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Preface

This book is about the ongoing effort to understand how brains work.
Given the way events determine what any scientist does and thinks, an
account of this sort must inevitably be personal (and, to a greater or
lesser degree, biased). What follows is a narrative about the ideas that
have seemed to me especially pertinent to this hard problem over the
last 50 years. And although this book is about brains as such, it is also
about individuals who, from my perspective, have significantly influ-
enced how neuroscientists think about brains. The ambiguity of the title
is intentional. 

The idiosyncrasies of my own trajectory notwithstanding, the story
reflects what I take to be the experience of many neuroscientists in my
generation. Thomas Kuhn, the philosopher of science, famously distin-
guished the pursuit of what he called “normal science” from the more
substantial course corrections that occur periodically. In normal science,
Kuhn argued, scientists proceed by filling in details within a broadly
agreed-upon scheme about how some aspect of nature works. At some
point, however, the scheme begins to show flaws. When the flaws can no
longer be patched over, the interested parties begin to consider other
ways of looking at the problem. This seems to me an apt description of
what has been happening in brain science over the last couple decades;
in Kuhn’s terms, this might be thought of as a period of grappling with an
incipient paradigm shift. Whether this turns out to be so is for future his-
torians of science to decide, but there is not much doubt that those of us
interested in the brain and how it works have been struggling with the
conventional wisdom of the mid- to late twentieth century. We are look-
ing hard for a better conception of what brains are trying to do and how
they do it.

I was lucky enough to have arrived as a student at Harvard Medical
School in 1960, when the first department of neurobiology in the United
States was beginning to take shape. Although I had no way of knowing
then, this contingent of neuroscientists, their mentors, the colleagues
they interacted with, and their intellectual progeny provided much of the
driving force for the rapid advance of neuroscience over this period and
for many of the key ideas about the brain that are now being questioned.



My interactions with these people as a neophyte physician convinced me
that trying to understand what makes us tick by studying the nervous sys-
tem was a better intellectual fit than pursuing clinical medicine. Like
every other neuroscientist of my era, I set out learning the established
facts in neuroscience, getting to know the major figures in the field, and
eventually extending an understanding of the nervous system in modest
ways within the accepted framework. Of course, all this is essential to
getting a job, winning financial support, publishing papers, and attaining
some standing in the community. But as time went by, the ideas and the-
ories I was taught about how brains work began to seem less coherent,
leading me and others to begin exploring alternatives. 

Although I have written the book for a general audience, it is
nonetheless a serious treatment of a complex subject, and getting the gist
of it entails some work. The justification for making the effort is that
what neuroscientists eventually conclude about how brains work will
determine how we humans understand ourselves. The questions being
asked—and the answers that are gradually emerging—should be of
interest to anyone inclined to think about our place in the natural order
of things. 

Dale Purves
Durham, NC
July 2009
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The visual system: 
Hubel and Wiesel redux

I don’t think many neuroscientists would dispute the statement that
the work David Hubel and Torsten Wiesel began in the late 1950s
and continued for the next 25 years provided the greatest single influ-
ence on the ways neuroscientists thought about and prosecuted stud-
ies of the brain during much of the second half of the twentieth
century. Certainly, what they were doing had never been very far
from my own thinking, even while working on the formation and
maintenance of synaptic connections in the peripheral nervous sys-
tem. To explain the impact of their work and to set the stage for
understanding the issues discussed in the remaining chapters, I need
to fill in more information about the visual system, what Hubel and
Wiesel actually did, and how they interpreted it.

Presumably because we humans depend so heavily on vision, this
sensory modality has for centuries been a focus of interest for natural
philosophers and, in the modern era, neuroscientists and psycholo-
gists. By the time Hubel and Wiesel got into the game in the 1950s, a
great deal was already known about the anatomy of the system and
about the way light interacts with receptor cells in the retina to initi-
ate the action potentials that travel centrally from retina to cortex,
ultimately leading to what we see. The so-called primary visual path-
way (Figure 7.1) begins with the two types of retinal receptors, rods
and cones, and their transduction of light energy.

The visual processing that rods initiate is primarily concerned
with seeing at very low light levels, whereas cones respond only to
greater light intensities and are responsible for the detail and color
qualities that we normally think of as defining visual perception.

7
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Figure 7.1 The primary visual pathway carries information from the eye to the
regions of the brain that determine what we see. The pathway entails the reti-
nas, optic nerves, optic tracts, dorsal lateral geniculate nuclei in the thalamus,
optic radiations, and primary (or striate) and adjacent secondary (or extrastri-
ate) visual cortices in each occipital lobe at the back of the brain (see Figures
7.2 and 7.3). Other central pathways to targets in the brainstem (dotted lines)
determine pupil diameter as a function of retinal light levels, organize and
motivate eye movements, and influence circadian rhythms. (After Purves and
Lotto, 2003)

However, the primary visual pathway is anything but simple. Follow-
ing the extensive neural processing that takes place among the five
basic cell classes found in the retina, information arising from both
rods and cones converges onto the retinal ganglion cells, the neurons
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Figure 7.2 Photomicrograph of a section of the human primary visual cortex,
taken in the plane of the face (see Figure 7.1). The characteristic myelinated
band, or stria, is why this region of cortex is referred to as the striate cortex
(myelin is a fatty material that invests most axons in the brain and so stains
darkly with reagents that dissolve in fat, such as the one used). The primary
visual cortex occupies about 25 square centimeters (about a third of the sur-
face area of a dollar bill) in each cerebral hemisphere; the overall area of the
cortical surface for the two hemispheres together is about 0.8 square meters
(or, as my colleague Len White likes to tell students, about the area of a
medium pizza). Most of the primary visual cortex lies within a fissure on the
medial surface of the occipital lobe called the calcarine sulcus, which is also
shown in Figure 6.1B. The extrastiate cortex that carries out further process-
ing of visual information is immediately adjacent (see Figure 7.3). (Courtesy of
T. Andrews and D. Purves) 

whose axons leave the retina in the optic nerve. The major targets of
the retinal ganglion cells are the neurons in the dorsal lateral genicu-
late nucleus of the thalamus, which project to the primary visual cor-
tex (usually referred to as V1 or the striate cortex) (Figure 7.2).

Although the primary visual cortex (V1) is the nominal terminus
of this pathway, many of the neurons there project to additional areas
in the occipital, parietal, and temporal lobes (Figure 7.3). Neurons in
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V1 also interact extensively with each other and send information
back to the thalamus, where much processing occurs that remains
poorly understand. Because of the increasing integration of informa-
tion from other brain regions in the visual cortical regions adjacent to
V1, these higher-order cortical processing regions (V2, V3, and so on)
are called visual association areas. Taken together, they are also
referred to as extrastriate visual cortical areas because they lack the
anatomically distinct layer that creates the striped appearance of V1
(see Figure 7.2). In most conceptions of vision, perception is thought
to occur in these higher-order visual areas adjacent to V1 (although
note that what occur means in this statement is not straightforward).

By the 1950s, much had also been learned about visual percep-
tion. The seminal figures in this aspect of the history of vision science
were nineteenth-century German physicist and physiologist Hermann
von Helmholtz, and Wilhelm Wundt and Gustav Fechner, who initi-
ated the modern study of perception from a psychological perspec-
tive at about the same time. However, Helmholtz gave impetus to the
effort to understand perception in terms of visual system physiology,
and his work was the forerunner of the program Hubel and Wiesel
undertook nearly a century later.

A good example of Helmholtz’s approach is his work on color
vision. At the beginning of the nineteenth century, British natural
philosopher Thomas Young had surmised that three distinct types of
receptors in the human retina generate the perception of color.
Although Young knew nothing about cones or the pigments in them
that underlie light absorption, he nevertheless contended in lectures
he gave to the Royal Society in 1802 that three different classes of
receptive “particles” must exist. Young’s argument was based on what
humans perceive when lights of different wavelengths (loosely speak-
ing, lights of different colors) are mixed, a methodology that had been
used since Isaac Newton’s discovery a hundred years earlier that light
comprises a range of wavelengths. Young’s key observation was that
most color sensations can be produced by mixing appropriate
amounts of lights from the long-, middle-, and short-wavelength
regions of the visible light spectrum (mixing lights is called color
addition and is different from mixing pigments, which subtracts par-
ticular wavelengths from the stimulus that reaches the eye by absorb-
ing them).
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Figure 7.3 The higher-order visual cortical areas adjacent to the primary
visual cortex, shown here in lateral (A) and medial (B) views of the brain. The
primary visual cortex (V1) is indicated in green; the additional colored areas
with their numbered names are together called the extrastriate or visual asso-
ciation areas and occupy much of the rest of the occipital lobe at the back of
the brain (its anterior border is indicated by the dotted line). (After Purves and
Lotto, 2003) 

Young’s theory was largely ignored until the latter part of the nine-
teenth century, when it was revived and greatly extended by Helmholtz
and James Clerk Maxwell, another highly accomplished physicist inter-
ested in vision. The ultimately correct idea that humans have three
types of cones with sensitivities (absorption spectra) that peak in the
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long, middle, and short wavelength ranges, respectively, is referred to
as trichromacy, denoting the fact that most human color sensations
can be elicited in normal observers by adjusting the relative activation
of the three cone types (see Chapter 9). The further hypothesis that
the relative activation explains the colors we actually see is called the
trichromacy theory, and Helmholtz spotlighted this approach to
explaining perception. Helmholtz’s approach implied that perceptions
(color perceptions, in this instance) are a direct consequence of the
way receptors and the higher-order neurons related to them analyze
and ultimately represent stimulus features and, therefore, the features
of objects in the world. For Helmholtz and many others since that era,
the feature that color perceptions represent is the nature of object
surfaces conveyed by the spectrum of light they reflect to the eye.

This mindset that sensory systems represent the features of objects
in the world was certainly the way I had supposed the sensory compo-
nents of the brain to be working—and as far as I could tell, it was how
pretty much everyone else thought about these issues in the 1960s and
1970s. By the same token, I took exploring the underlying neural cir-
cuitry (the work Hubel and Wiesel were undertaking) to be the obvious
way to solve the problem of how the visual system generates what we
see. The step remaining was the hard work needed to determine how
the physiology of individual visual neurons and their connections in the
various stations of the visual pathway were accomplishing this feat.

Using the extracellular recording method they had developed in
Kuffler’s lab at Johns Hopkins, Hubel and Wiesel were working their
way up the primary visual pathway in cats and, later, in monkeys. At
each stage in the pathway—the thalamus, primary visual cortex, and,
ultimately, extratstriate cortical areas (see Figures 7.1–7.3)—they
carefully studied the response characteristics of individual neurons in
the type of setup that Figure 7.4 illustrates, describing the results in
terms of what are called the receptive field properties of visual neu-
rons. Their initial studies of neurons in the lateral geniculate nucleus
of the thalamus showed responses that were similar to the responses
of the retinal output neurons (retinal ganglion cells) that Kuffler had
described. Despite this similarity, the information the axons carried
from the thalamus to the cortex was not exactly the same as the infor-
mation coming into the nucleus from the retina, indicating some pro-
cessing by the thalamus. The major advances, however, came during
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the next few years as they studied the responses of nerve cells in the
primary visual cortex. The key finding was that, unlike the relatively
nondescript responses to light stimuli of visual neurons in the retina
or the thalamus, cortical neurons showed far more varied and specific
responses. On the surface, the nature of these responses seemed
closely related to the features we end up seeing. For example, the
rather typical V1 neuron illustrated in Figure 7.4 responds to light
stimuli presented at only one relatively small locus on the screen
(defining the spatial limits of the neuron’s receptive field), and only to
bars of light. In contrast, neurons in the retina or thalamus respond to
any configuration of light that falls within their receptive field. More-
over, many V1 neurons are selective for orientation and direction of
movement, responding vigorously to bars only at or near a particular
angle on the screen and moving in a particular direction. These
receptive field properties were the beginning of what has eventually
become a long list, including selective responses to the lengths of
lines, different colors, input from one eye or the other, and the differ-
ent depths indicated by the somewhat different views of the two eyes.
Based on this rapidly accumulating evidence, it seemed clear that
visual cortical neurons were indeed encoding the features of retinal
images and, therefore, the properties of objects in the world.

Important as these observations were, amassing this foundational
body of information about the response properties of visual neurons
was not Hubel and Wiesel’s only contribution. At each stage of their
investigations, they used imaginative and often new anatomical meth-
ods to explore the organization of the thalamus, the primary visual cor-
tex, and some of the higher-order visual processing regions. They also
made basic contributions to understanding cortical development as
they went along, work that might eventually stand as their greatest
legacy. Hubel and Wiesel knew from the studies just described that
neurons in V1 are normally innervated by thalamic inputs that can be
activated by stimulating the right eye, the left eye, or both eyes
(Figure 7.5). What would happen to the neural connections in the cor-
tex if one eye of an experimental animal was closed during early devel-
opment, depriving the animal of normal visual experience through
that eye? Although most of the neurons in V1 are activated to some
degree by both eyes (Figure 7.5A), when they closed one eye of a kit-
ten early in life and studied the brain after the animal had matured
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Figure 7.4 Assessing the responses of individual neurons to visual stimuli in
experimental animals (although the animal is anesthetized, the visual system
continues to operate much as it would if the animal were awake). A) Diagram
of the experimental setup showing an extracellular electrode recording from a
neuron in the primary visual cortex of a cat (which is more anterior in the brain
than in humans). By monitoring the responses of the neuron to stimuli shown
on a screen, Hubel and Wiesel could get a good idea of what particular visual
neurons normally do. B) In this example, the neuron being recorded from in V1
responds selectively to bars of light presented on the screen in different orien-
tations; the cell fires action potentials (indicated by the vertical lines) only
when the bar is at a certain location on the screen and in a certain orientation.
These selective responses to stimuli define each neuron’s receptive field prop-
erties. (After Purves, Augustine, et al., 2008)

(which takes about six months in cats), they found a remarkable
change. Electrophysiological recordings showed that very few neurons
could be driven from the deprived eye: Most of the cortical cells were
now being driven by the eye that had remained open (Figure 7.5B).
Moreover, the cats were behaviorally blind to stimuli presented to the
deprived eye, a deficit that did not resolve even if the deprived eye was
subsequently left open for months. The same manipulation in an adult
cat—closing one eye for a long period—had no effect on the responses
of the visual neurons. Even when they closed one eye for a year or
more, the distribution of V1 neurons driven by one eye and the animals’
visual behavior tested through the reopened eye were indistinguishable
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Figure 7.5 The effect on cortical neurons of closing one eye in a kitten. A)
The distribution observed in the primary visual cortex of normal adult cats by
stimulating one eye or the other. Cells in group 1 are activated exclusively by one
eye (referred to here as the contralateral eye), and cells in group 7 are activated
exclusively by the other (ipsilateral) eye. Neurons in the other groups are acti-
vated to varying degrees by both eyes (NR indicates neurons that could not be
activated by either eye). B) Following closure of one eye from one week after birth
until about two and a half months of age, no cells could be activated by the
deprived (contralateral) eye. C) In contrast, a much longer period of monocular
deprivation in an adult cat (from 12 to 38 months of age in this example) had
little effect on ocular dominance. (After Purves, Augustine, et al., 2008)

from normal (Figure 7.5C). Therefore, between the time a kitten’s
eyes open (about a week after birth) and a year of age, visual experi-
ence determines how the visual cortex is wired, and does so in a way
that later experience does not readily reverse.

The clinical, educational, and social implications of these results
are hard to miss. In terms of clinical ophthalmology, early deprivation
in developed countries is most often the result of strabismus, a mis-
alignment of the two eyes caused by deficient control of the direction
of gaze by the muscles that move the eye. This problem affects about
5% of children. Because the resulting misalignment produces double
vision, the response of the visual system in severely afflicted children
is to suppress the input from one eye (it’s unclear exactly how this
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happens). This effect can eventually render children blind in the sup-
pressed eye if they are not treated promptly by intermittently patching
the good eye or intervening surgically to realign the eyes. A prevalent
cause of visual deprivation in children in underdeveloped countries is a
cataract (opacification of the lens) caused by diseases such as river
blindness (an infection caused by a parasitic worm) or trachoma (an
infection caused by a small, bacteria-like organism). A cataract in one
eye is functionally equivalent to monocular deprivation in experimental
animals, and this defect also results in an irreversible loss of visual acu-
ity in the untreated child’s deprived eye, even if the cataract is later
removed. Hubel and Wiesel’s observations provided a basis for under-
standing all this. In keeping with their findings in experimental animals,
it was also well known that individuals deprived of vision as adults, such
as by accidental corneal scarring, retain the ability to see when treated
by corneal transplantation, even if treatment is delayed for decades.

The broader significance of this work for brain function is also
readily apparent. If the visual system is a reasonable guide to the
development of the rest of the brain, then innate mechanisms estab-
lish the initial wiring of neural systems, but normal experience is
needed to preserve, augment, and adjust the neural connectivity
present at birth. In the case of abnormal experience, such as monoc-
ular deprivation, the mechanisms that enable the normal maturation
of connectivity are thwarted, resulting in anatomical and, ultimately,
behavioral changes that become increasingly hard to reverse as ani-
mals grow older. This gradually diminishing cortical plasticity as we or
other animals mature provides a neurobiological basis for the familiar
observation that we learn anything (language, music, athletic skills,
cultural norms) much better as children than as adults, and that
behavior is much more susceptible to normal or pathological modifi-
cation early in development than later. The implications of these fur-
ther insights for early education, for learning and remediation at later
stages of life, and for the legal policies are self-evident.

Hubel and Wiesel’s extraordinary success (Figure 7.6) was no
doubt the result of several factors. First, as they were always quick to
say, they were lucky enough to have come together as fellows in Kuf-
fler’s lab shortly after he had determined the receptive field proper-
ties of neurons in the cat retina—the approach that, with Kuffler’s
encouragement, they pursued as Kuffler followed other interests (an
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act of generosity not often seen when mentors latch on to something
important). Second, they were aware of and dedicated to the impor-
tance of what they were doing; the experiments were difficult and
often ran late into the night, requiring an uncommon work ethic that
their medical training helped provide. Finally, they respected and
complemented each other as equal partners. Hubel was the more
eccentric of the two, and I always found him somewhat daunting. He
had been an honors student in math and physics at McGill, and
whether solving the Rubik’s cube that was always lying around the
lunchroom or learning how to program the seemingly incomprehen-
sible PDP 11 computer that he had purchased for the lab, he liked
puzzles and logical challenges. He asked tough and highly original
questions in seminars or lunchroom conversations and made every-
one a little uneasy by taking snapshots with a miniature camera about
the size of a cigarette lighter that he carried around. He was hard to
talk to when I sought him out for advice as a postdoc, and I couldn’t
help feeling that his characterization of lesser lights as “chuckle-
heads” was probably being applied to me. These quirks aside, he is
the neuroscientist I have most admired over the years.

Although Wiesel shared Hubel’s high intelligence and dedication
to the work they were doing, he was otherwise quite different. Open
and friendly with everyone, he had all the characteristics of the natu-
ral leader of any collective enterprise. Torsten became the chair of
the Department of Neurobiology at Harvard when Kuffler stepped
down in 1973 and, after moving to Rockefeller University in 1983,
was eventually appointed president there, a post he served in with
great success from 1992 until his retirement in 1998 at the age of 74.
In contrast, Hubel had been appointed chair of the Department of
Physiology at Harvard in 1967, but he quit after only a few months
and returned to the Department of Neurobiology when he appar-
ently discovered that he did not want to handle all the problems that
being a chair entails. (Other reasons might have contributed, based
on the response of the Department of Physiology faculty to his mana-
gerial style, but if so, I never heard them discussed.)

This brief summary of what Hubel and Wiesel achieved gives
some idea of why their influence on the trajectory of “systems-level”
neuroscience in the latter decades of the twentieth century was so
great. The wealth of evidence they amassed seemed to confirm
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Figure 7.6 David Hubel and Torsten Wiesel talking to reporters in 1981, when
they were awarded that year’s Nobel Prize in Physiology or Medicine. (From
Purves and Litchman, 1985)

Helmholtz’s idea that perceptions are the result of the activity of
neurons that effectively detect and, in some sense, report and repre-
sent in the brain the various features of retinal images. This strategy
seems eminently logical; any sensible engineer would presumably
want to make what we see correspond to the real-world features of
the objects that we and other animals must respond to with visually
guided behavior. This was the concept of vision that I took away
from the course that Hubel and Wiesel taught us postdocs and stu-
dents in the early 1970s. However, I should hasten to add that fea-
ture detection as an explicit goal of visual processing was never
discussed. Hubel and Wiesel appeared to assume that understanding
the receptive field properties of visual neurons would eventually
explain perception, and that further discussion would be superfluous.

In light of all this, it will seem odd that the rest of the book is pred-
icated on the belief that these widely accepted ideas about how the
visual brain works are wrong. The further conclusion that understand-
ing what we see based on learning more about the responses of visual
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neurons is likely to be a dead end might seem even stranger. Several
things conspired to sow seeds of doubt after years of enthusiastic, if
remote, acceptance of the overall program that Hubel and Wiesel had
been pursuing. The first flaw was the increasing difficulty that they
and their many acolytes were having when trying to make sense of the
electrophysiological and anatomical information that had accumulated
by the 1990s. In the early stages of their work, the results obtained
seemed to beautifully confirm the intuition that vision entails sequen-
tial and essentially hierarchical analyses of retinal image features lead-
ing to the neural correlates of perception (see Figure 7.3). The general
idea was that the luminance values, spectral distributions (colors),
angles, line lengths, depth, motion, and other features were abstracted
by visual processing in the retina, thalamus, and primary visual cortex,
and subsequently recombined in increasingly complex ways by neu-
rons at progressively higher stages in the visual cortex. These com-
bined representations in the extrastriate regions of the visual system
would lead to the perception of objects and their qualities by virtue of
further activity elicited in the association cortices in the occipital lobes
and adjacent areas in the temporal and parietal lobes.

A particularly impressive aspect of Hubel and Wiesel’s observations
in the 1960s and 1970s was that the receptive field properties of the
neurons in the lateral geniculate nucleus of the thalamus could nicely
explain the properties of the neurons they contacted in the input layer
of the primary visual cortex, and that the properties of these neurons
could explain the responses of the neurons they contacted at the next
higher level of processing in V1. The neurons in this cortical hierarchy
were referred to as “simple,” “complex,” and “hypercomplex” cells,
underscoring the idea that the features abstracted from the retinal
image were progressively being put back together in the cortex for the
purpose of perception. Although I doubt Hubel and Wiesel ever used
the phrase, the rationale for the initial abstraction was generally
assumed to be engineering or coding efficiency.

These findings also fit well with their anatomical evidence that V1
is divided into iterated modules defined by particular response prop-
erties, such as selectivity for orientation (see Figure 7.4) or for infor-
mation related to the left or right eye (see Figure 6.2A). By the late
1970s, Hubel and Wiesel had put these several findings together in
what they called the “ice cube” model of visual cortical processing
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(Figure 7.7). The suggestion was that each small piece of cortex,
which they called a “hyercolumn,” contained a complete set of fea-
ture-processing elements. But as the years passed and more evidence
accumulated about visual neuronal types, their connectivity, and the
organization of the visual system, the concept of a processing hierar-
chy in general and the ice cube model in particular seemed as if a
square peg was being pounded into a round hole.

A second reason for suspecting that more data about the recep-
tive field properties of visual neurons and their anatomical organiza-
tion might not explain perception was the mountain of puzzling
observations about what people actually see, coupled with philosoph-
ical concerns about vision that had been around for centuries. Taking
such things seriously was a path that a self-respecting neuroscientist
followed at some peril. But vision has always demanded that percep-
tual and philosophical issues be considered, and the cracks that had
begun to appear in the standard model of how the visual brain was
supposed to work encouraged a reconsideration of some basic con-
cerns. One widely discussed issue was the question of “grandmother
cells,” a term coined by Jerry Lettvin, an imaginative and controver-
sial neuroscientist at MIT who liked the role of intellectual and
(during the Vietnam War era) social provocateur. If the features of

L

L
R

R
R

L

Figure 7.7 The ice cube model of primary visual cortical organization. This
diagram illustrates the idea that units roughly a square millimeter or two in
size (the primary visual cortex in each hemisphere of a rhesus monkey brain is
about 1,000 square millimeters) each comprise superimposed feature-pro-
cessing elements, illustrated here by orientation selectivity over the full range
of possible angles (the little lines) and comapping with right and left eye pro-
cessing stripes (indicated by L and R; see Figure 6.2A). (After Hubbel, 1988)
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retinal images were being progressively put back together in neurons
with increasingly more complex properties at higher levels of the
brain, didn’t this imply the existence of nerve cells that would ulti-
mately be ludicrously selective (meaning neurons that would respond
to only the retinal image of your grandmother, for example)?
Although the question was facetious, many people correctly saw it as
serious. The ensuing debate was further stimulated by the discovery
in the early 1980s of neurons in the association areas of the monkey
brain that did, in fact, respond specifically to faces (an area in the
human temporal lobe that responds selectively to faces has since
been well documented). A related question concerned the binding
problem. Even if visual neurons don’t generate perceptions by specif-
ically responding to grandmothers or other particular objects (which
most people agreed made little sense), how are the various features of
any object brought together in a coherent, instantaneously generated
perception of, for example, a ball that is round, chartreuse, and com-
ing at you in a particular direction from a certain distance at a certain
speed (think tennis). Although purported answers to the binding
problem were (and still are) taken with a grain of salt, most neurosci-
entists recognized that such questions would eventually need to be
answered. Although a lot of my colleagues were not very interested in
debates of this sort, I had always had a weakness for them and was
glad to see these issues raised as serious concerns in neuroscience.
After all, I had been a philosophy major in college and had left clini-
cal medicine because I wanted to understand how the brain worked,
not just how to understand its maladies or the properties of its con-
stituent cells.

By the mid-1990s, I began to be bothered by another philosophi-
cal issue relevant to perception that was ultimately decisive in reach-
ing the conclusion that mining the details of visual neuronal
properties would never lead to an understanding of perception or its
underlying mechanics. Western philosophy had long debated about
how the “real world” of physical objects can be “known” by using our
senses. Positions on this issue had varied greatly, the philosophical
tension in recent centuries being between thinkers such as Francis
Bacon and René Descartes, who supposed that absolute knowledge
of the real world is possible (an issue of some scientific consequence
in modern physics and cosmology), and others such as David Hume
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and Immanuel Kant, who argued that the real world is inevitably
remote from us and can be appreciated only indirectly. The philoso-
pher who made these points most cogently with respect to vision was
George Berkeley, an Irish nobleman, bishop, tutor at Trinity College
in Dublin, and card-carrying member of the British “Empiricist
School.” In 1709, Berkeley had written a short treatise entitled An
Essay Toward a New Theory of Vision in which he pointed out that a
two-dimensional image projected onto the receptive surface of the
eye could never specify the three-dimensional source of that image in
the world (Figure 7.8). This fact and the difficulty it raises for under-
standing the perception of any image feature is referred to as the
inverse optics problem.

In the context of biology and evolution, the significance of the
inverse problem is clear: If the information on the retina precludes
direct knowledge of the real world, how is it that what we see enables
us to respond so successfully to real-world objects on the basis of
vision? Helmholtz was aware of the problem and argued that vision
had to depend on learning from experience in addition to the infor-
mation supplied by neural connections in the brain determined by
inheritance. However, he thought that analyzing image features was
generally good enough and that a boost from empirical experience
(empirical experience, for him, was what we learn about objects in

Retinal projection

Figure 7.8 The inverse optics problem. George Berkeley pointed out in the
eighteenth century that the same projected image could be generated by
objects of different sizes, at different distances from the observer, and in dif-
ferent physical orientations. As a result, the actual source of any three-dimen-
sional object is inevitably uncertain. Note that the problem is not simply that
retinal images are ambiguous; the deeper issue is that the real world is
directly unknowable by means of any logical operation on a projected image.
(After Purves and Lotto, 2003)
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life through trial-and-error interactions) would contend with the
inverse problem. This learned information would allow us to make
what Helmholtz referred to as “unconscious inferences” about what
an ambiguous image might represent. Some vision scientists seemed
to take Helmholtz’s approach to the inverse optics problem as suffi-
cient, but many simply ignored it. The problem was rarely, if ever,
mentioned in the discussions of vision I had been party to over the
years. In particular, I had never heard Hubel and Wiesel mention it
or saw it referred to in their papers.

At the same time, I was increasingly aware in the 1990s, as any-
one who delves into perception must be, of an enormous number of
visual illusions. An illusion refers to a perception that fails to match
a physical measurement made by using an instrument of some sort:
a ruler, a protractor, a photometer, or some more complex device
that makes direct measurements of object properties, therefore
evading the inverse problem. In using the term illusion the pre-
sumption in psychology texts and other literature is that we usually
see the world “correctly,” but sometimes a natural or contrived stim-
ulus fools us so that our perception and the measured reality under-
lying the stimulus fail to align. But if what Berkeley had said was
right, analysis of a retinal image could not tell the brain anything
definite about what objects and conditions in the world had actually
generated an image. It seemed more likely that all perceptions were
equally illusory constructions produced by the brain to achieve bio-
logical success in the face of the inverse problem. If this was the
case, then the evolution of visual systems must have been primarily
concerned with solving this fundamental challenge. Surprisingly, no
one seemed to be paying much attention to this very large spanner
that Berkeley had tossed into logical and analytical concepts of how
vision works.

I didn’t have the slightest idea of how the visual wiring described
by Hubel and Wiesel and their followers might be contending with
the inverse problem. But I was pretty sure that it must be by means of
a very different strategy from the one that had been explicitly or
implicitly dominating my thinking (and most everyone else’s) since
the 1960s. If understanding brain function was going to be possible,
exploring how vision contends with the inverse problem seemed a
very good place to start.



285

A
Abney effect, 167
absorption spectra, 109, 241
acetylcholine, 41, 57

muscle fibers’ sensitivity to,
44-45

achromatic, 241
action potential, 5, 7, 241
activity, effect on nervous

system, 42-45
acuity, 241
adaptation, 241
Adelson, Ted, 123
Adler, Julius, 32
afferent neuron, 241
Algonquin Books of Chapel

Hill, 94
algorithm, 241
amblyopia, 242
analytical, 242
anatomy

defined, 54
surface anatomy of brain, 

88-89

Andersen, Per, 43
Andrews, Tim, 100, 103
angiogenesis, 20
angles, geometry perception,

191-197
aperture problem, 242
apertures

defined, 242
occluding apertures, 204,

208-215
artificial intelligence, 242
artificial neural networks, 242.

See also neural networks
association areas, response to

faces, 119
association cortex, 242
autonomic ganglia, 55-57, 242
autonomic nervous system,

56-58. See also central
nervous system
cellular structure of, 4
components of, 55
defined, 242
experience, effect of, 42-45

Index



286 index

invertebrate nervous
systems, study of, 28-34

loss of synapses, effect of, 
63-65

neural specificity, 60
chemoaffinity hypothesis,

61-63
electrical recordings

from neurons, 62
innervation in

sympathetic ganglia,
60-61

pharmacology of, 57
synaptic connectivity, 77-78

balance in, 79-80
further research in, 85
over time, 81-84

target-dependent neuronal
death, 71-72

axons, 4-5, 7. See also action
potential
regrowth, 63

B
Babbage, Charles, 223-224
background, defined, 243
Bacon, Francis, 119
Barlow, Horace, 131
barrels (in cortex), 95
Bayes, Thomas, 227
Bayes’s theorem, 243
Bayesian decision theory

brain systems and, 228-230
defined, 243

Baylor, Denis, 26, 30, 33
behavior

effect of perception and
sensory systems on, 
228-230

as reflexive, 230-231
Benzer, Seymour, 32
Berkeley, George, 

120-121, 179
Betz, Bill, 39
Bezold–Brücke effect, 167
binding problem, 119, 243
binocular, 243
binocular rivalry, 268
biochemistry of synaptic

transmission, 10-12, 38
Blaustein, Mordy, 52
blind spot, 243
Bliss, Tim, 43
blobs, 243
blood vessels, inhibiting

growth of, 20
Boston’s Children’s 

Hospital, 20
bottom-up, defined, 243
bottom-up processing, 243
brain

cellular structure of, 4
defined, 244
organizational structure of,

12-15
surface anatomy of, 88-89

Brain and Visual Perception
(Hubel and Wiesel), 131



index 287

brain modules, 90-92
over time, 92-93
somatic sensory system, 

95-96
brain systems

Bayesian decision theory
and, 228-230

computational theory and,
223-228

framework for, 221-222
neural signaling in, 219-223
study of, versus study of

neurons, 54-55
brainstem, 244
Brenner, Sydney, 32
Brigham, 17, 19
brightness

defined, 244
explained, 164
lightness versus, 124-125
perception of

disconnect from
luminance values, 
123-126, 129-139, 142

organization of
perception of, 161-169,
172-178

Brodmann, Korbinian, 13-14
Brodmann’s Area, 17, 244
Brown, Michael, 79
Bueker, Elmer, 74
Burton, Harold, 53

C
Cajál, Santiago Ramon y, 4, 79
calcarine sulcus, 107, 244

cancer, angiogenesis, 20
Cannon, Walter, 58
cataracts, 114
catecholamines, 57
cell body, 244
cells, 244
cellular structure of brain and

nervous system, 4
central nervous system. 

See also autonomic
nervous system
components of, 13
defined, 244
in “simple” creatures, 30-31

central sulcus, 244
cerebral cortex, 244
cerebrum, 245
channels, 245
chemical synaptic

transmission, 10-12, 38
chemoaffinity hypothesis, 

61-63
chiasm, 245
circuitry, 245
clinical psychiatry in 1960s,

18-19
clinical-pathological

correlations in brain
anatomy, 14

cognition, 245
cognitive neuroscience, 87, 98
Cohen, Stanley, 74
Cold Spring Harbor

Laboratories, 87
color, defined, 245
color addition, 108



288 index

color blind, 245
color constancy

color perception and, 
146-150

defined, 245
explained, 155-156

color contrast
defined, 245
explained, 153-156
stimulus, 147, 150

color deficient, 246
color opponent, 246
color perception, 108-110,

143-146, 149-160
advantages of, 144
color constancy, 146-149
colored lights and, 156-158
as empirical theory, 151-155

criticism of, 158-160
organization of, 161-169,

172-178
relative luminance and, 157
simultaneous color 

contrast, 146
trichromatic theory, 145-146

color space, 246
color subtraction, 108
color-opponent cells, 246
colored lights, effect on color

perception, 156-158
colorimetry

defined, 246
experiments, 166-171

communication between
neurons
action potential, 5-7
biochemistry of, 10-12
synapses, 7-10

competition, 246
complementary colors, 246
computational theory, brain

systems and, 223-228
cone opsins, 246
cones

defined, 246
visual processing in, 105

consciousness, defined, 247
context, 247
contralateral, 113, 247
contrast, 247
Cornsweet edge effect, 

139-141, 247
Cornsweet, Tom, 139
corpus callosum, 247
cortex, 247
cortical columns, 247
cortical modularity, 91-92

over time, 92-93
somatic sensory system, 

95-96
cortical neurons

experience, effect of, 
111-114

responses of, 111
Costantin, Roy, 52
Cowan, Max, 53-54, 64, 69,

72, 85, 94



index 289

Crick, Francis, 3, 32, 159
critical period, 247
cyclopean vision, 101, 248

D
Dale, Henry, 10
dark adaptation, 248
Daw, Nigel, 52
degree, 248
dendrites, 4-5, 248
Dennis, Mike, 39, 45
depression, 21, 86
depth perception, 248
Descartes, René, 119
detectors, 248
determinism, free will 

versus, 232-233
DeWeer, Paul, 53
dichromat, defined, 248
dichromatic, defined, 248
diencephalon, 248
direction of motion, 248. See

also occluding apertures
disparity, 249
dorsal lateral geniculate

nucleus, 249
dorsal stream, 249
du Bois-Reymond, Emil, 6
Duke University, 93, 95

E
eccentricity, 249
Eccles, John, 8-11, 43, 100
edge effects, 249

efferent neuron, 249
electrical recordings from

neurons, 62
electrical signals between

neurons
action potential, 5-7
biochemistry of, 10-12
synapses, 7-10

electromagnetic
radiation, 249

electrophysiology, 249
empirical, defined, 129, 249
empirical information, visual

perception and, 129-139
empirical theory, color

perception as, 151-155
criticism of, 158-160

An Essay Toward a 
New Theory of Vision
(Berkeley), 120

excitatory neuron, 249
experience

cortical neurons, effect on,
111-114

nervous system, effect on,
42-45

perception and sensory
systems, effect on, 228-230

scene analysis as proxy 
for, 176

visual perception, role in,
123-126, 129-139, 142

extrafusal muscle fibers, 49
extrastriate, defined, 250
extrastriate cortex, 107, 109



290 index

extrastriate visual cortical
areas, 108, 250

eyedness
flicker-fusion frequency 

and, 101
neural basis for, 99-101

F
faces, neurological response

to, 119
Fatt, Paul, 38
feature detection, 250
features, 250
Fechner, Gustav, 108, 161
fibrillation, 44-45
filling in, 250
Fischbach, Gerry, 85
fixation, 250
flash-drag effect, 205
flash-lag effect, 204-208
Flexner, Abraham, 51
flicker-fusion frequency, 

101-103, 250
fMRI (functional magnetic

resonance imaging), 251
Folkman, Judah, 20-21
fovea, 250
free will, determinism 

versus, 232-233
frequency, defined, 250
frequency distribution, 251
frequency of occurrence

experiment, geometry
perception, 182-184

Friend, Dale, 17

frontal lobe, 251
frog, visual system of, 63
Fröhlich effect, 205
functional imaging, 251
functional magnetic

resonance imaging 
(fMRI), 251

Furshpan, Ed, 1-2, 5-8, 11, 31

G
Galvani, Luigi, 6
ganglia

autonomic ganglia, 55-56
defined, 251
sympathetic ganglia,

innervation in, 60-61
vertebrate autonomic

ganglia, 39
ganglion cells, 251
Gaskell, Walter, 56
Gelb, Adhemar, 125
genes, 251
genetic algorithm, 251
genome, 251
genotype, 251
geometrical illusions, 252
geometry perception, 

179-196, 199
angle estimations, 191-195
frequency of occurrence

experiment, 182-184
inverse problem and, 

179-180
line length experiment, 

184-190



index 291

gestalt
defined, 252
visual perception and, 131

glial cells, 29, 252
glomeruli

defined, 252
olfactory glomeruli, 92

Golgi, Camillo, 4
gradients, 138
grandmother cells, 118
gray matter, 252
Gregory, Richard, 196
growth factors, 252
Gutierrez, Gabriel, 96, 99
gyrus, 252

H
Hall, Zach, 31
Hamburger, Viktor, 64, 66, 

69-77
handedness, neural basis 

for, 99
Harris, John, 39
Harvard

clinical psychiatry in 1960s,
18-19

neuroscience research
in 1960s, 24-35
prior to 1960, 1-16

neurosurgery in 1960s, 23-24
surgery in 1960s, 19-21

Helmholtz Club, 159
Helmholtz, Hermann von,

108, 116, 120-121, 145

Helmholtz–Kohlrausch
effect, 167

Hering, Ewald, 145
Hering illusion, 252
heuristic, 252
Heuser, John, 45
hidden unit, 253
hierarchy, 253
higher-order, defined, 253
higher-order cortical

processing regions, 108
higher-order neurons, 253
Hill, Archibald, 8, 37
hippocampus, 43, 253
history of medical 

education, 51
Hodgkin, Alan, 6-8, 26-29, 46,

52-53
homeostasis, 56
hospitals, medical schools

adjacent to, 51
Houghton Mifflin, 94
Hubel, David, 1-2, 12-15, 28,

31, 33, 52, 54, 65, 88, 91, 
98, 103, 105, 108, 110-121,
131-132, 219, 222

hue, 163, 253
Hume, David, 120
Hunt effect, 167
Hunt, Carlton, 48-54, 58-59,

64, 66, 85
Hurvich, Leo, 98, 168
Huxley, Andrew, 6-8, 11, 27,

29, 38, 46, 52-53, 219
hypercomplex cells, 253



292 index

I
ice cube model (visual

system), 117-118
illuminant, 253
illumination, 254
illusions

defined, 254
visual illusions, 121, 131

image, 254
image formation, 254
information, defined, 254
information theory, 254
inhibition, 254
inhibitory neurons, 254
innervate, defined, 254
innervation

defined, 254
dependence on target cell

geometry, 80-82
in sympathetic ganglia, 60-61

input, 255
interneuron, 255
intrafusal muscle fibers, 49
inverse optics problem, 

120-121, 255
defined, 255
geometry perception and,

179-180
motion perception and, 

202-203
invertebrate nervous systems,

study of, 28-34
ipsilateral, 113, 255

J–K
Jameson, Dorothea, 98, 168
Jansen, Jan, 79

Kandel, Eric, 33
Kant, Immanuel, 120
Katz, Bernard, 8-11, 25, 27,

29, 33-34, 37-50, 53, 58, 65,
100, 219

kludge, defined, 255
Kofka, Kurt, 131
Kravitz, Ed, 1-2, 12, 31, 52
Krayer, Otto, 1, 12
Kreutzfeldt, Otto, 39
Kuffler, Stephen, 1-2, 9-10,

15-17, 24, 27-34, 37, 39, 46,
48, 52-53, 65, 75, 93, 100,
110, 114, 132, 219-220

Kühler, Wolfgang, 131

L
LaMantia, Anthony, 89, 92, 95
lamina, 255
laminated, 255
Land Mondrians, 147, 255
Land, Edwin, 146, 149
Langley, John, 10, 56-62
laser range scanning, 182
lateral inhibition, 256
learning

defined, 256
effect on nervous system, 

42-45
neurological basis for, 114

leech, central nerve cord 
of, 30



index 293

left-eyedness
flicker-fusion frequency 

and, 101
neural basis for, 99-101

left-handedness, neural basis
for, 99

LeGros Clark, Wilfred, 53
lens, 256
Lettvin, Jerry, 118
Levi, Guiseppe, 73
Levi-Montalcini, Rita, 72-77
Levinthaland, Cyrus, 32
Lichtman, Jeff, 64, 66, 79-80,

84-85, 90, 94, 137
light

color addition, 108
colored lights, effect on color

perception, 156-158
defined, 256
responses to, 111

light adaptation, 256
lightness

brightness versus, 124-125
defined, 256
explained, 164
perception of

disconnect from
luminance values, 
123-126, 129-139, 142

organization of, 161-169,
172-178

lightness constancy, 256
likelihood function, 227
Lillie, Frank, 70
limb bud ablation, 71

line length experiment,
geometry perception, 
184-190

line of sight, 256
lines

defined, 256
straight lines, physical

sources for, 190
lobes, 257
lobster, nervous system of, 31
Locke, John, 60
Lømo, Terje, 43
Long, Fuhui, 169
long-term memory, 42
long-term potentiation (LTP),

43, 257
Lorente de Nó, Rafael, 91
loss of synapses, effect of, 

63-65
Lotto, Beau, 137, 140, 146,

152, 154, 158, 162, 164, 173
LTP (long-term potentiation),

43, 257
luminance

defined, 125, 257
disconnect from

brightness/lightness
perception, 123-126, 
129-139, 142

frequency of occurrence,
determining, 173-175

organization of perceptual
qualities related to, 162

relative luminance, effect on
color perception, 157

luminance gradients, 257



294 index

M
M.D./Ph.D. program, 65
Mach bands, 137-139, 257
Mach, Ernst, 137-139
machine vision, 223-225
The Machinery of the Brain

(Wooldridge), 22
machines, defined, 257
magnocellular system, 257
Magrassi, Lorenzo, 83
mammals, defined, 257
maps, 257
mapping, 258
Marr, David, 223-225
Massachusetts General

Hospital, 19, 23
Massachusetts Mental Health

Center, 18
Matthews, Margaret, 64
Maxwell, James Clerk, 

109, 145
McCoy, Alli, 126
McCulloch, Warren, 225
McMahan, Jack, 34, 39, 55, 79
medical education, history 

of, 51
medical schools, separation

from universities, 51
medicinal leech, central nerve

cord of, 30
medium, defined, 258
memory, long-term and short-

term, 42
mesopic, 258
The Metabolic Care of the

Surgical Patient (Moore), 19

metamers, 258
microelectrode, 258
Miledi, Ricardo, 38-40, 

44-48, 58
mind, defined, 258
misperception in space

theory, 216
misperception in time 

theory, 215
Missouri Medical College, 51
modality, 258
modules

in brain, 90-92
over time, 92-93
somatic sensory system,

95-96
defined, 258

Mondrian, Piet, 147
monochromatic light, 258
monochromats, 258
monocular, defined, 259
monocular deprivation, 114
Moore, Francis, 19
motion, defined, 259
motion perception, 201-217

flash-lag effect, 204-208
inverse problem and, 

202-203
misperception in space

theory, 216
misperception in time

theory, 215
occluding apertures, 208-215

motor, defined, 259
motor cortex, 259
motor neuron, 259



index 295

motor reflexes, final common
pathway for actions, 100

motor system, 259
Mountcastle, Vernon, 91, 219
MST/MT, defined, 259
Müller-Lyer illusion, 259
Mumford, David, 172
muscle fibers

defined, 259
fibrillation, 44-45
sensitivity to acetylcholine,

44-45
stretch receptors in, 48-49

muscle spindles, 259
muscles, signaling from

neurons, 7-10
biochemistry of, 10-12

myelin, 107

N
Neher, Erwin, 46-47
neocortex, 260
nerves, defined, 260
nerve cells. See neurons
nerve growth factor, discovery

of, 72-75
nervous system, 56-58

cellular structure of, 4
central nervous system

components of, 13
defined, 244
in “simple” creatures, 

30-31
components of, 55
defined, 242

experience, effect of, 42-45
invertebrate nervous systems,

study of, 28-34
loss of synapses, effect of, 

63-65
neural specificity, 60

chemoaffinity hypothesis,
61-63

electrical recordings from
neurons, 62

innervation in
sympathetic ganglia,
60-61

pharmacology of, 57
synaptic connectivity, 77-78

balance in, 79-80
further research in, 85
over time, 81-84

target-dependent neuronal
death, 71-72

neural circuit, 260
neural networks, 225-227,

242, 260
neural plasticity, 260
neural processing, 260
neural signaling in brain

systems, 219-223
neural specificity, 60

chemoaffinity hypothesis, 
61-63

electrical recordings from
neurons, 62

innervation in sympathetic
ganglia, 60-61

neural system, 260



296 index

neuroanatomy, 88-89
organizational structure of

brain, 12-15
neuroglial cell, 260
neuromuscular junction, 260
neuronal anatomy, 4
neuronal receptive field, 261
neuronal receptive fields

properties, 261
neurons

communication between
action potential, 5, 7
biochemistry of, 10-12
synapses, 7-10

defined, 261
discreteness of, 4
features of, 5
innervation dependence on

target cell geometry, 80-82
loss of synapses, effect of, 

63-65
receptive field properties, 15
response to faces, 119
structural polarization, 4
study of, versus study of

brain systems, 54-55
target-dependent neuronal

death, 71-72
neuroscience

background
prior to 1960, 1-16
in 1960s, 24-35
in 1970s, 37-50

defined, 261
focus of study, neurons

versus brain systems, 54-55

neurosurgery in 1960s, 23-24
neurotransmitters, 261
neurotransmitter

receptors, 261
Newton, Isaac, 143
Nicholls, John, 24-34, 39, 

79, 98
Niedergerke, Rolf, 38
Nirenberg, Marshall, 32
Njå, Arild, 62
Nobel Prize in Physiology and

Medicine (1986), 76
noise, 41, 261
Nundy, Shuro, 164, 166

O
object speed, visual range 

of, 201
objects, defined, 261
occipital cortex, 261
occipital lobe, 261
occluding apertures, 204, 

208-215
occlusion, 261
ocular dominance 

columns, 262
olfactory bulb, 262
olfactory glomeruli, 92
ontogeny, 262
opponent colors, 262
opsins, 262
optic chiasm, 245
optic disk, 262
optic nerve

defined, 262
regeneration of retinal 

axons, 62



index 297

optic radiation, 262
optic tectum, 63, 262
optic tract, 263
organelles, 263
organization of perceptual

qualities, 161-169, 172-178
organizational structure of

brain, 12-15
orientation

defined, 263
of lines, effect on line length

perception, 184-190
orientation selectivity, 263
orthogonal, 263

P
Page, Sally, 38
pain perception, analogy with

color perception, 143
Paintin, Audrey, 38
Palay, Sanford, 5
paraldehyde, 18
parallel processing, 263
parasympathetic component

(autonomic nervous 
system), 56

parietal lobe, 263
parvocellular system, 263
patch-clamp electrode, 47
Pavlov, Ivan, 231
Peace Corps, 22-23
Pearlman, Alan, 52
perception, 97-104

color perception, 143-146,
149-160

advantages of, 144
color constancy, 146-149

colored lights and, 
156-158

as empirical theory, 
151-155, 158, 160

relative luminance 
and, 157

simultaneous color
contrast, 146

trichromatic theory, 
145-146

defined, 131, 263
eyedness, neural basis for,

99-101
geometry perception, 

179-199
angle estimations, 

191-197
frequency of occurrence

experiment, 182-184
inverse problem and, 179
line length experiment,

184-190
motion perception, 201-217

flash-lag effect, 204-208
inverse problem and, 202
misperception in space

theory, 216
misperception in time

theory, 215
occluding apertures, 

208-215
organization of perceptual

qualities, 161-169, 172-178
pain perception, analogy with

color perception, 143
philosophical questions

about, 97



298 index

as reflexive, 230-231
sensory systems and, 228-230
visual perception, 108

brightness/lightness,
disconnect from
luminance values, 
123-126, 129-139, 142

color perception, 108-110
correlation with visual

system, 105, 108-121
defined, 274
flicker-fusion frequency,

101-103
qualities of, 124

perceptual space, 161-169,
172-178
for angles, 195
defined, 263
of line length, 187

peripheral nervous 
system, 264

peripheral targets, neuronal
death and, 71-72

perspective, 190
in 2-D versus 3-D object

motion simulation, 204, 208
defined, 264

Peter Bent Brigham Hospital,
17, 19

pharmacology
of autonomic nervous

system, 57
of neurotransmitters, 11-12
psychoactive drug 

research, 17

phenomenology, 264
philosophical questions about

perception, 97
philosophy, scientific bias

against, 98-99
photometers, 264
photopic, defined, 264
photopic vision, 264
photoreceptors, 264
phylogeny, 264
physical sources for straight

lines, 190
physiological blind spot, 243
physiology, 54
pigments

color subtraction, 108
defined, 264

Pitts, Walter, 225
pixels, 264
planes, lines within, 190
points, 264
Polaroid Corporation, 147
posterior, defined, 264
posterior probability

distribution, 228
potentiation, long-term, 43
Potter, David, 1-2, 5-8, 11, 

24-25, 31
Potter, Lincoln, 41
power, defined, 265
Price, Joel, 53, 99
primary colors

defined, 265
perception of, 145

primary motor cortex, 265



index 299

primary sensory cortex, 265
primary visual cortex (striate

cortex), 107, 109, 265
primary visual pathway, 

105-106, 265
primate, defined, 265
prior probability 

distribution, 227
probability, 265
probability distribution, 265
processing, defined, 266
projective geometry, 179
psychiatry, clinical, in 1960s,

18-19
psychoactive drug 

research, 17
psychology

defined, 266
scientific bias against, 98-99

psychophysical functions, 
161-169, 172-178

psychophysics, 266

Q–R
Qing Howe, Catherine, 180,

182, 184, 187, 189

Raisman, Geoff, 64
Rakic, Pasko, 89
Ramo, Simon, 22
Ramo–Wooldridge

Corporation, 22
range, defined, 266
rank, defined, 266
rats, somatic sensory 

cortex in, 96

Ravenel, Shannon, 26, 94
real world, defined, 266
receptive field, defined, 266
receptive field properties

of neurons, 15
of retinal ganglion cells, 133
of visual neurons, 110-111

geometry perception 
and, 198

visual perception and,
117-118

receptor cells, 266
receptors, 266
reflectance, 266
reflection, 267
reflex arc, 267
reflexes, 231-233, 267
refraction, 267
regeneration of retinal 

axons, 62
relative luminance, effect on

color perception, 157
research grants, 59
resolution, 267
retina, 267
retinal axons, regeneration 

of, 62
retinal disparity, 267
retinal ganglion cells

defined, 106, 267
receptive field properties 

of, 133
retinal image, 267
retinex theory, 267
retinotectal system, 268



300 index

retinotopic map, 268
retinotopy, 268
retirement fund 

enrollment, 59
rhodopsin, 268
Riddle, David, 95-96, 99
right-eyedness

flicker-fusion frequency 
and, 101

neural basis for, 99-101
right-handedness, neural basis

for, 99
rivalry, defined, 268
river blindness, 114
rods

defined, 105, 268
visual processing in, 105

Rosenthal, Jean, 43
Rovainen, Carl, 52
Rubin, Louis, 94

S
saccades, 268
Sakmann, Bert, 39-47, 55, 58,

64, 79
Sanes, Josh, 76, 85
saturation, 163, 268
scale, defined, 268
scaling, defined, 268
scaling functions, 165
scene, defined, 268
scene analysis, as proxy for

experience, 176
Scholars of the House

program (Yale), 3

scotoma, 269
scotopic, 269
sea slugs, nervous system 

of, 31
sensation, 269
sensitivity, 269
sensory, defined, 269
sensory modalities, types 

of, 131
sensory neurons, 269
sensory stimuli, 269
sensory systems. See also

perception
defined, 269
perception and, 228-230
visual system

anatomy of, 105-109
color perception, 

143-160
corical neurons, effect of

experience, 111-114
correlation with visual

perception, 105, 
108-121

geometry perception,
179-196, 199

ice cube model, 117
motion perception, 

201-217
in neuroscience studies,

14-15
organization of

perception qualities,
161-169, 172-178

Sherrington, Charles, 8, 
100-102, 220, 231



index 301

short-term memory, 42
signaling. See communication

between neurons
simple cells, 269
simple systems, study of, 

28-34
simultaneous color 

contrast, 146
simultaneous

lightness/brightness contrast,
125, 269

single ion channels,
measuring activity of, 47

somatic sensory cortex, 
96, 269

somatic sensory system, 
95-96, 270

Somers, David, 123
space, misperception in space

theory, 216
species, defined, 270
specificity, 270
spectral differences, 270
spectral sensitivity, 270
spectrophotometers, 270
spectrum

defined, 270
white light spectra, 144

speed of objects, visual range
of, 201. See also flash-lag
effect; motion perception

Spemann, Hans, 70
Sperry, Roger, 61-63

spinal cord
defined, 270
innervation in sympathetic

ganglia and, 60-61
Spitzer, Nick, 45
St. Louis Medical College, 51
Stent, Gunther, 32
stereopsis, 270
Stevens, Chuck, 88
Stevens, Stanley, 162
Stiles, Walter, 168-169
stimulus, 271
strabismus, 113, 271
straight lines, physical sources

for, 190
stretch receptors in muscle

fibers, 48-49
striate cortex (primary visual

cortex), 107, 265
structural polarization, 4
Stuart, Ann, 29-30, 32
sulcus, 271
Sung, Kyongje, 204, 206, 213
superior cervical ganglion, 61
surface anatomy of brain, 

88-89
surgery in 1960s, 19-21
Sweet, William, 23
sympathetic component

(autonomic nervous 
system), 56

sympathetic ganglia,
innervation in, 60-61



302 index

synapses, 7-10
biochemistry of transmission,

10-12
defined, 271
effect of loss, 63-65
visualizing, 83-84

synaptic connectivity, 77-78
balance in, 79-80
further research in, 85
neural specificity, 60-61
over time, 81-84

synaptic excitation, 11
synaptic inhibition, 11
synaptic noise, 41, 88
synaptic plasticity, 42
synaptic potentials, 271
synaptic transmission at

molecular level, 40
synaptic vesicles, 11, 271

T
T-illusion, 271
target cell geometry,

innervation dependence on,
80-82. See also muscles

target-dependent neuronal
death, 71-72

temporal lobe, 271
terminal, defined, 271
Thach, Tom, 53
thalamus, 107-108

defined, 271
visual processing by, 110

TIAA-CREF, 59

tilt illusion, 192-193
time

cortical modularity over, 
92-93

misperception in time 
theory, 215

synaptic connectivity over,
81-84

trachoma, 114
transduction, 272
transmittance, 272
trichromacy, 110
trichromacy theory, 110, 272
trichromatic, defined, 272
trichromatic theory, 145-146
Trinkaus, John, 3
trophic, defined, 272
trophic agents, 72

nerve growth factor,
discovery of, 72-75

TRW, 22
tuning curve, 272
two-cell bodies, 5

U
unique colors, perception 

of, 145
unique hues, defined, 272
universal Turing machine, 272
universities, separation from

medical schools, 51
University College,

neuroscience research in
1970s, 37-50



index 303

V
V1 (primary visual cortex),

107, 272
V2 (secondary visual 

cortext), 272
V4 (extrastriate cortex 

area), 273
van der Loos, Hendrik, 95
Van Essen, David, 79
variables, defined, 273
Venezuela, Peace Corps

service in, 22-23
ventral, defined, 273
ventral stream, defined, 273
vertebrate, defined, 273
vertebrate autonomic 

ganglia, 39
Vietnam War, 21
visible body map, 95
vision, defined, 273
visual acuity, 241
visual angle, 273
visual association areas, 108
visual association cortices, 273
visual field, 273
visual illusions, 121, 131
visual neurons, receptive field

properties of, 110-111
geometry perception 

and, 198
visual perception and, 

117-118

visual perception, 108
brightness/lightness,

disconnect from 
luminance values, 
123-126, 129-139, 142

color perception, 108-110
correlation with visual

system, 105, 108-121
defined, 274
eyedness, neural basis for,

99-101
flicker-fusion frequency, 

101-103
qualities of, 124

visual pigment, 274
visual processing

Bayesian decision theory and,
228-230

computational theory and,
223-228

defined, 274
visual qualities, 274
visual system

anatomy of, 105-109
color perception, 143-146,

149-160
advantages of, 144
color constancy, 146-149
colored lights and, 

156-158
as empirical theory, 

151-155, 158, 160
relative luminance 

and, 157



304 index

simultaneous color
contrast, 146

trichromatic theory, 
145-146

corical neurons, effect of
experience, 111-114

correlation with visual
perception, 105, 108-121

of frog, 63
geometry perception, 

179-196, 199
angle estimations, 

191-195
frequency of occurrence

experiment, 182-184
inverse problem and, 179
line length experiment,

184-190
ice cube model, 117-118
motion perception, 201-217

flash-lag effect, 204-208
inverse problem and, 202
misperception in space

theory, 216
misperception in time

theory, 215
occluding apertures, 

208-215
in neuroscience studies, 

14-15
organization of perception

qualities, 161-169, 172-178
visualizing synapses, 83-84
visually guided responses, 274
Volta, Alessandro, 6

W
Wallach, Hans, 209
Washington University 

(St. Louis), 48
neuroscience faculty, 52-54
School of Medicine, 51

Watson, James, 3, 32, 87
wavelength, 274
Wertheimer, Max, 131
white light, 144, 274
white matter, 274
White’s effect, 173, 274
White, Len, 99, 107, 124
Wiesel, Torsten, 1-2, 12-15,

28, 31, 33, 52, 54, 65, 88, 
91, 98, 103, 105, 108-121,
131-132, 219, 222

Williams, Mark, 124, 126, 137
Wojtach, Bill, 204, 206, 213
Wooldridge, Dean, 22
Woolsey, Tom, 53, 95
Wundt, Wilhelm, 108
Wyszecki, Gunter, 168-169

X–Y–Z
Yale

premed requirements, 2
Scholars of the House

program, 3
Yale Medical School, 26
Yang, Zhiyong, 169, 172, 201
Young, Thomas, 108, 145
Young–Helmholtz theory, 

145-146

Zemel, Richard, 172
Zöllner illusion, 192-193


	Preface
	Chapter 7 The visual system: Hubel and Wiesel redux
	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J–K
	L
	M
	N
	O
	P
	Q–R
	S
	T
	U
	V
	W
	X–Y–Z




