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THE DALAI LAMA

FOREWORD

Despite their obvious differences, science and Buddhism share several key features in
common. Both are committed to empirical observation, the testing of hypotheses, avoiding
blind adherence to dogma, and cultivating a spirit of openness and exploration. Most
importantly, Buddhism and science share as a fundamental aim the contribution they can
make to humanity’s well-being. While science has developed a deep and sophisticated
understanding of the material world, the Buddhist tradition has evolved a profound
understanding of the inner world of the mind and emotions and ways to transform them. I
have no doubt that improving collaboration, dialogue and shared research between these two
traditions will help to foster a more enlightened, compassionate, and peaceful world.

I have long supported the introduction of a comprehensive science education into the
curriculum of the traditional Tibetan monastic educational system. When I first heard that
Emory University proposed to develop and implement such a science education program for
Tibetan monks and nuns in collaboration with the Library of Tibetan Works and Archives, I
thought it would take many years. When I visited Emory University in October 2007, I was
genuinely surprised to be presented with the first edition of a science textbook for Tibetan
monks and nuns, the result of more than a year’s work by a team of dedicated scientists and
translators at Emory.

By extending the opportunities for genuine dialogue between science and spirituality, and by
training individuals well versed in both scientific and Buddhist traditions, the Emory-Tibet
Science Initiative has the potential to be of great meaning and significance to the world at
large. Once more, the creation of this primer series, presented in both Tibetan and English, is a
clear tribute to the commitment and dedication of all those involved in this project. With the
preparation having been done with such care, I am confident that the long-term prospects for
this project are bright.

I congratulate my friend Dr. James Wagner, President of Emory University, the science faculty
and translators of the Emory-Tibet Science Initiative, and everyone who has lent their support
to this project for achieving so much in such a short time and offer you all my sincere thanks.

e
4@/”

4 October 2010
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Education is one of the most potent tools we have for ensuring a better world for ourselves and for
generations to come. To be truly effective, however, education must be used responsibly and in service
to others. This ideal of an education that molds character as well as intellect is the vision on which
Emory University was founded, and the challenges of our time show that the need for such education is
as great as ever.

This vision is ane that His Holiness the Dalai Lama shares deeply, and it is the reason for the close
relationship that has emerged between His Holiness and Emory over the past two decades. On
October 22, 2007, it was my pleasure and privilege to welcome His Heliness to Emory to be installed as
Presidential Distinguished Professor and to join our community as a most distinguished member of our
faculty.

The interdisciplinary and international nature of the Emory-Tibet Science Initiative, the most recent and
ambitious project of the Emory-Tibet Partnership, is an example of Emory University's commitment to
courageous leadership for positive transformation in the world. This far-reaching initiative seeks to
effect a quiet revolution in education. By introducing comprehensive science instruction into the Tibetan
monastic curriculum, it will lay a solid foundation for integrating insights of the Tibetan tradition with
modern science and modern teaching, through genuine collaboration and mutual respect. The result, we
trust, will be a more robust education of both heart and mind and a better life for coming generations.

The Emory-Tibet Partnership was established at Emory in 1998 to bring together the western and
Tibetan traditions of knowledge for their cross-fertilization and the discovery of new knowledge for the
benefit of humanity. This primer and its three companion primers are splendid examples of what can be
accomplished by the interface of these two rich traditions. We at Emory University remain deeply
committed to the Emory-Tibet Science Initiative and to our collaboration with His Holiness and Tibetan
institutions of higher learning.

To the monastic students who will benefit from these books, | wish you great success in your studies and
future endeavors.

James W. Wagner /M

Prasident

Emory University
Atlanta, Georgia 30322
An egual opportunity, afffrmative action uriversity
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This primer was written by Arri Eisen, and edited by Wendy Hasenkamp and
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students and post-doctoral fellows. Carol Worthman led this group, which
also included Charles Raison, James Rilling, Michael Kuhar, Dieter Jaeger, Paul
Plotsky, Gillian Hue, Gaelle Desbordes, Wendy Hasenkamp, Leah Roesch,
Amanda Freeman and Nicole Taylor. Paul Lennard contributed leadership in
initiation of the program, which also benefited from materials contributed by
Larry Barsalou, Todd Preuss, and Hilary Rodman. They are responsible for
many of the ideas and much of the text as they are elaborated in this primer.
Many thoughts were also drawn from Zssentials of Neuroscience and Bebavior
(by Kandel, Schwartz, and Jessell; Appleton and Lange, 1995). Our discus-
sion of nervous system evolution was based on an article from the University
of Illinois, Champaign-Urbana (http://faculty.ed.uiuc.edu/g-cziko/wm/05.
html#Heading2). “Parallel processing strategies of the primate visual system”
by Nassi and Callaway (Nazure Reviews Neuroscience, p. 360, Vol. 10,2009) was

helpful in developing the discussion on vision processing.

Geshe Dadul Namgyal translated this primer, and Tsondue Samphel led the
translation of all Year 1 course materials. They and the translators of our teach-
ing in Dharamsala that led to this primer have not simply translated words
but have transformed difficult concepts from one culture to another and have
taught us professors much more than we could have imagined. These transla-
tors include Tenzin Sonam, Sangey Tashi (Gomar), Karma Thupten, Tenzin

Paldon, and Nyima Gyaltsen.

Ajay Pillarisetti was vital in support of the teaching of the material and played
a key role in editing this volume and identifying and developing complemen-

tary materials included. Jim Wynn is the glue that holds it all together.

'The spiritual leaders and guiding lights of the Emory-Tibet Science Initiative
are Geshe Lhakdor and Geshe Lobsang Negi. The seed and inspiration is His
Holiness the 14* Dalai Lama of T'ibet.

The Emory-Tibet Science Initiative Neuroscience Team
Emory University
2012
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HOW DO WE SEE WHAT WE SEE?

Look at the pictures of His Holiness the Dalai Lama. What do you feel when you
look at these images? In what ways do you feel differently looking at such images
of His Holiness versus looking at similar images of someone else? What happens
when you look at these images, that is, how are you able to see them? How does

what you see translate into feelings?

'These are important biological questions. And you don't have to think for too
long to realize that the answers to these questions and how one tries to answer
them have implications well beyond biology. For example, there are implications
for how we interpret things (in fact, in most languages, including both English
and Tibetan, ‘to see’ (mthong) means both to see with our eyes and to see with our
minds’ eyes); two different people certainly see things differently in their minds,
but do they also see things differently with their eyes? Are the two phenomena—

seeing with your eyes and seeing with your mind— separable?

In the last forty years in the West, questions like these, while still discussed in the
field of philosophy, have also come under the umbrella of the relatively new field
called neuroscience. As we will see, neuroscience—the study of how organisms
behave and think, or as Nobel Laureate Eric Kandel puts it from a related angle:
“how the brain produces the remarkable individuality of human action,” like the
different and unique responses people experience when they look at the images
here of His Holiness—is an exciting area that bridges biology from molecules
to populations and sneaks into nearly all disciplines. After all, we can’t do any-

thing—pray, exercise, eat, sleep—without using our brains.

Addressing the deep questions about perception, interpretation, and emotion
posed above is our ultimate goal in the Neuroscience primers. To get there, in this
first primer, we will look at levels of questions leading to the deep questions: How
do the eyes see? What parts of your body, beyond the eyes, are involved? How
does the light of what you're looking at become ‘what you see’? To get there, we
integrate yet another level of questions—those examining the fundamental biol-

ogy of the nervous system and the brain, and the cells of which they are composed.

'The underlying foundation of our discussion in this Neuroscience Primer 1 is
built from the central themes and concepts developed in the Life Sciences Prim-
ers in discussing evolution, genes, cells, physiology, and development, and we will
use these themes and concepts to tell the story of neuroscience. We tell this story

using vision and the eye as our example.

3 & ]
Figure 1: His Holiness the Dalai Lama.
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NEUROSCIENCE IN CONTEXT

Why are we asking these questions the way we are and with the particular lan-
guage we are using? Everything, every study, every exploration has a context.
Context allows richer understanding, as well as an appreciation of the limits
of that understanding. So, before we begin our journey into vision, let’s briefly
look at neuroscience in the 21 century—a bit of Tibetan Buddhist context, a

bit of disciplinary context, and then three kinds of historical context.

In the United States, using our brains to study our brains now consumes a
major portion of research time and money in the life sciences. Since it became
clear in the 19 century that the brain is the seat of our sensing, perception,
emotions, thought, and mind, exploration of the brain and how it works has
grown immeasurably. In the 21 century, neuroscience has emerged as perhaps
the most exciting branch of the life sciences. Certainly, greater understanding
of how we behave and think has an impact on every aspect of human life and
society. One indicator of research growth in this area is that the major profes-
sional organization for studying brains and behavior, the Society of Neurosci-
ence, has grown from 500 members in 1969 to nearly 40,000 members across

the world today!

Understanding the mind has many applications, and its relevance can be linked
to almost any element of our experience. Neuroscience thus represents a broad
range of phenomena that exist at the intersection of many other fields, includ-
ing biology, chemistry, physics, engineering, psychology, anthropology and very
recently even religion. The interdisciplinary nature of the field means that the
best work is often done in collaboration with experts in these other fields. In
fact, entirely new areas of scholarship—for example, neuroeconomics (how do
we make decisions?), neuroethics (how do we make ethical decisions?), and
neurotheology (have we evolved to be religious?)—have recently sprung up in

response to an appreciation of new findings in the neurosciences.

Along with this multidisciplinary approach, the brain and mind can be studied
at multiple levels, moving upward in size and scope (see Figure 2). At the mo-
lecular level, we study proteins, DNA and intracellular systems. At the cellular
level, we measure activity in individual and groups of neurons. At the systems
level, we investigate how multiple brain regions work together to perform com-
plex functions. Finally, at the behavioral and cognitive level, we study whole-

body actions, as well as thoughts, memories and emotions. As you might imag-
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ine, different levels of study lend themselves to difterent fields of specialization.
For example, neurochemistry is most applicable at the molecular level, whereas

neuropsychology is most related to the behavioral and cognitive level.

Behavior and Cognition

)

Networks and Systems

1

W " i
v rJ.J."fl/Jf.&J.ﬂ.JJ,LU.L._ Cellular
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:’(X :Ft Molecular

Figure 2: Neuroscience can be studied at many levels, ranging from small molecules to broad phenomena

such as thoughts and behavior.

TIBETAN BUDDHIST/WESTERN CONTEXT

His Holiness the Fourteenth Dalai Lama has long been fascinated with neuro-
science. He holds up neuroscience as a nexus for synergy, a crossroads for mu-
tual learning and growth for both Western and Tibetan Buddhist cultures and
learning traditions. Such growth could certainly benefit the science of both
traditions, but His Holiness also suggests benefits far beyond. In a renowned
speech to the Society for Neuroscience in 2005, he said:

... a dialogue between neuroscience and society could have profound

benefits in that it may help deepen our basic understanding of what

it means to be human and our responsibilities for the natural world

we share with other sentient beings. .. I believe that the collaboration

between neuroscience and the Buddhist contemplative tradition may

shed fresh light on the vitally important question of the interface of

ethics and neuroscience.

How does the brain work? How are brain and mind related? How do we
and other organisms sense, perceive, think, and behave, and why? What is
consciousness and how does it work? Can we gain a deeper, more nuanced
understanding of the big questions in neuroscience by gaining a richer un-
derstanding of the big questions in Buddhism and vice versa? Such questions
represent the driving force of the Emory-Tibet Science Initiative and His Ho-

liness’ vision: learn more by learning from each other.
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SCIENCE CONTEXT

When the Dalai Lama honored Emory University with his request to develop
a comprehensive contemporary science curriculum for Tibetan monastics, he
specifically asked that neuroscience be a major thrust of the initiative. As you
will see in the Neuroscience Primers, neuroscience is very much a part of the
life sciences as well as the social sciences. As we noted above, a true apprecia-
tion of the big questions in neuroscience listed above requires an appreciation
of the basic underlying information and concepts of the life sciences (presented
in the Life Sciences Primers): evolution, cell biology, genetics, development,
and physiology. For this very reason, when we initially taught this material to
the monks and nuns in Dharamsala, the Life Sciences teaching was always be-
fore the Neurosciences teaching, so the former could set the stage for the latter.
To help you understand and engage the neurosciences, we will often refer to

particular parts of the Life Sciences Primers.

HISTORICAL CONTEXT IN THE WEST

Two concurrent and seemingly paradoxical themes about the mind and the
body weave themselves through western thought to this day. One, rooted in
the philosophy of the ancient Greeks and René Descartes’and his famous 17%
century dictum ‘I think, therefore I anmy, says that mind—thoughts, ideas—
and body—the physical brain and its related constituents—occupy separate
spaces, are separable phenomena. The other is articulated by contemporary
neuroscientist Antonio Damasio: “This is Descartes’ error: the abyssal separa-
tion between body and mind, between the sizable, dimensioned, mechanically
operated, infinitely divisible body stuff, on the one hand, and the unsizable,
undimensioned, unpushpullable, nondivisible stuft: the suggestion that reason-
ing, and moral judgment, and the suffering that comes from physical pain or
emotional upheaval might exist separately from the body.... Thus, Damasio

suggests that the mind and body are not separate at all.

More or less ever since we could think thoughts like these, humans have strug-
gled to identify where the mind might be located and to account for the vast
diversity of interpretation of shared human experience. Ancient Egyptians
(3000-4000 years ago) considered the heart the central organ of thought, emo-
tion, and soul. The heart, not the brain, was carefully removed and preserved in

special containers separate from the mummified body of the dead.
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Aristotle, the Greek philosopher whose ideas helped shape much of Western
thought for centuries after his death in 332 BC, also considered the heart the
locus of thought and emotion. The heart still takes a central place in modern
cultures, for example, in Japan where, probably due to the influence of the
Shinto religion, one is not considered dead until the heart stops—unlike in
America where more attention is paid to brain activity. However, the im-
portance of the heart is still found embedded in many English phrases and
concepts. We talk about the ‘heart of the problem’, meaning the central, most
important part of it; much of our language concerning love involves the word
and symbol of the heart; also, we use phrases like ‘in my heart, I knew it to be

true’ and ‘that was a heartless act’, meaning it was cruel.

Basing his conclusions on the eftects of brain injuries, the Greek physician
Galen saw the brain as the home of thought and emotion. Galen lived from
131-201 AD and his ideas drove Western medicine for more than a thousand
years. Early thinkers were challenged by the problem of how representations in
the mind are related to external phenomena, that is, how the material becomes
immaterial. Although they formulated different solutions to this problem, each
assumed that the mind could not be a physical phenomenon; thus, a distinction

between mental and material phenomena was not questioned.

Building on the views of ancient Greeks, medieval philosophers ‘solved’ the
physical/mental problem by saying the fluid-filled spaces of the brain they ob-
served (known now as ventricles) were where the “animal spirits” circulated to

form sensations, emotions, and memories (Figure 3).

During the Renaissance in Europe, from roughly 1450-1650, the ideas of the
ancient Greeks were re-examined; this ushered in a period of intense scientific
exploration, including anatomical studies in animals and humans that revealed
the true gross anatomy of the brain (Figure 4). New questions were raised:
since dissection demonstrated that the ventricles are not the spaces through
which animal spirits flow, then where do the spirits or soul live? Descartes, as
we note above, had an answer; he drew a sharp distinction between the rational
soul and the body. He thought that soul/mind and body made contact in a par-
ticular part of the brain called the pineal gland, because, his reasoning went, it
is the only structure that is singular, not duplicated on both sides of the brain.
Conscious sensation (body affecting mind) could arise through the connection
made in the pineal gland. Reciprocally, the soul/mind could initiate a flow of

animal spirits (Figure 5).

Figure 3: Medieval philosophers” described
fluid-filled spaces of the brain, known as
ventricles. Ventricles were where “animal
spirits” circulated to form sensations, emo-

tions, and memories.

Figure 4: One of Leonardo dz; Vinci’s early
anatomical drawings of the human skull and

brain.

o

Figure 5: Descartes’ rendering of the
pineal gland (circled). The gland, ac-
cording to Descartes, existed on one
side of the body and dictated sensa-

tion.
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Despite the formidable mind-body split established by Descartes, convergent
lines of evidence accumulated during the 19" century that the brain is the cen-
ter of mental activity, the seat of emotion, thought, self, and morality. Labora-
tory research established that control of specific functions (such as movements
or behaviors) was localized to specific areas in the brain. For instance, electrical
stimulation of specific sites in the brains of experimental animals was reliably
observed to cause or disrupt specific functions such as leg movements, or ex-
pressions of fear or rage. Discovery and exploration of electricity supported a
dawning understanding of the role of electrical phenomena in nervous system

activity, while other studies also indicated a role for chemical agents.

You may have come across this structure/function connection before. The idea
that structure and function are intimately linked so that knowledge of either
is complementary to the other is a fundamental concept of the life sciences we
studied extensively in understanding evolution, molecules and cells (Life Sci-
ences Primers I and IT). Here we will see the same concept is also key to organs

(such as the brain) and systems (such as the visual and nervous systems).

Another powerful argument for localization of brain function was provided
by studies of patients that repeatedly linked specific emotional, behavioral, or
cognitive deficits with damage to specific areas of the brain. Most compelling
were the documented examples of dramatic behavioral changes after damage
to the brain. Phineas Gage is one such famous case, where a pleasant, sociable
and reliable railway worker suffered the passage of an iron rod through his
cheek and the front of his brain during an explosion (Figure 6). At first his
miraculous physical survival was widely heralded, but then he began to exhibit
huge changes in behavior. This formerly well-respected and popular man be-
came irritable and aggressive, hostile, and unreliable, lost his job and became a

social outcast.

Another case that argued for localization of brain function was that of “Tan,”
reported by the surgeon Paul Broca in 1861. Tan had a stroke (when lack of
oxygen to brain tissue leads to the death of that tissue) that left him able to
speak only one word, “tan”. Broca dissected Tan’s brain after his death and
found that the left frontal lobe had been damaged. This plus other clinical cases
argued for the localization of speech to what is now called “Broca’s area.” This
was more evidence that you could ‘map’ the brain—that is relate one area to
one function—and mapping the functions of the brain became a central focus

of neuroscience (Figure 7).
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Figure 6: Phineas Gage’s famous in-
jury. After Phineas Gage had an ac-
cident and suffered the passage of an
iron rod through his cheek and the
front of his brain, he exhibited huge

changes in behavior.

Figure 7: Paul Broca. Broca’s dissec-
tion of the brain of his patient Tan
led to the discovery of localization of
speech control in an area of the brain

later named “Broca’s Area.”
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As is often the case in science, evidence from new experimental techniques also
contributed to a shift in paradigm; these new techniques allowed for staining
tissues to identify cells and complex cell structures. Such techniques at last
exposed the extent of the brain’s complexity and provided the first insights into
how the brain might actually be complex enough to produce the phenomena
we experience as mind, consciousness, experience, emotion, and volition. The
illustrations in Figure 8 are histological drawings by Ramén y Cajal, the great
Spanish anatomist, of the cellular organization of the retina (we will discuss the

retina and brain and their roles in vision in much more detail below).

'Thus, the brain, which had appeared for so long as inert and relatively un-
structured, became recognized as by far the most active, most structurally and
functionally complex organ in existence, and it became the focus for studying

the basis of human experience and behavior.

Intriguingly, the entirely unanimous consensus of scientists that the brain is
the control center of behavior and thought has not ended discussions and con-
troversies over the mind/body dualism championed by Descartes four hundred
years ago. Whereas Tibetan physicians tend not to separate mind and body,
the mental and physical, when treating illness—or they at least consider both
as potential contributors to disease—many Western physicians treat only the
physical, only the biological and chemical, without considering the mind and
mental. Some Western physicians see the physical as the whole story; there
is no ‘mind’ at all. It is all body. The field of psychiatry in the West is based

largely on the assumption that mind equals body.

A mutual growth in understanding of illness and the treatment of it is clearly
one of the potential ‘profound benefits’ of collaborations between East and

West referred to by the Dalai Lama in his speech quoted above.

Today, neuroscientists agree on several core concepts that guide the work of the
field. These are summarized in the box on the following page. Neuroscientists
seek to understand how the nervous system, brain, and mind work, partly be-
cause we are curious and hope to add to human self understanding, and partly
to create knowledge that helps prevent and treat suffering. In this series of
neuroscience primers, we explore current knowledge and understandings about

these core concepts and concerns.

Figure 8: Histological drawings of

the retina by Ramén y Cajal, the

Spanish anatomist.

ONE IMPORTANT ORGAN:
FACTS ABOUT THE BRAIN

Complexity: 100  billion
neurons (nerve cells) with
over 100 trillion synapses
(nerve cell connections)

Energy requirement: makes
up only 2.5% of total body
weight, yet uses 25% of the
body’s total oxygen con-
sumption and 25% of glu-
cose

All that work, but less than
5% of the information about
internal and external worlds
collected and processed by
our nervous system ever
reaches consciousness.
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CORE CONCEPTS IN NEUROSCIENCE

Neuroscience is a rapidly changing and evolving area of research. Even so, neurosci
entists agree on several key concepts that are central to this field of study. Here are
some of these key points, based on a list developed by the Society for Neuroscience.

More information can be found at http://www.sfn.org/index.aspx?pagename=core_concepts.

A. 'The nervous system controls and responds to body functions and directs behavior.

'The brain is the body’s most complex organ. It is made up of specialized _
cells (about 100 billion!) called neurons. Each neuron communicates with Neurons from the hlppommpm growing in culture
many other neurons to form circuits and share information. The nervous

system inter-acts with all other body systems (cardiovascular, endocrine, immune, etc). Proper brain function is very im-

portant: malfunction can lead to mental and physical disorders.

Neurons communicate using electrical and chemical signals, which form the basis for all thoughts, perceptions and
behavior. Electrical signals called action potentials travel along a neuron, and synapses are the junctions between neurons
where information is passed. Communication between neurons is strengthened or weakened by a person’s experience and

activities (e.g., exercise, stress, and study or meditation).

B. Nervous system structure and function are determined by both genes and environment throughout life.

Neuronal circuits are the foundation of the nervous system. They are formed by genetic programs during fetal develop-
ment and modified through interactions with the internal and external environment throughout life. Sensory circuits
(e.g., touch, sight, hearing) bring information to the nervous system, whereas motor circuits send information to muscles

and glands.

Life experiences change the nervous system. Differences in genes and environments make the brain of each animal
unique. Most neurons are generated early in development and survive for life, but some neurons continue to be generated
later in life. Continuously challenging the brain with physical and mental activity helps maintain its structure and

function.

C. The brain is the foundation of the mind.

Intelligence arises as the brain reasons, plans, and solves problems. The brain makes sense of the world by using all avail-
able information, including senses, emotions and memories. Emotions are based on value judgments made by our brains
and are manifested by feelings such as love, anger, empathy and shame. The brain also learns from experiences and makes

predictions about best actions in response to present and future challenges.

'The brain makes it possible to communicate knowledge through language. This exchange of information and thought can

both create and solve many of the most pressing problems humankind faces.

D. Research leads to understanding that is essential for development of therapies for nervous system disorders.

'The human brain creates a natural curiosity to understand how the world works. The nervous system can be studied at
many levels, from the interactions among individual molecules, to complex behaviors such as speech or learning

(see Figure 2).

Fundamental discoveries promote healthy living and treatment of disease. Neuroscience research has formed the basis for

significant progress in treating a number of disorders.
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NATURAL HISTORY: EVOLVING SENSES AND A BRAIN

Of course, while we humans for centuries have been exploring and struggling
with figuring out how we sense the environment and think thoughts, this or-
gan system—the central nervous system (or CNS) made up of the brain and
its complementary components—that we're using to do all that struggling and
figuring has been around and evolving for millions of years. Just as looking at
the societal historical context of the development of neuroscience gives us a richer
understanding, so does looking at the nasural history, the evolutionary context of
our brains, the seat of our minds. Looking at the evolution of brains will lead
us into an exploration of Aow and why our brains evolved and then of what our

brains have so far evolved into, what they now look like—their anatomy.

Let’s refresh our brains on evolution. In Life Sciences Primer 1, we discuss
the central themes of evolution: (1) the different environments that organisms
experience greatly affect them and vice versa; (2) evolution integrates simple
rules to develop complexity by conserving what works and using simple build-
ing blocks to create diversity; and (3) structure reflects function and vice versa.
These themes all emerge in life according to Charles Darwin’s tenet of natural
selection: organisms that happen to have the collection of traits that best fit
a particular environment will be ‘naturally selected’ by that environment and
will thus have more offspring. Following this principle of natural selection
and the three central themes of evolution, which are manifested at all biologic
levels—molecules, cells, tissues, organs, organisms, and populations of organ-
isms—all organisms evolved from a common ancestor. We can develop family

trees demonstrating the relative relatedness of all species (Figure 9).

Keeping the principles of evolution in mind, how might something as complex
as the human brain evolve? As a way into thinking about where and how our
brains and the rest of our central nervous system began and evolved, let’s think
about what our brains—together with the rest of our bodies—are capable of

doing now in us modern humans.

Look again at the pictures of His Holiness at the start of this primer. Re-
member we asked you what you saw and felt when you looked at these photos.
Seeing them, you might experience recognition, happiness, love, peace, or other
thoughts and emotions. As biologists interested in the brain and human be-
havior, make a list of all the different processes that must happen in us when

< . . >
we ‘experience the pictures’.
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Figure 9: Family tree from Life Sciences

Primer 1.
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As you develop your list, you may want to consider the discussion we present
in Life Sciences Primer II about what happens when we touch a hot cup of
chai. How do we experience touching the cup? How do we respond? Why?
How is responding to touching a cup of hot chai different than responding
to pictures of His Holiness? How might such differences be reflected in our

biological response?

At the most basic level, your list of what happens when you look at the images

of His Holiness should include these phenomena:

1. sense
2. take in and interpret what is sensed

3. respond.

These are the three most basic challenges of any organism (and of any cell, for
that matter; see Life Sciences Primer II). Even the simplest organisms on
earth, single-celled bacteria and yeast, can carry out these three basic steps. In
Life Sciences Primer II, we discuss whether bacteria can sense. Monks and
nuns we were teaching in Dharamsala designed experiments to test this ques-
tion: are bacteria sentient beings? They grew bacteria and observed them under
the microscope responding to the environment. Everyone agreed the bacteria
were responding, but there was disagreement on whether this counted as being

‘sentient’.

Biologists see these bacteria and other single-celled organisms as definitely
responding. And if you appreciate the concepts of evolution, you shouldnt be
too surprised that many of the basic mechanisms and molecules involved in
sensing and responding are similar in these single-celled organisms and in us.
For example, the molecules that yeast, single-celled eukaryotes, use to com-
municate are basically the same ones that our nervous system cells (neurons)
use to communicate; it’s just that our cells use many more and more diverse

molecules to do so.

And, whereas one species of yeast cells may contain at the most two to three
different cell types, humans have evolved many different types of cells that have
special and coordinated functions. The evolution of cooperation and multicel-

lularity is discussed in Life Sciences Primer III.

Let’s elaborate the list above; our three basic sensing phenomena begin to re-
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quire more complex biology. For example, we could add to the list as follows:

sense: use our eyes to detect the light reflected from the images;

2. take in and interpret what is sensed: transfer the information
experienced in the eye as light into another kind of signal that can
go to the brain, and the brain perceives this image as that of His
Holiness;

3. respond: signal from the brain based on interpretation leads to rel-
evant response, for example, to the hand muscle to pick up the pic-

tures, to the eye to keep looking at the images.

A huge leap occurs here in step 2—a huge leap in structure and function and
capacity. We leap from sensing like bacteria and reflexive sensing (like we do
in response to feeling a cup of hot chai) to perception. In Life Sciences Primer
II, we discuss basic sensing; here we move to perception, or the complex in-
terpretation of that sensing. How does the brain construct a perception? For
example, how does your brain take what you see in the pictures of the Dalai
Lama, recognize the picture as a person first of all, and as the Dalai Lama, and
mix in past experiences, feelings, plans, and ideas to emerge very quickly with
a perception of those pictures and even the construction of new experiences?
To begin to explore these questions, let’s trace how the capacity to move from

sensing to perceiving may have evolved.

Clearly, without many different types of cells working together, the capacities
outlined in our more refined and complex list above would not be possible.
Single cells eventually—over millions of years—evolved the ability to differen-
tiate, that is, to develop into difterent types of cells working together within one
organism. As seen in Life Sciences Primer III, the slime mold, Dictyostelium

discoidum, is an example of a contemporary organism that represents the evo-

lutionary transition from single-celled to differentiated multicellular organism. spere mass % P
|

Slime molds live anywhere in the world where there is a cold, moist, dark for-
est floor. They exist as single-celled organisms until they sense a lack of food.
Then they send out a signal along the forest floor that tells the single cells of
the slime mold nearby to gather together. Once these single-cells gather and
reach a critical mass of about 100,000 cells, they essentially become a multi-
celled organism that moves around as a slug on the forest floor and then, if still

no food is found, quite dramatically begin to differentiate, that is, form new

-
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types of cells (Figure 10). The slug stops, shrinks, and its cells differentiate to Figure 10: Life cycle of a slime mold.
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form a base, a stalk and, at the top of the stalk, a bag of spores. The spores are
very tough and can survive lack of resources and most other environmental
challenges. Eventually the spores are released across a relatively wide area,
and if one happens to land where food is available, it becomes a single-celled
slime mold and the cycle continues. Otherwise the spore and its potential new

organism remain shut down inside the spore until the environment improves.

Slime molds don’t have brains, but they have taken a giant evolutionary step in
that direction—evolving the capacity to have different cells do different orga-

nized activities within the same organism.

Jellyfish (Figure 11) have taken the next evolutionary leap by evolving a group
of differentiated cells devoted to one sense-and-response job—they have a very
simple nervous system. For a jellyfish to swim, its skirt (the sheets of cells
surrounding the tops of its tentacles) moves in a coordinated fashion over and
over again. This movement, the only job of the jellyfish nervous system, is ac-

complished by a network of communicating nerve cells.

'The worm is the first organism in the evolutionary tree of life in which we see
a centralized nervous system—differentiated cells within one system in an or-
ganism: a brain communicating with neurons spread throughout an organism
(Figure 12). Worms have a tiny brain connected to neurons that run up and

down the organism. This organization allows for more complicated behaviors.

Insect central nervous systems (Figure 13) demonstrate increased complexity
of sense-and-response. They have connections called giant fibers which allow
insects to respond very quickly to the environment; insects also have many
(more than any other type of organism) and diverse types of sensory receptors
located on their heads right near their brains, increasing the complexity and

speed of response.

Insect brains are very small (see the grasshopper, Figure 13), of course, but do
have discernible parts, suggesting evolution of more difterentiation and refine-
ment of structure, which, as we see in Life Sciences Primer I, correlates to more
refinement of function. These parts indeed correspond to particular behavioral
tunctions. For example, scientists are able to study individual neurons in one
part of bee brains. They find that some of these neurons are involved only in
vision, while others are involved in vision and smell. And, if you think about

the complex social behaviors of insects like bees and ants—they build homes

Figure 11: Jellyfish

Ganglion  Ventral
Nerves

Figure 12: Earthworm nervous system.

CGRASSHOPPER

Figure 13: Grasshopper nervous system.
Insect nervous sytems, like this one, con-
tain large nerve fibers (circled) which al-
low them to respond very quickly to the
environment.
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together, take on specific tasks, signal each other about sex and about location

of food—you realize insects do pretty well with their little brains!

'The major defining characteristic of vertebrates, our next stop as we climb the
tree of life, is the presence of a backbone. This backbone protects the spinal
cord, which is a large bundle of neuronal projections that connects to the brain
and carries information to and from the rest of the body. Vertebrate brains are
again larger and more complex, growing from the end of the spinal cord and
still including three parts, the hindbrain, midbrain, and forebrain, but also a
fourth part called a cerebellum. The brain and spinal cord together are known,
as we noted, as the central nervous system or CNS. In mammals like us
(Figure 14), brains have evolved two complex parts that are especially large in
humans: the cerebellum and the cortex. We will discuss these and other parts

of the human brain in more detail below.

Mammal

N =

Bird

Amphibian

Cerebrum Tectum

/ __Cerebellum
Olfactory bulb—%— Spinal chord

Figure 14: Relative brain sizes, complexities, and structures of brains across the animal kingdom.

If you think about the quick climb we just took on the tree of life—from slime
molds to humans—we can see some driving principles of nervous system evo-
lution: (1) the number, diversity, and size of the systems increase; (2) these
systems move from dispersed network systems like that of the jellyfish to the
more centralized ‘headquarters’ of the brain; (3) most of the important sensing
machinery evolved to be together in one place, the head of the organism, pre-
sumably to allow for more efficient coordination; (4) each additional level of
the system that evolved has not only refined and enriched the system’s ability,
but also has ‘taken control’ over the whole system (for example, the mammalian
cortex is where much of the capacity for language and consciousness are lo-
cated); (5) plasticity, the ability of nervous systems to learn and adapt, also in-

creases across evolutionary time.

NEUROPLASTICITY:

The ability of the brain and ner-
vous system in all species to change
structurally and functionally as a
result of input from the environ-

ment.
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BACKTO THE IMAGES: DON'T FORGET THE EYES

If your brain remembers, we started this conversation about brains by thinking
about what and how you experience looking at particular images. So far in our
discussion of evolution, we've only discussed evolution of brains and the central
nervous system. But we haven't yet explored the first step in our list of sense-
and-response steps: sensing the images; nor have we discussed the eyes and the
other parts of the visual system that allow us to see and respond to what we see.

Shouldn’t we consider their evolution also?

The truth is we should consider the evolution of the visual system as a whole.
In Life Sciences Primer I, we discuss how it is the phenotype—the organism’s
characteristics, abilities, etc.—that interacts with the environment, and thus
it is the phenotype on which nature places its selective pressure. In this case,
then, our phenotype is the ability to see well and with accuracy. So, it’s really
the whole visual system (the eye, the brain, the nerves connecting the two) that

evolves together as a suite of interconnected structures and functions.

Thus, as the brain has evolved, so too has the eye and the other components of
the visual system we’ll discuss in a moment. In Life Sciences Primer I we con-
sider the eye and how it might have evolved over the millennia starting from a
few light-sensitive cells. To briefly review that discussion (Figure 15A), recall
Darwin’s basic tenet, in which traits are selected that give organisms survival
advantage. If an organism evolved just a patch of cells that were somewhat
light-sensitive, it could detect the shadows of an approaching predator, increas-
ing its chances for escape, and thus would be adaptive by increasing the likeli-
hood it will survive. The evolutionary modeler Erik Nilsson shows that if such
light-sensitive cells happened to form any kind of depression, by definition the
cells across this depression would have diftering exposure to light, and so each

cell would detect or measure light from different orientation.

Thus, this patch of depressed cells reflected on a backdrop of other cells (a
primitive version of which eventually evolved into a retina) carries informa-
tion that is fuzzy (for example, it cannot detect movement), but is, neverthe-
less, valuable. Indeed, flatworms that live today (Figure 15B) have just such
a basic version of an eye. As in Nilsson’s computer model, if the center of the
depressed cell patch is constricted, light becomes more focused on the cell
backdrop, and light detection improves. This is what occurs in the modern sea-

snail, the chambered nautilus (Figure 15C). But, ‘eyes’like these in the cham-

HUMANS & PRIMATES

Humans belong to a small
group of mammals called
primates (see Life Sciences
Primer I), who share a distinc-
tive set of features related to
the evolution of our nervous
system. ‘The distinguishing
characteristics of primates and
their neurological implications
include:

1. forward-facing eyes with
overlapping fields of vision,
permitting  stereoscopic, or
three-dimensional sight with
depth perception;

2. color vision, which allows
for refined interpretation of
the environment and of po-
tential mates and prey;

3. increased reliance on vision
and reduced use of smell;

4. opposable thumbs (thumbs
that move freely from the oth-
er fingers), grasping fingers,
and sensitive tactile pads on
finger tips, allowing for a pow-
erful grip, precision manipula-
tion, and fine touch;

5.increased facial mobility and
vocal repertoire, with progres-
sive facial hairlessness;

6. complex social lives; and
7. progressive expansion and

elaboration of the brain, espe-
cially of the cerebral cortex.
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Figure 15: Eye complexity and evolution in mollusks. (A)

Steps in the evolution of the eye in mollusks reflect many
of the principles discussed in hypothesizing how the eye
may have evolved. (B) Flatworms have a basic eye consist-
ing of a light sensitive layer of cells similar to the topmost
box at left. (C) Chambered nautiluses have a more com-
plex eye, in which the center of the depressed cell patch is

constricted, like in the lower three panels in A.
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bered nautilus, in narrowing their centers, significantly decrease the amount of

light they let through and thus can detect.

Nilsson notes that evolution found a much better solution than constriction of
the cell-patch center: cover the hole/cell-depression with two sheets of clear
cells (this became the lens). This allows much more light to be detected by the
cell patch and the cells under it. Better yet, when water is added between the
two sheets of clear cells, the lens bulges out and becomes rounder, and the im-
age on the cells below it (the retina) gets sharper. The more water, the rounder
the lens becomes, the sharper the image. And so, in several relatively simple

steps we have a description of possible eye evolution.

Of course, at the same time eyes were evolving, the brain was also evolving
as part of the other sensory (like touch and temperature sensing in our skin
discussed in Life Sciences Primer II) and motor (motion) systems of the body.
It is for simplicity’s sake that here we have discussed brain and eye evolution

separately.

In thinking again about what happens when we look at the pictures of His

Holiness the Dalai Lama, we can refine the steps of that process further:

1. sense: use our eyes to detect the light reflected from the images

2. take in and interpret what is sensed: transfer the informa-
tion experienced in the eye as light into another kind of sig-
nal that can go to the brain, selecting out and Seeing’ only the
image and only the important parts of the image from all the
other background, synthesizing all the light and pieces of the im-
age we see info one image that ‘makes sense, while attach-
ing to this image emotions and past experiences stored in the

brain and thus, perceiving the images as that of His Holiness

3. respond: signals from the brain based on interpretation lead to
relevant response, for example, to the hand muscle to pick up
the pictures, to the eye to keep looking at the images, to other

parts of the brain and body to feel moved or happy.

But here, as neuroscientists, we run into a bit of a problem.

44 Chapter 1. Neuroscience: Perception & Vision
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WHY DID OUR BRAINS EVOLVE THE WAY THEY DID?

As we have seen, evolutionary biologists have developed good explanations
for how brain and central nervous system structure evolved. But how have
humans evolved to feel compassion or religious or happy when we look at pic-
tures of His Holiness? Come to think of it, how have we evolved to come up
with complicated explanations of ourselves like the ones in this book and in the
rest of science and other disciplines? It is not immediately evident how such
capacities as being religious, or able to meditate, or fly to the moon would give
us a selective advantage, per Darwin’s theory of evolution, in the same way as

would, say, being able to see well.

'The basic answer to this problem from evolutionary biologists involves a phe-
nomenon called exaptation (proposed by Darwin and named by Stephen Jay
Gould over a century later). Exaptation occurs when a characteristic evolved

for one function is later able to be used for another, often unrelated function.

THE PROBLEMS OF LIFE

To build an argument for exaptation, hypothesizing why the brain and such
capacities did indeed evolve, let’s first consider the problems and challenges of
simply staying alive. To sustain life an organism must: (1) find and access re-
sources (e.g., food, air, water, light, social and reproductive partners) and (2)

avoid danger, while seeking and maintaining optimal and safe conditions.

These challenges are complicated by the fact that the world is complex (for
example, resources are not evenly distributed and may be difficult to access),
continually changing, and full of other organisms, which are often competing
for the same resources. Therefore, another key resource is information. Obtain-
ing relevant information, understanding it, and acting accordingly are vital for
survival. The brain and the rest of the nervous system evolved as solutions to

these challenges.

To address these practical problems of staying alive, an organism, of course,
needs effective systems, but major constraints—time, energy, and materials—
prevent the evolution of perfect systems. Besides, because the environment can
change at any time, a perfect solution for one situation might be useless a day
or a year later. Evolved solutions to life’s problems only need to be good enough

to allow the organism to survive and reproduce.

EXAPTATION:

“A trait that evolved under natu-
ral selection for one purpose but
which later was co-opted for an-

other purpose”.

For example, feathers are thought
to have evolved initially for insu-
lation but were later co-opted for
flight in birds.
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'The observation that bigger brains are not always better (and, in fact, big brains
have rarely evolved) provides a nice demonstration of the natural constraints
on the evolution of mechanisms to address life’s problems. You might expect
that the bigger the brain, the more capacity to solve problems, and perhaps this
is true, but brains are very expensive to maintain (refer back to page 18, “Facts

about the Brain”), so their value to the organism must offset their high cost.

It might have been great if we had evolved to be able to detect wavelengths across
the entire electromagnetic spectrum you learned about in Physics— from gam-

ma rays to radio waves—but we evolved to see only a very small portion of the

spectrum (what we call ‘visible light’), from violet to red wavelengths (Figure 16).

A 0: 108
1072 metars 107 meters 10" metars metars matars meters

X-rays Microwaves Radio Television /
. Mobile Phone
Gamma Ultraviglet Radar
rays
Short Wavelengths - Long Wavelengths
Visible Light
Ultraviolat Infrared
400 nanometers 500 nanometers 800 nanometers 700 nanometers
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344 34.4 3.449 0.3494
T T T T

Whales and dolphins

Seals and sea lions
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Frequency, kHz

Figure 16: A. The full electromagnetic spectrum. B. The parts of the spectrum visible to
living creatues varies vastly across the animal kindgom and overall consists of a small portion
of the full spectrum.

Other animals, such as insects that can detect ultraviolet light, evolved to see
other wavelengths. In all cases, evolution balances the sensory system require-
ments for sensory organ and brain size and ability with all the other evolution-
ary pressures and constraints of the environment and needs of the organism. It
is probably not a coincidence, for example, that the wavelengths we can detect

most easily are the ones that move best through water and are, therefore, the

ones most available in oceans, where life first evolved.
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So, we have seen the basics of how brains may have evolved and the constraints
placed on that evolution. The next step in our argument to explain how hu-
mans may have evolved the capacity to carry out complex behaviors unneces-
sary for survival is to follow the evolution of a characteristic that is necessary,

or at least very important for survival.

For example, early humans had to hunt to survive. The better hunter you were,
the more food you got, the healthier you were, the more offspring you had.
Humans whose brains had evolved a better ability to imagine where and how
their potential prey moved through the forest in three-dimensional space were
better able to predict where their prey was at any given moment. Thus, such
‘three-dimensional thinkers’ would be more likely to find and kill that prey.
Such thinking would be selected for by evolution because it would lead to an

advantage in obtaining nutritional resources.

While this evolved capacity of the brain to think in three-dimensions was
selected for because it improved survival, you can see how humans might also
have exapted this capacity for activities entirely unrelated to hunting. For ex-
ample, such three-dimensional thinking would be useful in designing living
quarters or communities, in drawing or in other artistic pursuits. So, whereas
a Darwinian explanation of the capacity to do art would at first seem a stretch,
here we have developed a reasonable argument for the evolution of such capac-
ities. 'This is exaptation, and this explains how complex brain abilities, seem-

ingly unrelated to survival, may have evolved.

We started by asking ‘how do we see what we see?” Before we could get into
the actual mechanics and complexities of vision, we spent some time setting
the stage by contextualizing our discussion within the frameworks of science,
human history, and natural history. Now we (our brains!) have a sense of how
the brain and vision evolved, and also how the study of these systems evolved.
Combining this discussion with that of Life Sciences Primers I, II, and III
should allow you to follow the rest of this primer on how vision works and how

we are able to see what we see.

WHICH PARTS DO WHAT?

Now that we have a sense of how our brains may have evolved, we can think
about what our brains have evolved into so far and what the function of its

parts are. Again, we’ll use vision as our example. Which parts of our bodies
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help us see? Which parts of our nervous system are involved in sight?

To do this, let’s start with a British version of a famous Indian story about blind

men trying to figure out what an elephant is:

THE BLIND MEN AND THE ELEPHANT

John Godfrey Saxe

It was six men of Indostan

To learning much inclined,

Who went to see the Elephant
(Though all of them were blind),

'That each by observation

Might satisfy his mind.

The First approachd the El-
ephant,

And happening to fall

Against his broad and sturdy
side,

At once began to bawl:

“God bless me! but the Elephant

Is very like a wall!”

'The Second, feeling of the tusk,
Cried, “Ho! what have we here
So very round and smooth and sharp?
To me ‘tis mighty clear

'This wonder of an Elephant

'77

Is very like a spear

'The Third approached the animal,

Do different parts of our body, analogous to these men and the elephant, help
us simply see, versus helping us understand what we see? How do we integrate
all the pieces of what we see and make meaning of them? That is, how do we

sum up, interpret, and evaluate all the information we sense so that we don't

And happening to take

'The squirming trunk within his-
hands,

Thus boldly up and spake:
“I'see,” quoth he, “the Elephant

'77

Is very like a snake

The Fourth reached out his
eager hand,

And felt about the knee.
“What most this wondrous
beast is like

Is mighty plain,” quoth he,
“Tis clear enough the Elephant

Is very like a tree!”

The Fifth, who chanced to
touch the ear,

Said: “E’en the blindest man
Can tell what this resembles most;
Deny the fact who can,

'This marvel of an Elephant

Is very like a fan!”

miss the whole picture like the ‘men from Indostan’ do in the poem?

'The Sixth no sooner had begun
About the beast to grope,
'Then, seizing on the swinging tail
‘That fell within his scope,
“I'see,” quoth he, “the Elephant
Is very like a rope!”

And so these men of Indostan
Disputed loud and long,

Each in his own opinion
Exceeding stiff and strong,
‘Though each was partly in the
right,

And all were in the wrong!

MORAL:

So oft in theologic wars,

'The disputants, I ween,

Rail on in utter ignorance
Of what each other mean,
And prate about an Elephant

Not one of them has seen!
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FUNCTIONAL NEUROANATOMY I: PATHS INTO THE PROBLEM

How do we figure out which parts of our bodies are responsible for which
functions—a question addressed in an area of study called functional neu-
roanatomy? We hinted at one way into this question in the cases of Phineas
Gage and Tan mentioned above. The following stories—focusing especially on
vision, but relevant to any brain functions— should help you begin to answer
the question. For each story, consider what information is suggested about

tunction, and how you would test to see if indeed that information is correct.

1
Recently, my father went to the eye doctor. When driving at night, he was
having trouble seeing road signs clearly. Unfortunately, my dad was diagnosed
with two problems, glaucoma and cataracts. Glaucoma is due to insufficient
drainage of the fluid in the eye. Cataracts are caused by clouding of the eyes’
lenses; half of us will have cataracts by the time we’re 80 years old. Fortunately,
glaucoma can be slowed, if not cured, and cataracts can be surgically removed.
Two years after his initial diagnosis, my dad is doing much better, although he

still doesn’t drive at night.

2
In the early 1960’ a young man visited the offices of two French physicians,

Drs. Hécaen and Angelergues (for details see http://archneur.ama-assn.org/

cgi/content/summary/7/2/92). The young man reported that he could no lon-
ger recognize people, even his own brother. He couldn't tell the difference be-
tween his niece and his sister-in-law, when they were sitting on the couch next
to each other. He said he had taken to recognizing people by the clothes they
tended to wear or how they walked rather than by their faces. The physicians
found that the man could see fine; however, they also discovered that the man
had a tumor located in a part of his brain called the parietotemporal-occipital

region (more on this later).

3
In a famous case described by the neurologist Oliver Sacks in 7he Man Who
Mistook His Wife for a Hat (Simon & Schuster, 1985), the man referred to in
the bookss title, despite the fact that his eyes were working fine, went to retrieve
his hat to leave an appointment with Dr. Sacks, but instead of reaching for his

hat, reached for his wife’s head! This man also had a brain tumor.
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4
German scientists published a study in the Journal of Human Genetics (2007)
looking at students at Banaras Hindu University in Varanasi, India. The sci-
entists identified one student who reported the inability to recognize faces;
intriguingly, in this case, several other members of her family reported having

the same face-recognition problem.

5
In a 2008 paper from The Vision Center at Children’s Hospital Los Angeles,
in California, two scientists report that a major cause of children born blind—
a disease called optic nerve hypoplasia, which results in a malformed nerve
important for vision—often occurs together with developmental impairment
or other brain dysfunctions. These researchers also found that this disease
could be treated with therapies that intervene early to increase the chances of
preventing blindness.

6
James Bainbridge and his colleagues, in a breakthrough study, attempted to
help children with a different inherited disease that causes blindness, Leber’s
congenital amaurosis. This disease results from a mutation in a protein that
resides in the retina of the eye. Amazingly, Bainbridge was able to restore some
visual function in children with the disease by supplying to their retinas a ‘good’

non-mutant form of the gene encoding the retinal protein.

7
Due to an injury to the occipital lobe of his brain late in life, the painter Jona-
than 1., in a case described by Oliver Sacks and Robert Wasserman, lost his
ability to see color. At first, Jonathan I.’s colorblindness, and the resulting
grayness of people, food, and life practically drove him mad, but gradually he

came to terms with his life, vision, and painting—now he is a color-blind artist.

8
In other studies, when scientists analyzed families with inherited color-blind-
ness, they found six different DNA sequence mutations in one particular gene
(for details see http://www.ncbi.nlm.nih.gov/pubmed/10958649). This gene
encodes a protein in the retina that is part of a photoreceptor, a ‘receiver of light’.
n——
What conclusions can you draw about vision from these stories? You may want
to consider our discussion of genetics in Life Sciences Primer II. What logic

did you use to draw your conclusions?
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Generally speaking, a change in a physiological structure (whether caused by
genes inherited at birth, disease like cancer, or physical damage from the exter-
nal environment) is related to the behavioral or sensory change. As we noted
above in our discussion of the history of neuroscience, once scientists started to
see connections between damage or disease of the nervous system and changes
in sensory and behavioral function, it became clear that one was probably caus-

ing the other.

'Thus, we can discover how things work normally in a given process by observing
what specifically has gone wrong when that phenomenon does not occur normally. In
Story 1 about my father, we learn—not surprisingly—that the eye, especially
the lens and the fluid below it, is important for vision. From that story, it is
evident that the clarity of the lens and the amount and pressure of the fluid are
critical for normal vision. Story 6 tells us a part of the eye called the retina is
also vital for vision, because when just one protein in the retina is mutant, the

result is children who are blind.

Stories 2 and 3—about people who can see fine but have trouble recognizing
other people’s faces—suggest the addition of two new elements to our story of

what parts are necessary for us to see and how those parts function:

More is necessary for vision, or at least the interpretation of what
we're seeing, than just the eyes. The brain is also involved, because
when the brain is damaged in a particular area, people cannot rec-
ognize others, even though the people with this disease, known as

prosopagnosia, have no other deficits.

"These two stories and the color-blindness stories 7 and 8 tell us that,
although the eye and parts of the brain must integrate the many pro-
cesses that go on to allow vision, many of these processes are also
confined to discrete regions in the brain. Cancer or other damage
to a specific part of the parietotemporal-occipital region of the brain
results only in prosopagnosia. Damage to another discrete part of the

brain results in color-blindess.

You can imagine there would be significant evolutionary pressure for the ability
to recognize human faces (due to the extremely social nature of our species)
and to see in color (due to the need to differentiate food, predators, and other

organisms).
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Read stories 7 and 8 again. Both involve cases of color-blindness, but how are
the cases different? In 7, the painter Jonathan I. is colorblind due to a tumor
in his brain, but the people in story 8 are colorblind due to a faulty protein in
their eyes. What does this tell us about vision system parts that are required to
see in color, and about the visual system in general? The answer is an important
one: not only are both the eyes and brain necessary for vision, but specific visual
functions require dozh the organ of vision (the eye) and the organ of the inter-
pretation of that vision (the brain). This is true more generally for all human
sensory functions—the sensing organ, the brain, and, as we saw in Story 5, the

parts that connect the two are all important for proper vision.

Story 5 tells us another part of the nervous system, the optic nerve, is nec-
essary for seeing—because when it isn't formed properly, newborns cannot

see—suggesting this nerve is responsible for linking the eye to the brain

(which indeed it is).

Stories 4, 6, and 8 tell us that specific genes and the proteins they encode in
specific cells—concepts we address in detail in Life Sciences Primer II—carry
out the normal functions of the eye and in the brain that process visual infor-
mation, but that when these proteins are altered by mutations, serious problems

can result.

Over the last two centuries, functional neuroanatomists put together stories
like these with many, many others. They combined these stories with the stud-
ies of evolutionary biologists whose observations, like those reviewed at the
start of this primer, can suggest which parts of the body evolved to do what.
When these stories and studies suggest a structure/function connection, sci-
entists follow up with experiments to test the idea suggested. Techniques to
facilitate such experiments continue to develop at a rapid pace. At first (refer
back to Figure 3, 4, and 5), anatomists relied on the powerful technique of
simple observation of bodies. Although the practice was disturbing to some
and was banned in some societies, scientists began to dissect and draw the in-

sides of the bodies of dead people.

At first scientists and physicians had to wait until a person died to see if what
they suspected was wrong with a person was due to a tumor, other disease, or
malformation. Was there anything different about a colorblind person’s brain
or eyes? But gradually, and particularly in the last 50 years, techniques have

evolved that allow scientists to look inside people while they are alive and ex-
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amine normal and abnormal connections. Such techniques include magnetic
resonance imaging and its many offspring technologies. (See box on next page)
With such techniques, we can even observe the brain thinking or seeing, that
is, we can determine which part of the brain is active when the person being
observed is performing a particular task. And we can compare healthy people to
ones with the impairments like those we discussed in the stories above. Based
on these techniques, much is now known about brain function that could never
have been learned from studying post-mortem tissue. This is one example of
how the development of new technology and tools can drive our discovery and

increase our knowledge.

As discussed in Life Sciences Primer II, much has been learned about the
brain and sensing, and indeed most biological processes, by studying other
animals—our evolutionary relatives. We also discussed the obvious problem
that such research causes for Buddhists and many others. It is not a problem
to take lightly, and few if any animal researchers do. Animal research and
animal welfare in general continues to be addressed by many, including most
effectively by scientists themselves and His Holiness the Dalai Lama (see Life

Sciences Primer II).

In addition to examining animals, sometimes brain surgery is necessary in hu-
man patients due to a tumor or other disease. In these cases, much can be
learned about brain function while also attempting to help the patient. Be-
cause our brains have no pain sensors, a live and conscious human can actu-
ally have part of her skull removed so that neurosurgeons can poke and prod,
and stimulate and deactivate certain parts of her brain and ask her to perform
certain tasks or think certain thoughts. This is often done during surgery to
make sure the doctors are not going to lesion/harm areas important for motor
control or speech, and also to find out where problems exist. Brain surgery on
conscious individuals has been extremely useful in identifying brain regions
where altered activity causes convulsions or other behavioral anomalies such as
severe depression. Once identified, these regions often can be treated directly

to ameliorate the problem.

In addition, we can use many of the powerful genetic and molecular technolo-
gies discussed in Life Sciences Primer II in order to identify genes and proteins
that are different in healthy versus impaired individuals. Such techniques were

employed in stories 4, 6, and 8 above.
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FUNCTIONAL MAGNETIC RESONANCE
IMAGING (fMRI)

MRI uses a combination of harmless magnetic
fields to image soft tissues in the body. Ana-
tomical MRI has excellent detail but taking the
image is relatively slow. Functional MRI is

faster and captures rapid shifts in blood flow,
which is correlated with brain activity; however,
fMRI has low spatial resolution so the picture
is more blurry. The brain images one often sees
are a combination of statistical maps of brain
activity (pseudo-colored to show level of activ-
ity), derived from fMRI, superimposed on the
anatomical images from slow MRI. Thus, this
technology shows us what is happening in the
brain, and where.

Finally, in the same way that computers have been very useful for modeling and
dissecting the process of evolution, of organs like the eye, they have also been
extremely useful in modeling neural networks, that is, in addressing the ques-
tion of how our thousands of neurons interact and what new properties emerge

from their interactions.

FUNCTIONAL NEUROANATOMY II: PUTTING TOGETHER WHAT WE'VE
LEARNED

So, what have we learned from these stories and observations and experiments
about the functional neuroanatomy of the vision system? Let’s answer this
question in two parts (1) with a general overview of the visual system’s parts
within the context of the entire nervous system and (2) with a more refined

description of how vision works using those parts and their components.

In learning and thinking about new ideas, humans use vision as an important
tool. Think about the example of three-dimensional vision we discussed above.
Think about how you usually learn something such as how to perform a new
activity. Reading about how to do it and listening to someone describe how to
do it are useful, but seeing pictures of how it’s done and then watching someone
do it are especially useful—as is of course, eventually trying it yourself. Vision
is very powerful for learning, memory, and understanding, for ‘seeing’ in the

conceptual sense.
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In that spirit, let’s look with our eyes at a picture of a general overview of vision

in Figure 17.

Let’s walk slowly through this overview figure. As we do this, and throughout
our discussion of vision, you may refer to our discussion in Life Sciences Primer
IT of the integral physiological and conceptual connections between the differ-

ent levels of biology: populations, organisms, organs, tissues, cells, and molecules.

At first, we see the whole body of a human being with the entire nervous sys-
tem sketched out. As we've noted, the central nervous system (CNS) includes
the brain and spinal cord. The peripheral nervous system consists of nerves

that convey information from the rest of the body to the CNS and vice versa
(Figure 17A).

5 Ciptic Oplic Lateral
A Gptie Chiasm  Tract Geniculate
ferve Mutieus
Cptic
Radiations
Central Nervous System
Eye

| ) - |
AL | T Peripheral c
\ / \ Nervous o
fl \ Syatem Ciliary Body Retina
iy vt o '
'|, Comea __ Choraid
A - —

— Fovea

Sclefa Optic Nerve

Figure 17: A.The central nervous system and the peripheral nervous system. B. superior

view of the brain, eyes, and optic nerve. C. Internal and external view of the human eye.

Within this complex human organism, we are focusing on the eye and its con-
nections to the brain. In the figure, you can see the eyes in the picture of the
whole human shown in two additional perspectives: (1) the eyes in relation to
the brain (Figure 17B) and (2) an eye by itself, magnified for closer inspection
(Figure 17C). Note how close our eyes are to our brains; what are the func-

tional implications of this?
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THE EYE

In the magnified eye, (Figure 17C) we see some of the parts that were identi-
fied in our stories as important for vision. From the story of my dad, there is
the lens, which covers the eye and which we learned must be clear for optimal
vision, and there is the fluid filling the eye behind the lens. We also see, lining
the back of the eye, the retina, a part of the eye mentioned as important in
a couple of our stories; the retina contains photoreceptors to detect the light
moving through the lens and fluid. Before reaching the lens, light first moves
through the cornea and then the iris (which gives the eye its color) and the

round opening at the center of the iris called the pupil.

Other parts of the eye labeled in the figure that we have yet to discuss include
a part of the retina called the fovea, which helps in sharp, focused vision such
as that necessary for reading this sentence, and eye muscles (outside and inside

the eye), the important role of which we will address shortly.

'The optic nerve is seen coming out of the back of the eye in Figure 17B and
17C. It is clear that this nerve connects the eye to the brain, and that if any
problems were to occur in this connection, such as in those born with optic

nerve hypoplasia in story 5, the impact on vision would be severe.

Figure 17B is a view looking down from above (known as an axial view). Shown
in this figure are the optic nerves from both eyes and the paths of those nerves
into the brain. You can see that eye connections are made in both sides (known
as hemispheres) of the brain, and two of the many important parts of the brain
involved in vision are labeled: the lateral geniculate nuclei of the thalamus and

the visual cortex. A full third of the brain is devoted to vision-related function.

THE BRAIN

Before we take a quick tour of the human brain, Figure 19 (next page) gives
you the vocabulary that neuroscientists use to orient around the brain. These
terms are important to know so that you can find the parts of the brain as they
are being discussed. In addition, a lateral view of the brain is shown to illus-
trate the sections or lobes of the entire cerebral cortex (Figure 18). Sulci (or
sulcus, in the singular) is the term for the grooves found in the cerebral cortex;
the sulci surround the gyri (gyrus, singular), the bumps of the cortex. If you

recall from earlier in this primer, in evolutionary time, the cerebral cortex is the

Lateral View Central Sulcus

Paristal

Frantal Lobe

Lobe

Lateral Fissure
Oeeipital Loba

Temporal Lobe

Figure 18: A lateral view of the human cere-
bral cortex, with lobes illustrated in different

colors.
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Figure 19: Anatomical directions and reference planes of the brain. In terms of anatomy, the

front of the brain, nearest the face, is referred to as the anterior end, and polar opposite to
the anterior end is the posterior end, referring to the back of the head. Superior (sometimes
called dorsal) refers to the direction toward the top of the head, and inferior (sometimes
called ventral) refers to the direction toward the neck/body. In terms of reference planes,
the sagittal plane divides the brain into left and right portions, the coronal plane divides the
brain into anterior and posterior portions, and the axial (sometimes called horizontal) plane
divides the brain into superior and inferior portions. More information on anatomical direc-
tions can be found at: http://en.wikipedia.org/wiki/Anatomical_terms_of_location

newest part of the brain with the most refined and complex functional capaci-
ties. As we review the rest of the brain and its functions, note the many parts

related directly or indirectly to vision.

We have also already mentioned the frontal lobe, in connection with language.
'The frontal lobe is also important in controlling movement, planning behavior,
and executive or overseeing functions. The parietal lobe is posterior to the
frontal lobe and is involved in sensory function and associations. Posterior to
this is the occipital lobe, especially important in vision, so more on this one
later. The temporallobe is below (inferior to) the frontal and parietal lobes and
is involved in the control of hearing. Also, note in figure 19 the parietotempo-
ral-occipital region where these three lobes meet and the region in which those

with prosopagnosia (stories 2, 3, and 4) have lesions or cancer.

Figure 20 allows a brief tour of the parts of your brain we just discussed plus those
below the cortex. The figure shows the brain from a mid-sagittal view (meaning
cut down the middle). Note, however, that many of the parts of the brain we will
now discuss, although only shown once here, actually occur in pairs, one on each
side of the brain. In the figure, we see that the cerebral cortex and its lobes extend

over the entire brain and its hemispheres.

cerebellum

Cerebrum

o
i %ff
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Figure 20: A.A mid-sagittal overview
of forebrain, midbrain, and hindbrain,
including names of structures in the
hindbrain. In the lower panels, the re-
spective sections of brain are colored
in orange brown. B. A mid-sagittal
view of the human brain showing key
structures of the forebrain, as well as

the cerebellum.
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Recall from our discussion of brain evolution above that our brains can be divid-
ed into the forebrain, midbrain, and hindbrain (Figure 20A). The front of the
brain, or forebrain contains the cerebral hemispheres and the diencephalon.
In addition to the cerebral cortex which is involved in perception as we discussed
above, as well as thought, reason, and movement, the cerebral hemispheres also
contain deep in the brain the hippocampi involved in memory, the amygdalae
involved in emotion, and the basal ganglia involved in movement. The other
part of the forebrain, the diencephalon, includes the thalami which process in-
formation entering the brain from the rest of the CNS (most importantly for
our discussion of vision, the thalami contain the lateral geniculate nuclei, LGN)
and the peripheral nervous system, and the hypothalami, which regulate many
bodily functions in the nervous and endocrine systems such as those that have

to do with appetite, sexual behavior, body temperature, and hormone function.

'The hippocampus and amygdala are both parts of the limbic system, which
is important for the formation of memories and in controlling emotion, deci-

sions, motivation, and learning.

'The area of the brain that connects the fore- and hindbrain is called the mid-
brain. It controls many sensory and movement processes, as well as the interac-

tion of visual and hearing reflexes (unconscious, automatic reactions to stimuli).

Finally, the hindbrain is composed of the cerebellum, pons, and medulla ob-
longata. Together with the midbrain, these three parts make up the brain
stem, the communicator between the spinal cord and the brain. More specifi-
cally, the cerebellum regulates movement, balance, and motor coordination and
is involved in learning movement, while the pons communicates information
about that movement from the cerebral hemispheres to the cerebellum as well
as playing a role in the control of sleep and arousal. The medulla oblongata is
responsible for important autonomic (non-conscious) nervous system func-

tions like digestion and breathing.

In this primer we’re not spending a lot of time with many of these parts, but
you should know where they are located and in what functions they are in-
volved, as they are all important in different ways for your development and
behavior as a person. Also, keep in mind these points: (1) their location and
function was discovered through the functional neuroanatomical approaches
we discussed above; (2) although not necessarily connected directly to vision,
most of these regions of the brain connect to vision in some way; for example
they may play a role in eye movements or the connections between what we

see and what we learn or feel; (3) because these and many brain functions are
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connected, then, there must also be structural (molecular/cellular) connections
among these regions to allow them to communicate with each other. These
connections are made via neurons and other cells of the nervous system; we
discuss these in Life Sciences Primer II and will discuss them in more detail in

Neuroscience Primer IT as well.

INTEGRATING PARTS AND FUNCTIONS: PART |

We have seen how and why the CNS evolved and what its parts are, especially

those relevant to vision. How do these parts work together so we can see?

Let’s begin to see how these parts interact to construct perception by re-exam-
ining and further expanding our list of things that happen when we look at the

pictures of His Holiness:

sense: use our eyes to detect the light reflected from the images

2. takein and interpret what is sensed: transfer the information experienced
in the eye as light into another kind of signal that can go to the brain, se-
lecting out and ‘seeing’ only the image and only the important parts of the
image from all the other background, synthesizing all the light and pieces
of the image we see into one image that ‘makes sense’, while attaching
to this image emotions and past experiences stored in the brain and thus,
perceiving the images as that of His Holiness

3. respond: signal from the brain based on interpretation leads to relevant
response, that is deciding on a course of action, formulating a plan, and then
carrying out that plan: for example, to the hand muscle to pick up the pic-
tures, to the eye to keep looking at the images, to other parts of the brain

and body to feel moved or happy.

Where in the brain do all the required high-level syntheses in this process oc-
cur? Using the techniques we discuss above, neuroscientists have further sepa-
rated the cerebral cortex into particular functional areas (Figure 21) for steps
(2) and (3) above, that is for processing either sensory information (eg., step 2
above) or motor information (eg., step 3). We refer to these sensory and motor
areas as primary, secondary or tertiary depending on when they are involved in
the processing of information. For example, the primary visual cortex (also
known as V1 for Vision cortex area 1), located at the very posterior end of the
occipital lobe, receives the first nervous input from the peripheral nervous sys-

tem, in this case via the optic nerve from the eye (refer to Figure 17).
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Figure 21: Map of the human cortex, show-

ing primary areas and association areas.
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Surrounding the primary visual cortex, or any primary area, are secondary and
tertiary areas that process the more complex aspects of a particular sensory
or motor function and integrate information from other primary sensory and
motor areas. Then this information from the different senses and lobes is com-

bined in large areas of the cortex (Figure 21) called association areas.

We discussed one such association area, the parietotemporal-occipital area,
above in our stories about the recognition of faces. This area is so named be-
cause it occurs at the intersection of the parietal, temporal, and occipital lobes.
'This makes sense since it is integrating information gathered in those three ar-
eas. 'Think about the many processes required for recognizing and responding
to a face: seeing the face, remembering if you have seen it before and when and
in what circumstance, and then developing a response based on that informa-
tion. Each of these processes happens separately, in discrete parts of the brain,
and then all of them must be integrated (‘thought through’) or else, as we saw

in our stories, one is unable to recognize other people.

What does it mean to say association areas ‘integrate complex signals from dif-
ferent areas of the brain One way to break down the integrating functions of
the parietotemporal-occipital and other association areas is to think of these
areas as controlling three high-level functions: perception, movement, and mo-
tivation. Most behaviors require all three. If we are going to look at the pictures
of His Holiness and then perhaps stop and pick one up to more closely consider
it, clearly, as we've said, we have to see the pictures first. ‘That information of
‘seeing’ moves through the primary, then secondary, then tertiary visual associa-
tion areas and eventually to where the movement to stop and pick up the pic-
tures is planned in the frontal lobe. Information is also sent to the movement
(motor) system, which tells the muscles in your arm and hand to move, regulates
your posture as you do this and continuously informs the required muscles to

move, tense, or relax. All this happens in less than a second.

Overlaid and integrated with these sensory and motor functions is the mo-
tivational system, which regulates how fast and effectively your muscles move
to pick up the pictures; this will depend on how excited or interested you are
in the pictures. This motivational system is at the same time regulating your
autonomic nervous system—how fast does your heart beat? Are you sweating?

'The hypothalamus is the major controller of these autonomic responses.
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All of our brain’s major functional systems—sensory, motor, and motivation-
al—have anatomically separate parts and pathways. And these parts are con-
nected to each other by special neurons, which in addition to simply connect-
ing the systems’signals, also modify those signals. Each blind man’s experience

of the elephant is integrated into a whole picture.

NEURO-MAPS

Perhaps the most stunning characteristic of our ‘elephant-perceiving’ (visual
and other sensory) systems is found in the organization of these anatomically
separate pathways; the spatial relationship of the sensory receptors in the pe-
ripheral nervous system is maintained at every level throughout the entire ner-
vous system signaling pathway. For example, as we will explore in more detail
shortly, if two photoreceptors are neighbors in the eye, then they are connected
to neighboring cells in the thalamus, and then these are connected to neigh-

boring cells in the visual cortex.

'This phenomenon is called topographic mapping in the brain. A topographic
map is the ordered projection of neural pathways either from a sensory surface,
like the retina or the skin, to one or more structures of the central nervous sys-
tem, or from the brain to an effector system, like the musculature. Topographic
maps appear to be important for processing information and organizing re-

sponses, for they are found in all sensory systems and in many motor systems.

Using the many approaches for exploring brain structure and function we have
discussed, neuroscientists have identified and described such spatial ‘neuro-
maps’in our cerebral cortex for both motor and sensory function. See Figure 22
for maps of the primary motor cortex and the primary somatosensory (mean-

ing senses from the body) cortex.

o
Vocalizotion |8y | yeeTia auns. wnid Jaw

L:-\l TONGUE
), s
i)
(\u.m ABOaNMINAL

Figure 22: Neuro-maps of the primary motor cortex (left) and the primary somatosensory

cortex (right).
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Neuro-maps contain neural representations of the body. Notice in the fig-
ures that more of the primary cortex is devoted to those regions of the body
that have more neurons. This proportionality of neurons is represented in the
figures with the drawings of the ‘homunculus’ or imaginary man—the more
neural connections, the larger the relevant part of the man. Why do you think
that for both the motor and sensory systems there are so many connections and

thus so much space devoted to the face and hands?

Intriguingly, the relative proportionality of neuro-maps and the specific num-
bers and location of neural connections vary based on experience, especially ex-
periences during key times in a person’s development. And since no two people
have the exact same experiences, no two brains are the same. We will explore
this finding in detail in future Life Sciences and Neuroscience primers. Here

is one story to make the point of just how flexible and variable the brain can be:

Mrs. Y was born blind. Mrs. Y worked at a company that translates texts into
Braille, the read-by-touch language for blind people, invented by Louis Braille,
himself a blind man. Mrs. Y’s job was to listen to recordings of texts and type
what she heard into a special typewriter to produce Braille versions of the texts

to which she was listening.

One day at work, Mrs. Y suddenly collapsed. She was rushed to the hospital
where she was diagnosed as having had a stroke—much like the one Broca’s
patient Tan suffered. However, when the physicians did a brain-scan (Refer to
fMRI box, page 68) of Mrs. Y’s brain, they saw that the part of her brain that
was damaged was the occipital lobe. ‘Don’t worry, the physicians said to Mrs.
Y, ‘the stroke affected the vision part of your brain, but since you have been

blind your whole life, you don’t need to worry.’

Mrs. Y went back to work soon after. But when she put her fingers on the keys
to her Braille typewriter, she suddenly sat up as if she'd been shocked: Mrs. Y

could no longer feel the raised Braille letters on her typewriter keys.

Since Mrs. Y was born blind, the part of her brain that normally would have
been used for vision was recruited for use by other senses, apparently primarily
touch, instead. When the stroke had damaged the vision-turned-into-touch
part of her brain, she lost the fine touching ability she once had. This story
demonstrates the flexibility of the nervous system, neural connections, and the

impact on the brain of genes interwoven with experience.
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INTEGRATING PARTS AND FUNCTION: PART Il

We began this primer with the phenomenon of vision, of seeing pictures that
might move us to actions. Quickly, we saw how complicated this seemingly
simple process might be. We broke down the phenomenon into several steps
and then began to analyze and expand those steps. As we did so, we identi-
fied the anatomical parts of our visual and nervous systems that are involved
in these steps, and we learned how these parts and their structures and in-
dependent functions were discovered. We saw how separate functions were

integrated in the brain so higher level functions could occur.

Now we are ready to take these many pieces, structures, functions, and systems

and walk through the processes of vision in detail.

START WITH THE LIGHT

'The original signal of seeing is light. Light is necessary for us to see the images
at the beginning of the primer and anything else. The nature and origins of
light and how it forms an image in the brain are very much physical phenom-

ena. In Physics Primer I, we talk about light and images:

Even though we don’t draw rays going in all directions from every
point of the object, we must remember that, in fact, every point of the
object is reflecting rays in all directions; that’s why people can see the

object from any direction.

Next, we must define what we mean by image. An image of an object
is formed wherever light rays converge or appear to originate. As an
important example, consider the image formed by the lens of the eye.
'The light rays leaving the snow lion’s head are spreading out in all
directions (Figure 23). Some of these rays enter the eye of someone
observing the snow lion. If the observer has good eyesight, all the
light rays leaving one point of the snow lion’s head are focused onto a
single point at the back of the eye [the fovea]. Since light rays con-
verge to this point at the back of the eye, we say that an image of the
snow lion is formed at the back of the eye. This kind of image, where

light rays converge, is called a real image.

How that image is constructed in the eye and interpreted in the brain is a ma-

jor part of our discussion. The initial part of this construction is simply receiv-

Figure 23: Snow lion
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ing the light. This is the job of photoreceptors in the retina at the back of the
eye. That’s right: light passes all the way through the iris, pupil, lens, and fluid
of the eye before it reaches the retina and its photoreceptors (Figure 24). Pho-
toreceptors turn light into electrical and chemical signals that are transferred

from neuron to neuron in the optic nerve and into the rest of the brain.

'This translation of initial signal by receptors into electrochemical information
(the currency of neurons) is very much like what we see in Life Sciences Primer
IT in our hot cup of chai story. In that story, receptors translated a change in
temperature into a change in receptor shape, which led to a change in electro-
chemistry. We also mentioned touch receptors in that primer; touch receptors
translate a change in pressure into a change in receptor shape and thus to a

change in electrochemistry.

Our eyes have two types of photoreceptors: rods and cones (Figure 25). Cones
detect color along the visible light spectrum and provide great visual detail, but
they require significant light to work effectively. Humans have three types of
cones, each specialized to respond maximally to different parts of the visual light
spectrum—red, blue and green. Around the fovea, the depression in the retina
that helps us see fine detail, there are only cones, while rods are around the reti-
nal edges. We use rods for night vision, but they don't detect color; instead, they

are specialized to detect contrast and movement.

If you think about it, you already know about color and night vision: when you
are outside at night or if you turn down the lights now where you are reading

this, you can still see, but without color (Figure 26). You also know from story

Figure 26: The effects of light on the perception of color. In full daylight(A), color is

perceptible, due to the stimulation of cone photoreceptors. As the sun sets the intensity

of light decreases (B), the ability to perceive color decreases because the rod photore-

ceptors are stimulated.

above about colorblindness that it can be cause a mutation in a retina
8 ab bout colorblind that it b d by tat tinal
protein. Not surprisingly, the mutant protein in story 8 is part of the cone
photoreceptor involved in translating the light signal into a chemical signal.
Mutations in any of the cone proteins can result in colorblindness, which is of-

ten specific to particular colors; the most common is red-green color blindness.

Figure 24: A. Light passing through

the eye to the photoreceptors of the
retina. B. Photoreceptors in the retina
turn light into electrical and chemical

signals that’s transferred to the brain.
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Figure 25: Two types of photoreceptors -
Rods and Cones.
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As we discuss the mechanism of photoreception, consider similarities and dif-
ferences with the mechanism of heat-sensing and our theme of the relationship
between structure and function. The inner segments of photoreceptors contain
the cell nuclei and the outer segments contain the stacks of membraneous discs
(formed from the cell membrane) in which reside the light reception machin-

ery (Figure 25).

When light enters the eye, photons (which you learned about in Physics) first
hit molecules called photopigments, specifically known as retinal, in the
membranous discs of the retina photoreceptors. Like many of the life mol-
ecules we learn about in Life Sciences Primer II, photopigments are made of

carbon, hydrogen, and oxygen (Figure 27). One form of retinal absorbs the

11-cis retinal
(M, = 268)

H3C\ /CH3 T C|H3 T
C C C C H
Hzc‘/ \i/ \C‘/ \T/ \C‘/
[H4C H H C H
’ Ec/ \CH3 H3C/ \C|/
: C
Light O/ \H
All-trans retinal @
H;C CH; H CH, H CH,
NIl
Hzc‘/ \i/ \C‘/ \T/ \c‘/ \C|/ .
H,C C H H H H
’ }ZC \CH3

Figure 27: Photopigments in the human eye. The top figure shows 11-cis retinal,
which absorbs light, changes structure into all-trans retinal (lower figure), and begins

a cascade of events resulting in ion channels closing in the cell membrane.

light, and this absorption of energy changes the retinal’s structure, activating
it. 'This retinal now starts a cascade of events resulting in an ion channel clos-
ing in the cell membrane. Remember that ions are charged molecules, so that
when the channel closes, the charge of the inside of the cell in relation to the
outside of the cell changes, setting oft an electrochemical signal that is passed
on to retinal cells called ganglion neurons, which sit closer to the back of the
eye, and then on into the brain via other vision system neurons within the
optic nerve. We will explore the details of neurotransmission (electrochemical

signaling) in detail in Neuroscience Primer II.
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PERCEIVING WHAT YOUR EYES SEE

Once our eyes have seen—detected, encoded—light, information is passed
onto the brain through the optic nerve for more refined perception. Perception
is a dynamic process that involves many levels of analysis and interpretation.
Perceptions are not pictures but are usable representations of the world. Visual
input becomes ‘what we see’ through a process that is hierarchical, topographi-
cal, and distributive. The process uses two major parallel pathways: the ‘what’
pathway and the ‘where’ pathway to build an image based on the line, edges,
and fill of an object, its motion and color, how large and close to you it is,and in
what context you are seeing the object. Your brain then ‘binds’all this informa-

tion into the object image and recognizes that object.

The concept of parallel processing is central to how our many and diverse
sensory inputs turn into unified perceptions in the brain. Each sense, not just
vision, has its own biological machinery. Within the vision system, separate
functional elements also have their own structural machinery. Each machin-
ery measures or translates pieces of the visual experience (like the information
gathered by each ‘man of Indostan’); the different pieces are sent on in parallel
to each successive area of visual processing, where they are further analyzed,
sometimes mixed, and then sent on in parallel to a higher area for more com-

plex processing.

When you look back to Figure 17 of the eyes and brain with the optic nerves
and think about how much information has to get into the eyes and then into
the brain through such small pathways as the optic nerves and in how short a
time, the need for parallel processing—the capacity for distinct areas to detect
and translate specific aspects of an image at the same time—becomes more

apparent.

OPTIC NERVES TO LATERAL GENICULATE NUCLEI (LGN)

After light information is absorbed in the retina, it is translated into an elec-
trochemical signal, as we said, in the ganglion neurons, about 1.5 million of
which go on to form each optic nerve—the nerve that carries information to
the brain. Within the retinas, photoreceptors are able to compute the intensity
of the light in relation to its position, wavelength and time. All of this infor-
mation is condensed into just a few specific types of information transferred

across distinct types of neuronal cells in the optic nerves.
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AIT (anterior inferotemporal
cortex) Objects & Categories

A PIT (posterior inferotemporal cor-
J 4 @ ‘) ﬁ ) - Dtex)Complex forms, parts of objects

V4 (Vision cortex area 4)

Complex geometeric patterns

- V2 (Vision cortex area 2)

- Contours, Background

V1 (Vision cortex area 1)
\ . ’ - Orientation

LGN (Lateral geniculate nuclei) of the thalamus

o Luminance, Contrast, Form, Motion and Color
RETINA
o Luminance, Contrast, Form, Motion and Color

Figure 28: Hierarchy of the processing of visual information and corresponding relative

neuroanatomy.

In the brain, the visual information is processed by multiple areas in a hierar-
chical fashion (Figure 28). Information first moves from the optic nerves to a
part of the thalamus called the lateral geniculate nuclei (LGN), which process
form, motion, and color. Each LGN receives visual neural information from
both retinas. In much the same way that our sensory and motor functions map
information from our bodies to the cortex, each type of information coming
from a specific type of ganglion cell in the retina maps onto our LGN in a spa-
tially consistent way. Similarly, because our foveas have the most photorecep-
tors and thus contribute the most visual information, they have proportionally

the most neural connections into the LGN.

It is important to understand how visual information is transferred from the
retina into the brain, because several important things happen to this informa-
tion along the way. First, let’s use an example to help explain the concept of
visual fields. Imagine that your visual field consists of an orange color in your
left and blue color in your right visual field. Figure 29 tracks the path of the
information into the eyes and through the brain. Light information from the
left visual field (in orange) comes into the right side of the retina in both eyes.
The information from the right visual field (in blue) comes into the left side of
the retina in both eyes. The information then travels from the retina down the
optic nerve to the optic chiasm. At the optic chiasm, the optic nerve crosses,

and the information from the right visual field (from both eyes) combines to

Figure 29: The pathway of information from the
right and left visual fields, traveling from eye to

visual cortex.
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VISUAL INFORMATION SWITCHES SIDES FROM EYE TO BRAIN

Tsondue awoke one morning and was very wor-
ried. When he opened his eyes he could not
see anything on the left side. When he looked
straight ahead, he saw nothing to the left. He
went to talk to his brother to get advice on what
to do. Tsondue’s brother, Rinchen, was also very
concerned about Tsondue’s health.

Rinchen asked, “Can you see straight ahead?”

Tsondue said, “Yes, but only to the right of
where I am looking.”

“Close your left eye and tell me what you can
see,” instructed Rinchen.

Tsondue did as his brother asked and replied,
“The same, no better and no worse. The same is
true when I have my left eye open and my right
eye closed. I can only see to the right.”

Rinchen said, “Alright Tsondue, I will take you

The doctor told Tsondue that he had a lesion
(damage) somewhere along his right visual
pathway. Based on your knowledge of his symp-
toms and the visual pathway, where do you think
the damage is?

Answer: Tsondue has a lesion in his right optic
tract. See scenario 1 at right. This pathway car-
ries information about the entire left half of the
visual field, because it is after the optic nerves
have crossed at the optic chiasm.

Now, if another patient, Paldon, had a lesion in
her right optic nerve, what would she see? Think
about it, draw out the answer and discuss with
your classmates. See scenario 2 at right.

Answer: The patient would see the whole visual
field, but would not be able to see anything with
her right eye. She would have no depth percep-
tion and would lack monocular vision of their
right side.

Scenario 1

to the doctor right away.”

go along the optic tract to the left lateral geniculate nucleus (LGN) of the
thalamus. The information from the left visual field (in orange) combines to go
along the optic track to the right LGN. The information then flows from the
LGN to the visual cortex, staying in its separate hemispheres. We will describe
how information is processed in the visual cortex in more detail below. The end
result of this crossing at the optic chiasm is that the left half of the brain looks
at the right visual world, and the right half of the brain looks at the left visual
world. This can be very important when certain parts of the visual pathway
are damaged. The combination of the two visual fields, as well as the distance

between the eyes, also allows for depth perception.

'The result is a complete representation of the visual field, including, in addition
to spatial information, temporal and color contrasts in the image. So, for any
particular point in the visual field, several different ganglion cell types in the
retina are simultaneously sending, in parallel, different types of information

about that one point to the brain (Figure 30).

As we've noted, and consistent with the major structure/function theme of
biology, each distinct function or parallel channel of information-type—color,
light intensity, motion, image position, etc.—corresponds to a set of cells that
share similar structure and can be identified by scientists based on those cells’
particular architecture and molecular nature. For example, one set of similar

cells sends red-green color information from the retina to the LGN; another

Scenario 2
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YOURTURN:
DEPTH PERCEPTION

Do you think depth percep-
tion is something you’re born
with or not? Or is it some-
thing you can learn through
practice? How would you
go about investigating this

question?

Figure 30: Mapping of an image in the brain. In the image above, each of the circles
represents the receptive field of a cell, which signals the brain complementary visual in-

formation. The picture we see is constructed from the combined and overlapping signals

of these cells.

EYE MOVEMENTS

Consider the challenges of seeing objects ac-
curately whether or not you are moving or
they are moving or both. Look at the picture
of the girl to the right. Do you think your

eyes are moving as you look at her?

Actually, they are. The image below shows
you what a scene would look like if your eyes
didn’t move. The center of our visual field is
in sharp focus due to the high density of cone
receptors at the fovea, while the edges of our
visual field are blurry due to the rod recep-
tors in the periphery of our retina. When
we look at something, however, our eyes are

constantly in motion, taking short pictures

of different parts of a scene. Our brains use

these snapshots to build a unified image.

The picture to the right of the girl shows the
typical movement of your eyes as they look at

the girl. Using many muscles (see below), the

eyes make very small imperceptible move-
ments called saccades, allowing you to scan
the image and move it around your retinas
to the fovea. Your eyes use saccades to look
in all directions, for reading and other forms
of scanning, and to look over at something
you initially catch a glimpse of on the periph-
ery of your vision. Saccades are controlled
by a network of structures in the brainstem
and cerebral hemispheres. The image below
shows some of the eye muscles that control

cye movement.

In addition to saccades, your eye performs
smooth movement to track a moving object,
vergence movement to align both your eyes
on an object, and reflex movement to auto-
matically compensate for other body move-
ments. Even when you think your eyes are
still, they’re not; they are undergoing fixa-
tional movement. So,your eyes are never per-
fectly still, and never see a static image. Your

brain just makes it seem that way.
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sends blue/yellow information (Figure 30) and expresses a set of enzymes dis-
tinct to that set. Lesions in these areas can result in the kinds of color-blind-
ness seen above in the story of the artist Jonathan I (Story 7). Studies of people
with such lesions also show that there is overlapping function among the dif-
ferent channels of information moving through the processing system, that is,

each class of cells and their functions are not entirely independent.

Unraveling the connections among parallel processes is one of the major re-
maining challenges, because, although scientists know significant detail about
the types of cells and connections in the LGN, they still don't know exactly
the role of the LGN in vision or any other sensory functions. Actually only
10-20% of all the LGN neural information comes from the retina, so perhaps
the LGN sorts or controls visual information in relation to other parts of the
brain. Scientists continue to use lesion studies to better understand neural
structure and function. However, new and more refined techniques involving
activation or analysis of specific molecules in the brains of primates (without
harming them) performing particular tasks are promising even more accurate

and detailed understanding.

LGN TO PRIMARY VISUAL CORTEX (V1)

'The visual signal is next passed, again in an organized parallel fashion, to the
primary visual cortex, called V1, where more complex information is taken
from the signal, information like orientation and direction of the image. Like
the LGN, V1 also has a modular, topographic organization following from the
LGN (Figure 31). Again, within each module or column of V1, specific types
of neurons predominate, corresponding to particular functions for further pro-
cessing before the information is sent on to the association areas (V2-V5) for
even more complex analysis. Information moving through these areas does
not just move in one direction, but instead many feedback connections exist,

presumably for repeated processing or analysis.

V1 TO ASSOCIATION AREAS

Recent research suggests that the parallel information coming from LGN into
V1 is mixed to some extent and not kept entirely separated. The mixing is car-
ried out by a group of spatial- and cell-type specific neurons. These neurons
reorganize the information and pass it on to V2. These informational outputs
from V1 represent the beginnings of two other distinct sets of information—

again identified as separable by the structure and function, location and capa-

Cortex V

Figure 31: The mapping of V1 following the
LGN.
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bilities of the cells that carry the information— known as the dorsal stream and

the ventral stream (Figure 32).

'The dorsal stream is also known as the ‘where’ stream because it processes infor-
mation about navigation, the location of objects in your visual field, as well as
information about those objects’ motion, your smooth pursuit eye movements,
and figuring out your arm and eye movements in relation to what you're seeing.
'The ventral stream is also known as the ‘what’ stream because it has to do
with the object’s representation, recognizing it, orienting it, processing com-
plex combinations of color and pattern, conscious experience and long-term

memory storage.

The two streams continue to move through the other association areas (Fig-
ure 33) where more complex information is gathered. The same themes of
functional and structural cell modularity are followed throughout. While they
are separate, these two streams of information do interact. After all, the two
streams, dorsal and ventral, process the same information, but in relation to

different behavioral goals.

Specific neurons selectively respond to a specific class of object and are impor-
tant for identifying that type of object; the object is recognized (and those cells
become active) regardless of the location, size, color or other characteristics of
the object. When looking at faces, we see more activity in the ‘what’ ventral
stream, and when analyzing location, we see more in the ‘where’stream. When
parts of the ‘where’ stream are damaged, people cannot point or grasp accu-
rately and, as we've seen, when parts of the what stream are damaged, facial

recognition can be impaired (see Story 4 above).

INTERPRETATION AND CONTEXT

We've been building a story here—moving beyond just parts and individual
functions toward a more comprehensive picture of how we see and understand
a picture. But we still are a long way from describing the experience of seeing
a picture, how we take all these parallel bits of information and in less than a
second see it as one complete image. And it’s more than that, we don't just see
the image, but we see that image and its characteristics as constant regardless
of its distance from us, how the light changes, or how its surroundings change.
Vision is a dynamic and creative process. For example, our vision is constantly

adjusting and adapting to the situation. Accomodation is one of many dy-

Secondary Dorsal Stream
Visual
Cortex Primary
Visual
Lateral Cartex

Geniculate Nucleus ',

Thalamus
7 \
\ A L \
P
o i
‘ / - \.N'hallt'ls
Secondary Extrastriate
Visual Cortex
Eye Optic Cortex \
Nerve Ventral

Stream

Figure 32: Parallel visual information
entering V1 is mixed and passed on
to V2. The information passed to V2
is split into two sets - the dorsal and
ventral streams. The dorsal stream pro-
cesses “where” information, while the
ventral stream processes “what” infor-

mation.

Figure 33: Information is processed by

different association areas. While the
dorsal and ventral streams of informa-
tion are separate, they interact and pro-
cess the same information in different

ways.
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namic vision processes; it is the process by which the eye can accurately focus
on an object even as its distance from you varies. This is accomplished thanks
to your many eye muscles collaborating with your brain. Muscles allow both
eyes to track the image so that it remains centered on your fovea: your pupils
adjust their size and the light rays entering are bent by changes in the shape of

the lens, and thus focused on the fovea.

We started this primer by talking about the importance of context in our un-
derstanding of any phenomenon. We discussed neuroscience in the context
of human history—science, religion, and culture—and evolutionary history.
Context is also vital to how we see and interpret information. Look carefully

at step two in our steps of perception we have been developing:

sense: use our eyes to detect the light reflected from the images ;

2. take in and interpret what is sensed: transfer the information
experienced in the eye as light into another kind of signal that
can go to the brain, selecting out and ‘seeing’ only the image
and only the important parts of the image from all the other
background, synthesizing all the light and pieces of the image
we see into one image that ‘makes sense’, and attaching to this
image emotions and past experiences stored in the brain and
thus, perceiving the images as that of His Holiness;

3. respond: signals from the brain based on interpretation lead to
relevant response, that is, deciding on a course of action, for-
mulating a plan, and then carrying out that plan: for example,
to the hand muscle to pick up the pictures, to the eye to keep
looking at the images, to other parts of the brain and body to
teel moved or happy.

It is evident our brains are not only reading the sensory information they receive,
as difficult as that is, but they are also interpreting it, based on past experience
(memories) as well as pre-established wiring. For example, in looking at the pic-
tures of His Holiness, the brain is asking ‘what do other human faces I have seen
look like?’, but also ‘do I recognize this face?” and ‘what are my experiences and
emotions related to this face/person? In the visual cortex, such memories must
also be integrated with the streams of information we interpret as we see. Hu-
mans process face identity in one specific area (Figure 34) and facial expressions
in another, and “meaning” of faces in an extended network that includes the
amygdala (remember this is part of the limbic, emotion system of our brains).

'These networks are linked to social responses like fear or avoidance and empa-

Figure 34: The fusiform face area, lo-
cated on the ventral surface of the tem-
poral lobe, is specifically activated when
viewing faces. like the stimulus shown

at the lower right.
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thy or affiliation. Recognition of emotion in others and emotional-evaluative
responses in ourselves is critical to social competence. Damage to brain regions

involved in these functions is associated with impaired social interactions.

YOUR OWN PERSONAL CONTEXT

So, we break the image into parts (edges and shapes, colors and motion), fill in
the missing pieces, bind the objects together, and judge object size and distance
from us, while at the same time mixing in emotion and memories as we go.
'Thus, your brain, in figuring out what you're seeing, considers historical context
also! In this case, both your own personal history, memories of experiences
and emotions associated with what’s being seen, and evolutionary history, the
capacities allowed and constraints imposed by the genes, cells, and tissues that

have evolved in the central nervous system of the human species are involved.

'These two histories—the evolutionary and the personal—are tightly linked, re-
inforcing, and complementary, and their interactions will be discussed in detail
in Life Sciences Primer III and other primers. One major implication of the
impact of these two histories on how we see (or sense or think or understand) is
that no two people see, sense, or think about things the same way. So, although
there are clearly similarities in everyone’s basic underlying biology, no two peo-
ple have the same experiences; therefore, no two brains see, think, or experience
the same things in the same way. Clearly, this significant biological fact also has

significant health, philosophical, psychological, social, and cultural implications.

CONTEXT INFLUENCES PERCEPTION

To determine the size and distance of objects in our visual field, our brains
automatically compare the spatial relationships of those objects to each other
and their contextual relationship to other objects near to the ones on which we

are focused (Figure 35).

Context is extremely important for how we see in three dimensions, which we
are able to do by analyzing and comparing slight disparities between informa-
tion from our two eyes. This so-called binocular disparity is analyzed in dif-
terent ways with different sensitivities in both the dorsal and ventral streams
that together add up to us seeing and understanding what we see in three

dimensions.

Figure 35: Size and distance of objects
in our visual fields. Which soldier do
you think is larger? In fact, the three

individuals pictured are the same size
and are the same distance from us on
the page. Our brain contextualizes the
information based on the relationship

between the objects and their back-

I2
AI3C

Figure 36: A context-dependent illusion.

ground.

Your brain interprets the figure depending
on context. If you read across the page, you
see “A B C7; if you read down the page,
you see 12,13, 14.

102 Chapter 1. Neuroscience: Perception & Vision



ﬁa' QN] %y :’ﬁ&'ﬁﬂ]’mﬂ'iﬂx’ﬂ&%'ﬁfﬂ'
ga&'@ﬁ:&'@ﬁ'ﬁ:’gq’sq @/ﬁ'@m'qgwq
ﬁs“‘]'g"q%ﬁ“]""‘“'ﬁaq]ﬁ]'@N'E:N'% ‘a’“‘ﬁ
Q] FFFYF| AR
BN '@'ﬂ@&'ﬁ'ﬁ'gﬂ&'a'aﬁ'ﬂ% SIS LR Far
e @Tﬂf&%q’@:’éﬁ 'qﬂ'@:’ﬁq'@:’u{%q'
G %‘%*’ﬁqwa‘éa'aﬁ'wﬁ's;%'
ﬁﬂ”ﬁ@ﬁ'@'qﬁm'q'ﬁqw %ﬁﬂa@ng"@
ﬁs"'“"'ﬁ"“"‘%q'%'qé‘“"\*”ﬁ'@'a'qgﬁ%f“riq”'

@qé‘“"""qgﬂgﬂéﬁ'@ﬁ'ﬁﬁl

I2
AI3C

14

AR R g{qN'@'qﬁm'm'a\gq’qa'qgmg:]
AP agas R adary g AR R A<y
AR IR G ER IR ARG
FERDNAARg A B C'aERa wxER DNy
TR Ry RE R Ay DasgRa 12, 13,
14"&E=ET|

75 (AR R R agA AER sran YR Fraran fR & an g wx 58 RN ) g R TR E
BT gYRIDI] SRR TR ARIVFT RS AS] ws g
xRs) s Y s Ay § BqNaE SR Fyway FRaR s IR AR AR dE) qj§g
T Y Nen Fr B D AR R R ARGV IR AN AR AN RRA WA P FHRIRRTFAA
R FING YRR FRRENRGIRAFRE| IR AR R AR FA IR R IR NG
FENAGERN FE A RN ARV B RN PR IR MR G BN GENRENYAHR AR

B RIFITHINT *Fe

ANFRENFHY N REE A A TR BN TR AR AR Y TREsaaiRy &
quFsTRaygRary| RENTR RRNBRREAR] RRAUTNEN NN AR TR A RENT
RJN Y FRRAE| ﬁgx’éﬁ'@qs'aam FRAR 55 WA B HE FENNGN YN YR IR RA|
?;.a.@ﬁ.@m.ﬂq.&ﬁq.qa.gm. x.@i.g.mﬁ.qm.ﬁé.aq.éﬁ.q.q.ﬁN.ﬁqm.ng.gq.xqm.ﬁ.qéN.
W RNE T § Yn AFRE] RURBR Y NEN R RRRagR E| R AR RRAN YRR Y
BRI Y RG] RAERAFNR AR AR PR P RAvaR G FRAR IR EY
SFNRIAR] RRARIXY IR AR RN P RAn g aR sramaran gaal RaEsr
5:'54'g:'ﬁ:’g:’gm':16«1'@&':15ﬁ'ua':vqn]'35'5:@5'5&'%'Qa@:’qu@&'q'%wﬁ

FRANARATHNER]  ARNRII YRR AYHR Y grav @iy gaRa iyl
TR TN YR AT IR | 2 FF R RN IA NG g & gy Ry f) Ty TR TR
TR T AFR R A e SN Y AR NG FF RV FIIRGURA TGRS |
BNTIRFAFUR YRy SRR YN ERYIN] FIYIN] VYA PRAR A GRARN TG
AR] EXEA| AR AT AN AERFUASN A AFRNAR Ry AXFFFIG AT Y[ IR
§ RN TEN YRR RN FAR AT BN AR A BNAEG IR ANAUR| A YAGNYRTFA
aq.u\]:.ﬁ.ﬁq.a.gam.gq.a.&@-:k\rm] %a'ﬁq‘:a“"ﬂﬁ“'ﬂ%"%'qﬁaﬂmﬁ‘m:§’iﬂ'a“”&”\"
grEnTaRaacrain | Ega| ey IRguR AN FEy IR FREN Y
VYN ARG T RIR VT FR| FIN| NawRa) BN Y) AR asVER ARyt
BRIV FANEH R RFREARNRF)

AN T AT A PN RS IR GINNFF T N

R ER Ay gR AR SRRV A f) AR FR AR GV RN AR TR B R ER IR AN SRR
ﬁ'ﬁq'ﬁqx@'nx'gaﬁ'@ﬁ'mr\?am’mﬁ'@ﬁ'&@:&'gx'éﬁ'ux'a'aﬂ RENTNR ARG
SR FRENR A H G RANY AR 2R S RENAEE R N EN LA FRNAYE PRAUEEN IR
%‘a'gﬁ'nwmngﬂﬁq’g%’éﬁ'@'&’ﬁ'(ﬁi%N] )]

1:'38‘1\1'6'ﬁfm'q:'wz'gqm'a'qﬁa'aqs'&E:’:R’%';ﬁqmnga@'qém@‘a‘@q'ﬁ'c)‘s:qm’%]
FussEA R P IR g A TR RS ATIT ] FARFF IS
nﬁN'%'qq'sg'&";&&mq’@q’a\@m’gxéﬁna'ﬁ'q&':'é.?‘ml'S'wa'aqéqwasqﬁa'sq’g&ﬁ:’
graRy| gREN G gRIF A A S Haq R § EBx ey Ay aRav e R Az ad Faw
FR G A G HIRAIRIY Iy Ravagr ) TR IR RePaganmER gy Y Fa
a’q@&’aq’@’@m’&ﬁ:n'ﬁnﬁN'mﬁ'gqn’ilﬂ

AGRRA| FRARFATFRY) AQNARERRER| 103



CONTEXT, RECOGNITION, AND BINDING

Our brains also use context to help identify and recognize, and thus to see and
learn more about the particular objects or images. Look at Figure 36. In the
context of the horizontal objects, the center object is seen as the letter B, but in

the vertical context, we see the center object as the number 13.

Ann Treisman and Bella Julesz have done some interesting experiments address-
ing what is called the binding problem—how we move from seeing boundaries,
edges, and context to a percept. They and others find that a key in seeing and
interpreting an image is where we focus our attention, or put another way, as-
sociation requires attention. Why, after all, is our attention drawn to human faces
first, and not clothes or arms? In a complicated scene like that in Figure 37, what

draws your attention? Do you think others focus on something else?

Treisman and Julesz started at a very basic level with images like that in Figure
38 (from Bergen and Julesz, 1983). 'The scientists found that when they asked

people about what they saw in such images, they focused on boundaries and

Figure 37: What do you focus on in this
photo? Why do you think our attention

is drawn to faces first?
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Figure 38: Treisman and Julesz performed basic experiments about the binding problem -- how we move from seeing boundaries, edges,

and context to precepts. They found that when people were asked to look at images like A and B,
when asked to find the section of T, it often took longer [surrounded by a dotted square in B].

tention is drawn by and to boundaries and their color, orientation, and brightness.

they instantly saw the + signs. However,

Tresiman and Julesz concluded that at-
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If you're asked to find the +’s in the figure, you find them right away (they are a
different color and look significantly different than the background Ls), but if
you're asked to find the section of T’s, you have to look quite closely for awhile.
'The T’s look very similar to the Ls in the background and are the same color.
Treisman and Julesz conclude our attention is drawn by boundaries and their

color, orientation, and brightness.

Based on these and other experiments, including some which demonstrate our
visual systems focus attention on oze and only one object in an image, these
scientists proposed that two vision perception processes exist: a pre-attentive
process that quickly scans and searches out only the outline of objects in an
image and an attentive process that looks at more specifics and combines
more detailed features of the objects. So, in the end the attentive process is
responsible for ‘choosing’ the ‘most interesting’ object, the focus of attention.
'The proposal is that individual characteristics of objects, encoded in separate
parallel paths, generate a ‘feature map’. Then particular features are selected
and integrated into a ‘master map,’ which contains the features from the fea-
ture maps that make the object distinct from its environment. Then other
parts of the brain bring focused attention on to the details of the master map

and its features.

Further experiments based on this and related proposals have lent support to
these ideas on binding and have led to the identification of so-called cortical
contextual networks. Figure 39 uses a beach umbrella as an example to pro-

vide an overall view of how the visual system uses such a network to facilitate
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Figure 39: The visual system uses a network to recognize objects, like the umbrella in the
example above. Low resolution information is sent from V2 and V4 to parts of the cortex,
where possible matches are recruited. Further processing helps determine exactly what

the object visualized is.

YOUR TURN:
DEPTH PERCEPTION

Why do we have two eyes instead of one?
Try this experiment: take two pencils, hold
each at the bottom and extend your arms in
front of you, close one eye and try to touch
the tips of the two pencils together. Is this
easier to do with one eye open or two eyes

open?

Depth perception is made possible by having
binocular vision, two eyes with overlapping
visual fields (see figure below). Only organ-
isms like us that have both eyes in the front
of the face have this capacity, which also re-
lies on the brain to be able to combine im-

ages seen by each eye separately into one im-

age (this phenomenon is called stereopsis).
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object recognition. Low resolution visual information is sent from visual as-
sociation areas V2 and V4 to two parts of the cortex: (1) the parahippocam-
pal cortex (PHC), where candidates for ‘most likely context’ are selected from
stored sets of related items in another part of the brain called the inferior tem-
poral cortex (ITC, see Figure 40) and (2) the prefrontal cortex (PFC), where
possible matches with the target object are recruited (Figure 39). The two types
of information—a set of possible contexts and possible objects—are bound

together to yield swift recognition of the object as a generic beach umbrella.
Inferior Temporal Cortex (ITC)
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Context

Figure 40: High level associations in the brain. The hair dryer above may be associated
with concrete contexts (a bathroom or an appliance store) as well as with abstract concepts
(like wind, style, heat, and energy).

A precise representation of the specific umbrella is then determined using the

later arrival of information that provides greater image resolution.

You can imagine that similar binding processes engaging emotion-related ar-
eas of the brain might occur. We will be discussing such areas and processes

in future primers.

EVERYONE'S BRAIN IS DIFFERENT

‘What do you focus on when you see the pic-
tures below? What memories and thoughts
do the pictures trigger? Ask fellow students
about their immediate reactions to the pho-

tos. Are they the same as yours or different?

Does this then mean that the things experi-
enced by two people may then actually not
be ‘the same’ after all?

PERCEPTION AND INTERPRETA-
TION

Perception represents not only the

“actual” visual information, but also

the interpretation of what is seen.

Interpretation, in turn, is based on

memories that modify what we see.

For instance, if we expect to see the
G

letter “e” in “interpretetion” we may
overlook that the word is misspelled.
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CONTEXT & OPTICAL
ILLUSIONS

A\

The interpretive mechanisms of the
brain, such as those that select par-
ticular characteristics out of a scene,
distort other characteristics, or fill in
still others, are effectively illustrated
through visual illusions. Such images
fool our visual system, which follows
rules based on experience and pre-
established wiring, into seeing things
that aren’t there.

WHERE WE'VE BEEN

We still haven’t answered all the questions we started with in relation to the
pictures of His Holiness, but, as promised, we have developed and answered
some of the questions leading up to the more complicated ones. And you have
seen how the visual system works in general. It breaks down image informa-
tion into pieces (much like scientists do in attempting to understand a complex
phenomenon) and then amazingly quickly moves that information in parallel
through greater and greater complexity of analysis within the brain. In our
visual cortex association areas, the parallel information is mixed, re-sorted and
feeds back on itself, and is integrated with memory and emotional informa-
tion. Finally, all this information is bound together as one unified percept we

see and understand.

Vision is stunningly complex. As we begin to understand its neuroscience at a
more profound level, we find connections not only with most other branches of
science but also with much of what makes us human—art, emotion, memory,
learning, belief, doing science. Even meditation. As we've seen, attention is
central to what and how we see and, as you know, much of Tibetan Buddhist
meditation is about nurturing the capacity to focus attention as a way into ex-
panding consciousness. Perhaps the most exciting thing about one day more
tully understanding vision is that it might allow us a neuroscientific window

into consciousness. We shall see.

Look at the Miiller-Lyer illusion at
left. The vertical lines are the same
length, but the line with the arrows
pointing out at the end looks longer.
This holds true even after we measure
and know the two lines are equal in
length. We see the lines as having dif-
ferent lengths because our brains’ past
experiences have set up the rule (not
followed in this case) that shape is an
indicator of size. So, the brain puts
shape in the context of size and vice
versa to aid in interpreting what’s be-
ing seen.

110 Chapter 1. Neuroscience: Perception & Vision
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Autonomic responses
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Behavior and cognition
Binding problem
Binocular disparity
Binocular vision

Brain
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Smooth movement
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fMRI

Forebrain
Fovea
Frequency, khz

Frontal lobe

Functional magnetic reso-

nance imaging

Functional neuroanatomy

Functional system
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Ganglion neuron
Ganglion
Genetics
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Limbic system
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Low frequency image
Luminance
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Medial view
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Molecular
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Neuroethics
Neurologist
Neuro-maps

Neuron

Nerve cell

Neuronal circuits
Neuroplasticity
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Neuroscientist
Neurosurgeons
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Optic nerve
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Sensory nerves
Sensory organ
Short wavelengths
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Smooth movement
Somatosensory
tion cortex
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Spore mass
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