automates the recognition of familiar patterns at every
processing layer and module and delivers such information to
other layers and modules in a simplified form.

Cells that encode features and abstract concepts have meaning
and interpretation at the cognitive level. Thus, these cells provide
easy and efficient access to cognitive level information. Thus far,
we have had no clue where cognitive level information was in the
brain. These neurophysiological studies are slowly revealing that
secret. It could be claimed that these feature and abstract concept
cells provide the fundamental infrastructure for cognition and
thought.

From these neurophysiological studies, it appears that, at
an abstract level, the brain is a massively parallel, distributed
computing system that is symbolic. It employs symbols from the
earliest levels of processing, such as with discrete sets of feature
symbols for line orientation, direction of motion and color, to the
highest levels of processing, in the form of abstract category cells
and other modality-invariant concept cells.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
approved it for publication.

Frontiers in Psychology | www.frontiersin.org

February 2017 | Volume 8 | Article 186


http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Roy

A Purely Abstract Cognitive System

REFERENCES

Albright, T. D., Desimone, R., and Gross, C. G. (1984). Columnar organization of
directionally selective cells in visual area MT of the macaque. J. Neurophysiol.
51,16-31.

Andersen, R. A., Snyder, L. H., Bradley, D. C., and Xing, J. (1997). Multimodal
representation of space in the posterior parietal cortex and its use in planning
movements. Annu. Rev. Neurosci. 20, 303-330. doi: 10.1146/annurev.neuro.20.
1.303

Averbeck, B. B., Latham, P. E., and Pouget, A. (2006). Neural correlations,
population coding and computation. Nat. Rev. Neurosci. 7, 358-366. doi: 10.
1038/nrn1888

Barlow, H. (2009). “Grandmother cells, symmetry, and invariance: how the term
arose and what the facts suggest,” in The Cognitive Neurosciences, 4th Edn, ed.
M. Gazzaniga (Cambridge, MA: MIT Press), 309-320.

Barlow, H. B. (1995). “The neuron doctrine in perception,” in The Cognitive
Neurosciences, ed. M. S. Gazzaniga (Cambridge, MA: MIT Press), 415-434.

Barraclough, N. E., Xiao, D., Baker, C. I, Oram, M. W., and Perrett, D. L. (2005).
Integration of visual and auditory information by superior temporal sulcus
neurons responsive to the sight of actions. J. Cogn. Neurosci. 17, 377-391.
doi: 10.1162/0898929053279586

Barsalou, L. W. (2008). Grounded cognition. Annu. Rev. Psychol. 59, 617-645.
doi: 10.1146/annurev.psych.59.103006.093639

Barsalou, L. W. (2010). Grounded cognition: Past, present, and future. Top. Cogn.
Sci. 2, 716-724. doi: 10.1111/j.1756-8765.2010.01115.x

Barth, A. L., and Poulet, J. F. (2012). Experimental evidence for sparse firing
in the neocortex. Trends Neurosci. 35, 345-355. doi: 10.1016/j.tins.2012.
03.008

Baylis, G. C., Rolls, E. T., and Leonard, C. M. (1985). Selectivity between faces in
the responses of a population of neurons in the cortex in the superior temporal
sulcus of the monkey. Brain Res. 342, 91-102. doi: 10.1016/0006-8993(85)
91356-3

Borghi, A. M., and Pecher, D. (2011). Introduction to the special topic embodied
and grounded cognition. Front. Psychol. 2:187. doi: 10.3389/fpsyg.2011.
00187

Bowers, J. (2009). On the biological plausibility of grandmother cells: implications
for neural network theories in psychology and neuroscience. Psychol. Rev. 116,
220-251. doi: 10.1037/a0014462

Bressloff, P. C., and Carroll, S. R. (2015). Laminar neural field model of laterally
propagating waves of orientation selectivity. PLoS Comput. Biol. 11:e1004545.
doi: 10.1371/journal.pcbi.1004545

Bruce, C., Desimone, R., and Gross, C. G. (1981). Visual properties of neurons in
a polysensory area in superior temporal sulcus of the macaque. J. Neurophysiol.
46, 369-384.

Budinger, E., and Scheich, H. (2009). Anatomical connections suitable for the
direct processing of neuronal information of different modalities via the rodent
primary auditory cortex. Hear. Res. 258, 16-27. doi: 10.1016/j.heares.2009.04.
021

Chao, L. L., and Martin, A. (2000). Representation of manipulable man-made
objects in the dorsal stream. Neuroimage 12, 478-484. doi: 10.1006/nimg.2000.
0635

Collins, A., and Quillian, M. (1969). Retrieval time from semantic memory.
J. Verbal Learn. Verbal Behav. 8, 240-247. doi: 10.1016/S0022-5371(69)80069- 1

D’amato, M. R., and Van Sant, P. (1988). The person concept in monkeys (Cebus
apella). J. Exp. Psychol. 14, 43-55.

DeAngelis, G. C., and Newsome, W. T. (1999). Organization of disparity-selective
neurons in macaque area MT. J. Neurosci. 19, 1398-1415.

DeFelipe, J. (2012). The neocortical column. Front. Neuroanat. 6:22. doi: 10.3389/
fnana.2012.00022

Desimone, R. (1991). Face-selective cells in the temporal cortex of monkeys.
J. Cogn. Neurosci. 3, 1-8. doi: 10.1162/jocn.1991.3.1.1

Desimone, R., Albright, T. D., Gross, C. G., and Bruce, C. (1984). Stimulus-
selective properties of inferior temporal neurons in the macaque. J. Neurosci.
4,2051-2062.

Diogo, A. C. M., Soares, J. G., Albright, T. D., and Gattass, R. (2002). Two-
dimensional map of direction selectivity in cortical visual area MT of Cebus
monkey. An. Acad. Bras. Ciénc. 74, 463-476. doi: 10.1590/S0001-3765200
2000300009

Duhamel, J. R., Colby, C. L., and Goldberg, M. E. (1998). Ventral intraparietal
area of the macaque: congruent visual and somatic response properties.
J. Neurophysiol. 79, 126-136.

Earle, D. C. (1987). On the differences between cognitive and noncognitive systems.
Brain Behav. Sci. 10, 177-178. doi: 10.1017/50140525X00047397

Elman, J. (1995). “Language as a dynamical system,” in Mind as Motion:
Explorations in the Dynamics of Cognition, eds R. Port and T. van Gelder
(Cambridge, MA: MIT Press), 195-223.

Fabre-Thorpe, M., Richard, G., and Thorpe, S. J. (1998). Rapid categorization
of natural images by rhesus monkeys. Neuroreport 9, 303-308. doi: 10.1097/
00001756-199801260-00023

Fanini, A., and Assad, J. A. (2009). Direction selectivity of neurons in the macaque
lateral intraparietal area. J. Neurophysiol. 101, 289-305. doi: 10.1152/jn.00400.
2007

Fodor, J., and Pylyshyn, Z. (1988). Connectionism and cognitive architecture: a
critical analysis. Cognition 28, 3-71. doi: 10.1016/0010-0277(88)90031-5

Foldiak, P. (1990). Forming sparse representations by local anti-Hebbian learning.
Biol. Cybern. 64, 165-170. doi: 10.1007/BF02331346

Freedman, D., and Miller, E. (2008). Neural mechanisms of visual categorization:
insights from neurophysiology. Neurosci. Biobehav. Rev. 32, 311-329. doi: 10.
1016/j.neubiorev.2007.07.011

Freedman, D. J., Riesenhuber, M., Poggio, T., and Miller, E. K. (2001). Categorical
representation of visual stimuli in the primate prefrontal cortex. Science 291,
312-316. doi: 10.1126/science.291.5502.312

Freeman, W. J., and Skarda, C. A. (1990). “Representations: who needs them,” in
Brain Organization and Memory: Cells, Systems, and Circuits, eds J. L. McGaugh,
N. M. Weinberger, and G. Lynch (Oxford: Oxford University Press), 375-380.

Fried, I., McDonald, K., and Wilson, C. (1997). Single neuron activity in human
hippocampus and amygdala during recognition of faces and objects. Neuron
18, 753-765. doi: 10.1016/S0896-6273(00)80315-3

Fu, K. M. G,, Johnston, T. A, Shah, A. S., Arnold, L., Smiley, J., Hackett, T. A.,
et al. (2003). Auditory cortical neurons respond to somatosensory stimulation.
J. Neurosci. 23, 7510-7515.

Fujita, I, Tanaka, K., Ito, M., and Cheng, K. (1992). Columns for visual features
of objects in monkey inferotemporal cortex. Nature 360, 343-346. doi: 10.1038/
360343a0

Fuster, J. M., Bodner, M., and Kroger, J. K. (2000). Cross-modal and cross-temporal
association in neurons of frontal cortex. Nature 405, 347-351. doi: 10.1038/
35012613

Ghazanfar, A. A, and Schroeder, C. E. (2006). Is neocortex essentially
multisensory? Trends Cogn. Sci. 10, 278-285. doi: 10.1016/j.tics.2006.04.008

Gibson, J. R., and Maunsell, . H. (1997). Sensory modality specificity of neural
activity related to memory in visual cortex. J. Neurophysiol. 78, 1263-1275.

Goldman, A. I. (2006). Simulating Minds: The Philosophy, Psychology, and
Neuroscience of Mindreading. Oxford: Oxford University Press.

Goodhill, G. J., and Carreira-Perpifian, M. A. (2002). “Cortical columns;’ in
Encyclopedia of Cognitive Science, ed. L. Nadel (London: Macmillan).

Gothard, K. M., Battaglia, F. P., Erickson, C. A., Spitler, K. M., and Amaral, D. G.
(2007). Neural responses to facial expression and face identity in the monkey
amygdala. J. Neurophysiol. 97, 1671-1683. doi: 10.1152/jn.00714.2006

Graziano, M. S., Reiss, L. A., and Gross, C. G. (1999). A neuronal representation of
the location of nearby sounds. Nature 397, 428-430. doi: 10.1038/17115

Gross, C. G. (2000). Coding for visual categories in the human brain. Nat. Neurosci.
3, 855-855. doi: 10.1038/78745

Gross, C. G. (2002). The genealogy of the grandmother cell. Neuroscientist 8,
512-518. doi: 10.1177/107385802237175

Hasselmo, M. E., Rolls, E. T., Baylis, G. C., and Nalwa, V. (1989). Object-centered
encoding by face- selective neurons in the cortex in the superior temporal sulcus
of the monkey. Exp. Brain Res. 75, 417-429. doi: 10.1007/BF00247948

Hinton, G. E., McClelland, J., and Rumelhart, D. E. (1986). “Distributed
representations,” in Parallel Distributed Processing, eds ]J. McClelland, D.
Rumelhart, and the PDP Research Group (Cambridge, MA: MIT Press).

Horton, J. C., and Adams, D. L. (2005). The cortical column: a structure without
a function. Philos. Trans. R. Soc. Lond. 360, 837-862. doi: 10.1098/rstb.2005.
1623

Hoshi, E., Shima, K., and Tanji, J. (2000). Neuronal activity in the primate
prefrontal cortex in the process of motor selection based on two behavioral
rules. J. Neurophysiol. 83, 2355-2373.

Frontiers in Psychology | www.frontiersin.org

February 2017 | Volume 8 | Article 186


https://doi.org/10.1146/annurev.neuro.20.1.303
https://doi.org/10.1146/annurev.neuro.20.1.303
https://doi.org/10.1038/nrn1888
https://doi.org/10.1038/nrn1888
https://doi.org/10.1162/0898929053279586
https://doi.org/10.1146/annurev.psych.59.103006.093639
https://doi.org/10.1111/j.1756-8765.2010.01115.x
https://doi.org/10.1016/j.tins.2012.03.008
https://doi.org/10.1016/j.tins.2012.03.008
https://doi.org/10.1016/0006-8993(85)91356-3
https://doi.org/10.1016/0006-8993(85)91356-3
https://doi.org/10.3389/fpsyg.2011.00187
https://doi.org/10.3389/fpsyg.2011.00187
https://doi.org/10.1037/a0014462
https://doi.org/10.1371/journal.pcbi.1004545
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1016/j.heares.2009.04.021
https://doi.org/10.1006/nimg.2000.0635
https://doi.org/10.1006/nimg.2000.0635
https://doi.org/10.1016/S0022-5371(69)80069-1
https://doi.org/10.3389/fnana.2012.00022
https://doi.org/10.3389/fnana.2012.00022
https://doi.org/10.1162/jocn.1991.3.1.1
https://doi.org/10.1590/S0001-37652002000300009
https://doi.org/10.1590/S0001-37652002000300009
https://doi.org/10.1017/S0140525X00047397
https://doi.org/10.1097/00001756-199801260-00023
https://doi.org/10.1097/00001756-199801260-00023
https://doi.org/10.1152/jn.00400.2007
https://doi.org/10.1152/jn.00400.2007
https://doi.org/10.1016/0010-0277(88)90031-5
https://doi.org/10.1007/BF02331346
https://doi.org/10.1016/j.neubiorev.2007.07.011
https://doi.org/10.1016/j.neubiorev.2007.07.011
https://doi.org/10.1126/science.291.5502.312
https://doi.org/10.1016/S0896-6273(00)80315-3
https://doi.org/10.1038/360343a0
https://doi.org/10.1038/360343a0
https://doi.org/10.1038/35012613
https://doi.org/10.1038/35012613
https://doi.org/10.1016/j.tics.2006.04.008
https://doi.org/10.1152/jn.00714.2006
https://doi.org/10.1038/17115
https://doi.org/10.1038/78745
https://doi.org/10.1177/107385802237175
https://doi.org/10.1007/BF00247948
https://doi.org/10.1098/rstb.2005.1623
https://doi.org/10.1098/rstb.2005.1623
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Roy

A Purely Abstract Cognitive System

Houweling, A. R., and Brecht, M. (2008). Behavioural report of single neuron
stimulation in somatosensory cortex. Nature 451, 65-68. doi: 10.1038/
nature06447

Hromaédka, T., DeWeese, M. R, and Zador, A. M. (2008). Sparse representation
of sounds in the unanesthetized auditory cortex. PLoS Biol. 6:¢16. doi: 10.1371/
journal.pbio.0060016

Hubel, D., and Wiesel, T. (1968). Receptive fields and functional architecture
of monkey striate cortex. J. Physiol. 195, 215-243. doi: 10.1113/jphysiol.1968.
sp008455

Hubel, D. H., and Wiesel, T. N. (1959). Receptive fields of single neurones in the
cat’s striate cortex. J. Physiol. 148, 574-591. doi: 10.1113/jphysiol.1959.sp006308

Hubel, D. H., and Wiesel, T. N. (1962). Receptive fields, binocular interaction
and functional architecture in the cat’s visual cortex. J. Physiol. 160, 106-154.
doi: 10.1113/jphysiol.1962.sp006837

Hubel, D. H., and Wiesel, T. N. (1977). Ferrier lecture: Functional architecture of
macaque monkey visual cortex. Proc. R. Soc. Lond. B 198, 1-59. doi: 10.1098/
rspb.1977.0085

Ince, R. A., Panzeri, S., and Kayser, C. (2013). Neural codes formed by small and
temporally precise populations in auditory cortex. J. Neurosci. 33, 18277-18287.
doi: 10.1523/JNEUROSCI.2631-13.2013

Kendrick, K. M., and Baldwin, B. A. (1987). Cells in temporal cortex of conscious
sheep can respond preferentially to the sight of faces. Science 236, 448-450.
doi: 10.1126/science.3563521

Klemen, J., and Chambers, C. D. (2012). Current perspectives and methods in
studying neural mechanisms of multisensory interactions. Neurosci. Biobehav.
Rev. 36, 111-133. doi: 10.1016/j.neubiorev.2011.04.015

Kosslyn, S. M., Thompson, W. L., and Ganis, G. (2006). The Case for Mental
Imagery. Oxford: Oxford University Press.

Kreiman, G., Koch, C., and Fried, I. (2000). Category-specific visual responses of
single neurons in the human medial temporal lobe. Nat. Neurosci. 3, 946-953.
doi: 10.1038/78868

Kriegeskorte, N., Mur, M., Ruff, D. A,, Kiani, R., Bodurka, J., Esteky, H., et al.
(2008). Matching categorical object representations in inferior temporal cortex
of man and monkey. Neuron 60, 1126-1141. doi: 10.1016/j.neuron.2008.10.043

Krueger, J. M., Rector, D. M., Roy, S., Van Dongen, H. P., Belenky, G., and
Panksepp, J. (2008). Sleep as a fundamental property of neuronal assemblies.
Nat. Rev. Neurosci. 9, 910-919. doi: 10.1038/nrn2521

Lin, L. N., Chen, G. F., Kuang, H., Wang, D., and Tsien, J. Z. (2007). Neural
encoding of the concept of nest in the mouse brain. Proc. Natl. Acad. Sci. U.S.A.
104, 6066-6071. doi: 10.1073/pnas.0701106104

Logothetis, N., and Sheinberg, D. (1996). Visual object recognition. Annu. Rev.
Neurosci. 19, 577-621. doi: 10.1146/annurev.ne.19.030196.003045

Logothetis, N. K., Pauls, J., and Poggio, T. (1995). Shape representation in the
inferior temporal cortex of monkeys. Curr. Biol. 5, 552-563. doi: 10.1016/
S0960-9822(95)00108-4

Lorente de No, R. (1934). Studies on the structure of the cerebral cortex. IL
Continuation of the study of the ammonic system. J. Psychol. Neurol. 46,
113-177.

Maier, J. X., Neuhoff, J. G., Logothetis, N. K., and Ghazanfar, A. A. (2004).
Multisensory integration of looming signals by rhesus monkeys. Neuron 43,
177-181. doi: 10.1016/j.neuron.2004.06.027

Martin, A. (2007). The representation of object concepts in the brain. Annu. Rev.
Psychol. 58, 25-45. doi: 10.1146/annurev.psych.57.102904.190143

McClelland, J., and Rumelhart, D. (1981). An interactive activation model of
context effects in letter perception: part 1. An account of basic findings. Psychol.
Rev. 88, 375-407. doi: 10.1037/0033-295X.88.5.375

McClelland, J. L., McNaughton, B. L., and O’Reilly, R. C. (1995). Why there
are complementary learning systems in the hippocampus and neocortex:
insights from the successes and failures of connectionist models of learning
and memory. Psychol. Rev. 102, 419-457. doi: 10.1037/0033-295X.102.
3.419

Merten, K., and Nieder, A. (2012). Active encoding of decisions about stimulus
absence in primate prefrontal cortex neurons. Proc. Natl. Acad. Sci. U.S.A. 109,
6289-6294. doi: 10.1073/pnas.1121084109

Moll, F. W., and Nieder, A. (2015). Cross-modal associative mnemonic signals
in crow endbrain neurons. Curr. Biol. 25, 2196-2201. doi: 10.1016/j.cub.2015.
07.013

Mormann, F., Dubois, J., Kornblith, S., Milosavljevic, M., Cerf, M., Ison, M., et al.
(2011). A category-specific response to animals in the right human amygdala.
Nat. Neurosci. 14, 1247-1249. doi: 10.1038/nn.2899

Morrell, F. (1972). Visual system’s view of acoustic space. Nature 238, 44-46.
doi: 10.1038/238044a0

Moser, E. L, Kropff, E., and Moser, M. B. (2008). Place cells, grid cells, and the
brain’s spatial representation system. Annu. Rev. Neurosci. 31, 69-89. doi: 10.
1146/annurev.neuro.31.061307.090723

Mountcastle, V. B. (1957). Modality and topographic properties of single neurons
of cat’s somatic sensory cortex. . Neurophysiol. 20, 408-434.

Mountcastle, V. B. (1997). The columnar organization of the neocortex. Brain 120,
701-722. doi: 10.1093/brain/120.4.701

Newell, A. (1980). Physical symbol systems. Cogn. Sci. 4, 135-183. doi: 10.1207/
§15516709cog0402_2

Newell, A., and Simon, H. (1976). Computer science as empirical inquiry: symbols
and search. Commun. ACM 1, 113-126. doi: 10.1145/360018.360022

Nieder, A. (2013). Coding of abstract quantity by ‘number neurons’ of the primate
brain. J. Comp. Physiol. A 199, 1-16. doi: 10.1007/s00359-012-0763-9

O’Keefe, J., and Dostrovsky, J. (1971). The hippocampus as a spatial map.
Preliminary evidence from unit activity in the freely-moving rat. Brain Res. 34,
171-175. doi: 10.1016/0006-8993(71)90358- 1

O’keefe, J., and Nadel, L. (1978). The Hippocampus as a Cognitive Map. Oxford:
Oxford University Press.

Olshausen, B. A., and Field, D. J. (1997). Sparse coding with an overcomplete basis
set: a strategy employed by V1? Vis. Res. 37, 3311-3325. doi: 10.1016/S0042-
6989(97)00169-7

O’Scalaidhe, S. P., Wilson, F. A. W., and Goldman-Rakic, P. S. (1999). Face-
selective neurons during passive viewing and working memory performance of
rhesus monkeys: evidence for intrinsic specialization of neuronal coding. Cereb.
Cortex 9, 459-475. doi: 10.1093/cercor/9.5.459

Page, M. (2000). Connectionist modelling in psychology: a localist manifesto.
Behay. Brain Sci. 23, 443-467. doi: 10.1017/5S0140525X00003356

Pan, X., and Sakagami, M. (2012). Category representation and generalization in
the prefrontal cortex. Eur. J. Neurosci. 35, 1083-1091. doi: 10.1111/j.1460-9568.
2011.07981.x

Panzeri, S., Macke, J. H., Gross, J., and Kayser, C. (2015). Neural population coding:
combining insights from microscopic and mass signals. Trends Cogn. Sci. 19,
162-172. doi: 10.1016/j.tics.2015.01.002

Patterson, K., Nestor, P. J., and Rogers, T. T. (2007). Where do you know what you
know? The representation of semantic knowledge in the human brain. Nat. Rev.
Neurosci. 8,976-987. doi: 10.1038/nrn2277

Perrett, D. I, Mistlin, A. J., Chitty, A. J,, Smith, P. A. ], Potter, D. D,
Broennimann, R., et al. (1988). Specialized face processing and hemispheric
asymmetry in man and monkey: evidence from single unit and reaction
time studies. Behav. Brain Res. 29, 245-258. doi: 10.1016/0166-4328(88)
90029-0

Perrett, D. L, Rolls, E. T., and Caan, W. (1982). Visual neurones responsive to
faces in the monkey temporal cortex. Exp. Brain Res. 47, 329-342. doi: 10.1007/
BF00239352

Pezzulo, G., Barsalou, L. W., Cangelosi, A., Fischer, M. H., McRae, K., and
Spivey, M. (2013). Computational grounded cognition: a new alliance between
grounded cognition and computational modeling. Front. Psychol. 3:612. doi:
10.3389/fpsyg.2012.00612

Plate, T. (2002). “Distributed representations,” in Encyclopedia of Cognitive Science,
ed. L. Nadel (London: Macmillan).

Poggio, T, and Bizzi, E. (2004). Generalization in vision and motor control. Nature
431, 768-774. doi: 10.1038/nature03014

Pouget, A., Dayan, P., and Zemel, R. (2000). Information processing with
population codes. Nat. Rev. Neurosci. 1, 125-132. doi: 10.1038/35039062

Quian Quiroga, R. (2012). Concept cells: the building blocks of declarative memory
functions. Nat. Rev. Neurosci. 13, 587-597. doi: 10.1038/nrn3251

Quian Quiroga, R., Kraskov, A., Koch, C.,, and Fried, I. (2009). Explicit encoding
of multimodal percepts by single neurons in the human brain. Curr. Biol. 19,
1308-1313. doi: 10.1016/j.cub.2009.06.060

Quian Quiroga, R., Kreiman, G., Koch, C., and Fried, I. (2008). Sparse but not
‘Grandmother-cell’ coding in the medial temporal lobe. Trends Cogn. Sci. 12,
87-94. doi: 10.1016/j.tics.2007.12.003

Frontiers in Psychology | www.frontiersin.org

February 2017 | Volume 8 | Article 186


https://doi.org/10.1038/nature06447
https://doi.org/10.1038/nature06447
https://doi.org/10.1371/journal.pbio.0060016
https://doi.org/10.1371/journal.pbio.0060016
https://doi.org/10.1113/jphysiol.1968.sp008455
https://doi.org/10.1113/jphysiol.1968.sp008455
https://doi.org/10.1113/jphysiol.1959.sp006308
https://doi.org/10.1113/jphysiol.1962.sp006837
https://doi.org/10.1098/rspb.1977.0085
https://doi.org/10.1098/rspb.1977.0085
https://doi.org/10.1523/JNEUROSCI.2631-13.2013
https://doi.org/10.1126/science.3563521
https://doi.org/10.1016/j.neubiorev.2011.04.015
https://doi.org/10.1038/78868
https://doi.org/10.1016/j.neuron.2008.10.043
https://doi.org/10.1038/nrn2521
https://doi.org/10.1073/pnas.0701106104
https://doi.org/10.1146/annurev.ne.19.030196.003045
https://doi.org/10.1016/S0960-9822(95)00108-4
https://doi.org/10.1016/S0960-9822(95)00108-4
https://doi.org/10.1016/j.neuron.2004.06.027
https://doi.org/10.1146/annurev.psych.57.102904.190143
https://doi.org/10.1037/0033-295X.88.5.375
https://doi.org/10.1037/0033-295X.102.3.419
https://doi.org/10.1037/0033-295X.102.3.419
https://doi.org/10.1073/pnas.1121084109
https://doi.org/10.1016/j.cub.2015.07.013
https://doi.org/10.1016/j.cub.2015.07.013
https://doi.org/10.1038/nn.2899
https://doi.org/10.1038/238044a0
https://doi.org/10.1146/annurev.neuro.31.061307.090723
https://doi.org/10.1146/annurev.neuro.31.061307.090723
https://doi.org/10.1093/brain/120.4.701
https://doi.org/10.1207/s15516709cog0402_2
https://doi.org/10.1207/s15516709cog0402_2
https://doi.org/10.1145/360018.360022
https://doi.org/10.1007/s00359-012-0763-9
https://doi.org/10.1016/0006-8993(71)90358-1
https://doi.org/10.1016/S0042-6989(97)00169-7
https://doi.org/10.1016/S0042-6989(97)00169-7
https://doi.org/10.1093/cercor/9.5.459
https://doi.org/10.1017/S0140525X00003356
https://doi.org/10.1111/j.1460-9568.2011.07981.x
https://doi.org/10.1111/j.1460-9568.2011.07981.x
https://doi.org/10.1016/j.tics.2015.01.002
https://doi.org/10.1038/nrn2277
https://doi.org/10.1016/0166-4328(88)90029-0
https://doi.org/10.1016/0166-4328(88)90029-0
https://doi.org/10.1007/BF00239352
https://doi.org/10.1007/BF00239352
https://doi.org/10.3389/fpsyg.2012.00612
https://doi.org/10.3389/fpsyg.2012.00612
https://doi.org/10.1038/nature03014
https://doi.org/10.1038/35039062
https://doi.org/10.1038/nrn3251
https://doi.org/10.1016/j.cub.2009.06.060
https://doi.org/10.1016/j.tics.2007.12.003
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

Roy

A Purely Abstract Cognitive System

Quiroga, R. Q., Reddy, L., Kreiman, G., Koch, C., and Fried, I. (2005). Invariant
visual representation by single neurons in the human brain. Nature 435,
1102-1107. doi: 10.1038/nature03687

Roberts, W. A., and Mazmanian, D. S. (1988). Concept learning at different levels
of abstraction by pigeons, monkeys, and people. J. Exp. Psychol. 14, 247-260.

Rockland, K. S. (2010). Five points on columns. Front. Neuroanat. 4:22.
doi: 10.3389/fnana.2010.00022

Rogers, T., and McClelland, J. (2004). Semantic Cognition: A Parallel Distributed
Processing Approach. Cambridge, MA: MIT Press.

Rogers, T., and McClelland, J. (2008). Precis of semantic cognition: a parallel
distributed processing approach. Behav. Brain Sci. 31, 689-749. doi: 10.1017/
50140525X0800589X

Rolls, E. T. (1984). Neurons in the cortex of the temporal lobe and in the amygdala
of the monkey with responses selective for faces. Hum. Neurobiol. 3, 209-222.

Rolls, E. T., and Baylis, G. C. (1986). Size and contrast have only small effects on
the responses to faces of neurons in the cortex of the superior temporal sulcus
of the monkey. Exp. Brain Res. 65, 38-48. doi: 10.1007/BF00243828

Rolls, E. T., Robertson, R. G., and Georges-Frangoiset, P. (1997). Spatial view cells
in the primate hippocampus. Eur. J. Neurosci. 9, 1789-1794. doi: 10.1111/j.
1460-9568.1997.tb01538.x

Romanski, L. M. (2007). Representation and integration of auditory and visual
stimuli in the primate ventral lateral prefrontal cortex. Cereb. Cortex 17(Suppl.
1), i61-i69. doi: 10.1093/cercor/bhm099

Romanski, L. M., and Goldman-Rakic, P. S. (2002). An auditory domain in primate
prefrontal cortex. Nat. Neurosci. 5, 15-16. doi: 10.1038/nn781

Romo, R,, Brody, C. D., Hernéndez, A., and Lemus, L. (1999). Neuronal correlates
of parametric working memory in the prefrontal cortex. Nature 399, 470-473.
doi: 10.1038/20939

Roy, A. (2012). A theory of the brain: localist representation is used widely in the
brain. Front. Psychol. 3:551. doi: 10.3389/fpsyg.2012.00551

Roy, A. (2013). An extension of the localist representation theory: grandmother
cells are also widely used in the brain. Front. Psychol. 4:300. doi: 10.3389/fpsyg.
2013.00300

Rumelhart, D., and Todd, P. (1993). “Learning and connectionist representations,”
in Attention and Performance XIV: Synergies in Experimental Psychology,
Artificial Intelligence, and Cognitive Neuroscience, eds D. Meyer and S.
Kornblum (Cambridge, MA: MIT Press), 3-30.

Saito, H. A., Yukie, M., Tanaka, K., Hikosaka, K., Fukada, Y., and Iwai, E. (1986).
Integration of direction signals of image motion in the superior temporal sulcus
of the macaque monkey. J. Neurosci. 6, 145-157.

Saleem, A. B., Ayaz, A., Jeffery, K. J., Harris, K. D., and Carandini, M. (2013).
Integration of visual motion and locomotion in mouse visual cortex. Nat.
Neurosci. 16, 1864-1869. doi: 10.1038/nn.3567

Samejima, K., Ueda, Y., Doya, K., and Kimura, M. (2005). Representation of action-
specific reward values in the striatum. Science 310, 1337-1340. doi: 10.1126/
science.1115270

Schrier, A. M., and Brady, P. M. (1987). Categorization of natural stimuli by
monkeys (Macaca mulatta): effects of stimulus set size and modification of
exemplars. J. Exp. Psychol. 13, 136-143.

Schroeder, C. E., and Foxe, J. J. (2002). The timing and laminar profile of
converging inputs to multisensory areas of the macaque neocortex. Cogn. Brain
Res. 14, 187-198. doi: 10.1016/S0926-6410(02)00073-3

Smith, B. C. (1982). “Prologue to reflection and semantics in a procedural
language,” in Readings in Knowledge Representation, eds R. J. Brachman and H. J.
Levesque (Los Altos, CA: Morgan Kaufmann).

Smolensky, P. (1987). The constituent structure of mental states: a reply to fodor
and pylyshyn. South. J. Philos. 26, 137-160. doi: 10.1111/j.2041-6962.1988.
tb00470.x

Smolensky, P. (1988). On the proper treatment of connectionism. Behav. Brain Sci.
11, 1-74. doi: 10.1016/S0034-7450(14)60076-7

Stein, B. E., and Stanford, T. R. (2008). Multisensory integration: current issues
from the perspective of the single neuron. Nat. Rev. Neurosci. 9, 255-266.
doi: 10.1038/nrn2331

Suthana, N., and Fried, I. (2012). Percepts to recollections: insights from single
neuron recordings in the human brain. Trends Cogn. Sci. 16, 427-436. doi:
10.1016/j.tics.2012.06.006

Tanaka, K. (1996). Inferotemporal cortex and object vision. Annu. Rev. Neurosci.
19, 109-139. doi: 10.1146/annurev.neuro.19.1.109

Tanaka, K. (2003). Columns for complex visual object features in the
inferotemporal cortex: clustering of cells with similar but slightly different
stimulus selectivities. Cereb. Cortex 13, 90-99. doi: 10.1093/cercor/13.1.90

Thorpe, S. (1995). “Localized versus distributed representations,” in The Handbook
of Brain Theory and Neural Networks, ed. M. Arbib (Cambridge, MA: MIT
Press).

Ursino, M., and La Cara, G. E. (2004). A model of contextual interactions and
contour detection in primary visual cortex. Neural Netw. 17, 719-735. doi:
10.1016/j.neunet.2004.03.007

Vogels, R. (1999). Categorization of complex visual images by rhesus monkeys.
Part 2: single-cell study. Eur. J. Neurosci. 11, 1239-1255. doi: 10.1046/j.1460-
9568.1999.00531.x

Wallis, J. D., Anderson, K. C., and Miller, E. K. (2001). Single neurons in prefrontal
cortex encode abstract rules. Nature 411, 953-956. doi: 10.1038/35082081

Wang, Y., Brzozowska-Prechtl, A., and Karten, H. J. (2010). Laminar and columnar
auditory cortex in avian brain. Proc. Natl. Acad. Sci. U.S.A. 107, 12676-12681.
doi: 10.1073/pnas.1006645107

Wang, Z., Singhvi, A., Kong, P., and Scott, K. (2004). Taste representations in the
Drosophila brain. Cell 117, 981-991. doi: 10.1016/j.cell.2004.06.011

Wilson, F. A. W., O’Scalaidhe, S. P., and Goldman-Rakic, P. S. (1993). Dissociation
of object and spatial processing domains in primate prefrontal cortex. Science
260, 1955-1958. doi: 10.1126/science.8316836

Wryttenbach, R. A., May, M. L., and Hoy, R. R. (1996). Categorical perception of
sound frequency by crickets. Science 273, 1542-1544. doi: 10.1126/science.273.
5281.1542

Yu, Y., McTavish, T. S., Hines, M. L., Shepherd, G. M., Valenti, C., and Migliore, M.
(2013). Sparse distributed representation of odors in a large-scale olfactory
bulb circuit. PLoS Comput. Biol. 9:¢1003014. doi: 10.1371/journal.pcbi.10
03014

Zyga, L. (2012). Do Brain Cells Need to be Connected to Have Meaning? Available
at: http://medicalxpress.com/news/2012- 12-brain- cells.html

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Roy. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org

14

February 2017 | Volume 8 | Article 186


https://doi.org/10.1038/nature03687
https://doi.org/10.3389/fnana.2010.00022
https://doi.org/10.1017/S0140525X0800589X
https://doi.org/10.1017/S0140525X0800589X
https://doi.org/10.1007/BF00243828
https://doi.org/10.1111/j.1460-9568.1997.tb01538.x
https://doi.org/10.1111/j.1460-9568.1997.tb01538.x
https://doi.org/10.1093/cercor/bhm099
https://doi.org/10.1038/nn781
https://doi.org/10.1038/20939
https://doi.org/10.3389/fpsyg.2012.00551
https://doi.org/10.3389/fpsyg.2013.00300
https://doi.org/10.3389/fpsyg.2013.00300
https://doi.org/10.1038/nn.3567
https://doi.org/10.1126/science.1115270
https://doi.org/10.1126/science.1115270
https://doi.org/10.1016/S0926-6410(02)00073-3
https://doi.org/10.1111/j.2041-6962.1988.tb00470.x
https://doi.org/10.1111/j.2041-6962.1988.tb00470.x
https://doi.org/10.1016/S0034-7450(14)60076-7
https://doi.org/10.1038/nrn2331
https://doi.org/10.1016/j.tics.2012.06.006
https://doi.org/10.1016/j.tics.2012.06.006
https://doi.org/10.1146/annurev.neuro.19.1.109
https://doi.org/10.1093/cercor/13.1.90
https://doi.org/10.1016/j.neunet.2004.03.007
https://doi.org/10.1016/j.neunet.2004.03.007
https://doi.org/10.1046/j.1460-9568.1999.00531.x
https://doi.org/10.1046/j.1460-9568.1999.00531.x
https://doi.org/10.1038/35082081
https://doi.org/10.1073/pnas.1006645107
https://doi.org/10.1016/j.cell.2004.06.011
https://doi.org/10.1126/science.8316836
https://doi.org/10.1126/science.273.5281.1542
https://doi.org/10.1126/science.273.5281.1542
https://doi.org/10.1371/journal.pcbi.1003014
https://doi.org/10.1371/journal.pcbi.1003014
http://medicalxpress.com/news/2012-12-brain-cells.html
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

	The Theory of Localist Representation and of a Purely Abstract Cognitive System: The Evidence from Cortical Columns, Category Cells, and Multisensory Neurons
	Introduction
	Localist vs. Distributed Representation
	Definitions and What They Mean
	Other Characteristics of Distributed Representation
	Distributed Processing vs. Distributed Representation

	Columnar Organization In The Neocortex
	Columnar Organization – Its Functional Role and as Evidence for Localist Representation

	Category Cells
	The Evidence for Abstract Category Cells
	Can We Believe these Studies? Are They Truly Category-Selective Cells?
	Are Category-Selective Cells Part of a Dense Distributed Representation? If So, Do We Need Exhaustive Testing to Find that Out?

	Multisensory Integration In The Brain
	The Evidence for Multisensory Integration in Various Parts of the Brain
	The Evidence for Modality-Invariant Single Cell Representation in the Brain

	The Existence Of A Single Cell-Based Purely Abstract And Layered Cognitive System And Ties To Grounded Cognition
	On The "Meaning And Interpretation" Of Single Neuron Response
	Localist Representation And Symbols
	No Evidence For Distributed Representation
	Conclusion
	Author Contributions
	References


