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Preface

Who has not pondered their own consciousness, marveled at
their many sensory experiences, or wondered how a small and
lumpy organ can process so much information? Neuroscience
boils down to the mind studying its own machine, an intrin-
sically fascinating topic that seems to fill every media channel
nowadays. But another reason neuroscience is in the news so
frequently is simply that it has become one of the most active
branches of science. The pace of discoveries about brain and
behavior has increased at an exponential rate over the last few
decades, and continues to accelerate.

Every new edition of one of our books requires substan-
tial updating because so much is happening all the time. (It's
exciting, but wow, do we read a lot of reports and articles!) In
fact, by far the hardest part of our job as authors lies in de-
ciding which discoveries to include and which to (reluctant-
ly) leave out: As the Red Queen remarked to Alice in Won-
derland, “it takes all the running you can do, to keep in the
same place.” Our neuroscience news website (oup.com/he/
watson-breedlovede/news) boasts a collection of more than
25,000 news stories, drawn from the mainstream media, re-
lating to the topics of this book. You can follow updates on
the website, via email, or Facebook (www.facebook.com/
BehavioralNeuroscience).

While we are sampling from this almost boundless scientif-
ic smorgasbord, we have to watch our weight. Our goal for The
Mind’s Machine, Fourth Edition is to introduce you to the basics
of behavioral neuroscience in a way that focuses on the foun-
dational topics in the field—with a generous sprinkling of the
newest and most fascinating discoveries—and leaves you with
an appetite for more. Whether you are beginning a program
of study centered on the brain and behavior, or are just adding
some breadth to your education, you will find that behavioral
neuroscience now permeates all aspects of modern psycholo-
gy, along with related life sciences like physiology, biology, and
the health sciences. But that’s not all. The tools and techniques
of behavioral neuroscience also create new ways of looking at
questions in many other areas, such as economics, the per-
forming arts, anthropology, sociology, computer science, and
engineering. Researchers are beginning to probe mental pro-
cesses that seemed impenetrable only a decade or two ago: the
neural bases of decision making, love and attachment, memo-
ry and learning, consciousness, and much of what we call the
mind. Our aim in The Mind’s Machine, Fourth Edition is to pro-
vide a foundation that places these and other important topics

in a unified scientific context, delivered in clear, inclusive, and
gender-neutral language.

We've found that students enrolled in our courses have
diverse academic backgrounds and personal interests. In this
book, we’ve tried to avoid making too many assumptions about
our readers, and have focused on providing both behavioral
and biological perspectives on major topics. If you've had some
high-school level biology you should have no trouble with most
of the material in the book.

For those readers who have more experience in science—or
who want more detail—we have peppered the chapters with
embedded links to more advanced material located in Oxford
Learning Link. These links, called A Step Further, are just one
of several novel features we have included to aid your learning.
Throughout the book you will find web links that will connect
you to animated versions of many figures, video clips, and more.

Each chapter also features at least one segment called Re-
searchers at Work, which illustrates the nuts and bolts of ex-
perimentation through real-world examples, and a segment
called Signs & Symptoms that relates a real-world clinical issue
relevant to the chapter topic. To help you gauge your progress,
each chapter is divided into several major topics bracketed by
features called The Road Ahead, specifying your learning ob-
jectives for the material that follows, and How’s It Going?, pro-
viding self-test conceptual questions. Every chapter also ends
with a Visual Summary, an innovative combination of the
main points and figures from the chapter, which you can also
view in an interactive format in Oxford Learning Link. We
encourage you to explore Oxford Learning Link (oup.com/he/
watson-breedlove4e), which contains a comprehensive set of
study questions. This tool is a powerful companion to the text-
book that enhances the learning experience with a variety of
multimedia resources.

The chapter lineup in this edition of The Mind’s Machine
encompasses several major themes. In the opening chapters,
we trace the origins of behavioral neuroscience and introduce
you to the structure of the brain, both as seen by the naked eye
and as revealed through the microscope. We discuss how the
cells of the brain use electrical signals to process information,
and how they transmit that information to other cells within
larger circuits. Along the way we’ll look at the ways in which
drugs affect nerve cells in order to change behavior, as well as
some of the remarkable technology that lets us study the ac-
tivity of the conscious brain as it perceives and thinks. New for
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this edition, Chapter 4 delves into developmental neuroscience:
the continual remodeling of the nervous system and behavior
as we grow up and grow old.

In the middle part of the book we look at the neural systems
that underlie fundamental capabilities like feeling, moving, see-
ing, smelling, and hearing. We'll also consider biological and be-
havioral aspects of “mission-critical” functions such as feeding,
sleeping, and sexual behavior. And we’ll look at how the endo-
crine system acts as an interface between the brain and the rest
of the body, as well as the reverse—ways in which the environ-
ment and behavior alter hormones and thus alter brain activity.

In the latter part of the book we turn to high-level emotion-
al and cognitive processes that color our lives and define us as
individuals. We’ll survey the systems that allow us to learn and
remember information and skills, and the brain systems dedi-
cated to language and spatial cognition. Research on processes
of attention has made great progress in recent years, and we’ll
also consider consciousness and decision-making from a neu-
roscientific perspective. Finally, we'll review some of the conse-
quences of brain dysfunction, ranging from psychopathology to
behavioral manifestations of brain damage, and some of the in-
novative strategies being developed to counter these problems.

As you make your way through the book, you'll learn that
one of the outstanding features of the brain is its ability to re-
model. Every new experience, every piece of information that
you learn, every skill that you master, causes changes in the
brain that can alter your future behavior. The changes may
involve physical alterations in the connections between cells,
or in the chemicals they use to communicate, or even the ad-
dition of whole new cells and circuits. It’s a property that we
neuroscientists refer to as “plasticity.” And it’s something that
we aim to exploit—if we’ve done our job properly, The Mind’s
Machine, Fourth Edition should cause lots of changes in your
brain. We hope you enjoy the process.

Neil V. Watson

S. Marc Breedlove

We welcome feedback
on any aspect of
The Mind'’s Machine, Fourth Edition.
Simply drop us a line at
themindsmachine@gmail.com.
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Introduction:
Building the Mind’s Machine



We humans have a long history of using con-
temporary technology as a metaphor for the
mysterious workings of the brain, so today it
is commonplace to see the brain described
as a computer, complete with “hardware” and
“software.” Perhaps tomorrow’s neuroscien-
tists will describe the brain in terms of quan-
tum devices, wormholes, or a technology that
has yet to be imagined. But while modern re-
search aims to describe the complicated ma-
chine within each of our heads, we also want
to know how the operation of the brain pro-
duces the mind—the perceptions, emotions,
thoughts, self-awareness, and other cognitive
processes that inform our behavior.

During the twentieth century, a lot of ink
was spilled over the “nature—nurture” con-
troversy, with scholars arguing passionately
about the extent to which mental character-
istics and abilities are the result of learning

experiences versus “innate, hardwired” ge-
netic programs. The two perspectives have
often been presented as mutually incompati-
ble alternatives, but thanks to more-powerful
techniques, we have come to realize that
there is nothing controversial about nature
versus nurture: they are two sides of the
same coin. Consider the case of rat pups
who have inattentive mothers. As adults, the
formerly neglected pups show elevated stress
hormone responses to stressors that have
little effect on rats that were not neglected
as pups (O’'Donnell and Meaney, 2020). How
does this lasting reactivity develop—through
experience or as a result of inborn biological
factors? Both, it turns out. As we’ll see later
in this Introduction, and throughout the book,
the mind and its machine are shaped by a
precise combination of genes and experi-
ence, inextricably tied together.

fear or celebrate that number, there is no doubt that each of those billions

There are now nearly 8 billion of us, and while we can debate whether to

of human brains will at times contemplate its own existence and mean-
ing. How does the operation of a three-pound organ generate our sense of self,
express our unique personalities, record information, and guide our actions?
Evolution has shaped our bodies and brains so that we closely resemble one

O

See Video Intro.1:
Nature and Nurture

another, yet our brains remain malleable throughout life, continually remold-
ed by our environments, experiences, and interactions with other people. So,
through a remarkable intersection of genetic heritage and environmental influ-
ences, billions of unique individuals have been formed, and we literally change

each other’s minds on a daily basis.



4 INTRODUCTION

What is this? ——

In each chapter of the book,
you will find several of these
small features, entitled THE
ROAD AHEAD. They are
intended to provide you with a
road map for the reading you
are about to do, giving you a
sense of where the following
section is going and what we
hope you will get from it (i.e.,
your learning objectives).

©

View Animation Intro.2:
Brain Explorer

neuroscience The scientific study of
the nervous system.

behavioral neuroscience Also called
biological psychology, brain and behavior,
and physiological psychology. The study
of the biological bases of psychological
processes and behavior.

Intro.1 Behavioral Neuroscience Spans
Past, Present, and Future

THE ROAD AHEAD |

We open the book by situating behavioral neuroscience in its historical
context, considering its relationship to different branches of brain science,
and reviewing some of the important developments that will propel brain
research into the future. Reading this section should prepare you to:

Intro.1.1 Define behavioral neuroscience, identify its synonyms, describe the scope
of the field, and situate it relative to other branches of brain science.

Intro.1.2 Trace the history of our understanding of the role of the brain, as
articulated by scholars across the millennia.

Intro.1.3 Name and briefly describe some of the most influential concepts,
emerging topics, and future goals for brain research.

The general field of neuroscience—the scientific study of the nervous system—
is divided into many subdisciplines because the topic is so vast. The first scholars
to study the relationships between brain and behavior called themselves philoso-
phers, because it was philosophy that established the scientific method as our best
tool for finding new knowledge. Philosophers had long been concerned with the
sources of human behavior, so behavioral neuroscience, the field that relates be-
havior to bodily processes, naturally evolved from those beginnings. The names
biological psychology, brain and behavior, and physiological psychology are all syn-
onyms for behavioral neuroscience, but whichever name is used, the main goal of this
field is to understand the brain structures and functions that respond to experienc-
es and generate behavior.

Researchers with dramatically varied backgrounds—psychologists, biologists, phys-
iologists, engineers, neurologists, psychiatrists, and many others—together make up the
field of behavioral neuroscience. It is a field that spans both academia and industry, with
focus that ranges from pure research on basic processes to entirely applied work directly
translating findings into goods and services (Hitt, 2007). The diverse branches of science
that overlap with behavioral neuroscience are mapped in FIGURE Intro.1.

An early textbook famously opened with the observation that, as a science, “psychol-
ogy has a long past but only a short history” (Ebbinghaus, 1908). That’s certainly an apt
description of behavioral neuroscience. The modern era of behavioral neuroscience—
characterized by objective experimentation and use of the scientific method to test hy-
potheses—has a formal history of only 100 years or so. But curiosity about the genesis of
behavior reaches much further into the past, shaped by religious ideas, folk knowledge,
and ancient observations about the biology of humans and nonhuman animals.

Replication of findings by self and
by other scientists strengthens
confidence in the results Evidence
supports
hypothesis

*

| Data collection/

Observation ¥+ Hypothesis —¥»r Experiment Communication

The Scientific Method Scientists use
a formal system of hypothesis testing
and refinement to gradually develop
understanding of neural processes.

Analysis
Evidence
- refutes
Revise hypothesis
hypothesis
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An understanding of the brain’s role in behavior
has developed over centuries

FIGURE Intro.1
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BUILDING THE MIND’S MACHINE

How Behavioral

The elaborate preparation of tombs and careful mummitfication of important people in
ancient Egypt (especially about 1500-1000 BCE) reflected the belief that the dead would
enter an afterlife that entailed both struggle and—for the adequately equipped individ-
ual—great reward. So, in addition to embalming the body with special salts and oils,
the usual practice was to preserve four important organs in alabaster jars in the tomb:
liver, lungs, stomach, and intestines. The heart, being especially esteemed, was pre-
served in its place within the body. The brain, however, was picked out though the nos-
trils and thrown away; apparently, it was considered to be of little value in the afterlife.

Brain Extraction Kit

It seems the ancient Egyptians had little regard for

the brain. During the mummification process, embalmers used specialized
tools, like these examples in the British Museum, to first break up the small
bones behind the nose and then extract the brain through the opening.
Unlike other major organs, the brain was discarded, and the cranium was

stuffed with linen or straw.
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(A)

Reproduced with gracious permission of Her
Majesty Queen Elizabeth I, copyright reserved

FIGURE Intro.2 Leonardo da Vinci’s Changing View of the Brain

INTRODUCTION

In an early sketch, Leonardo simply
copied old drawings that bore little
resemblance to the actual structure of the
brain, showing the fluid-filled ventricles
as a balloon connected to the eye.

A Brain on the Ceiling of the Sistine Chapel?
Between 1508 and 1512, Michelangelo painted

the Sistine Chapel in the Vatican. In one panel

of Michelangelo’s masterpiece, God is depicted
reaching out to bestow the gift of life upon human-
ity, through Adam. But neuroscientists have noted
that the oddly shaped drapery behind God, and the
arrangement of his attendants, closely resembles
the human brain (Meshberger, 1990); compare it
with the midsagittal view in Figure 1.16A. A keen
student of anatomy, Michelangelo probably knew
perfectly well what a dissected human brain looks
like. So, was Michelangelo having some fun, making
a subtle commentary about the origins of human
behavior? We probably will never know, but modern
research tools are helping us to understand how
our distinctive human qualities—language, reason,
emotion, and the rest—are products of the brain.

There is little or no mention of the brain in the Quran, and it is likewise never
mentioned in either the Old Testament or New Testament of the Bible, but the heart
is mentioned hundreds of times, along with several references each to the liver, the
stomach, and the bowels as the seats of passion, courage, and pity, respectively. Aris-
totle (about 350 BCE), the most prominent scientist of ancient Greece, likewise consid-
ered mental capacities to be properties of the heart. When we call people kindhearted,
openhearted, fainthearted, hardhearted, or heartless, and when we speak of learning
by heart, we are using language echoing this ancient notion. Aristotle thought the
brain was little more than a cooling system for hot blood from the heart. But Aristotle’s
near contemporary, the great Greek physician Hippocrates (about 400 BCE), already
suspected that Aristotle’s view was—ahem—wrongheaded, and he instead ascribed
emotion, perception, and thought to the functioning of the brain.

By the second century CE, this brain-centered view of mental processes had be-
come more accepted, appearing in the writings of the Greco-Roman physician Galen
(the “Father of Medicine”). Galen’s experiences in treating head injuries of gladiators
led him to propose that behavior results from the movement of “animal spirits” from

the brain through nerves to the body,
but his understanding of the relevant
(B) anatomy was poor because the dissec-
tion of humans was outlawed in Rome
at that time. Not until much later were
techniques developed for making
highly detailed anatomical studies of
the fine structure of the brain.
Skillfully applying newly developed
innovations in drawing technique, Re-
naissance painter and scientist Leon-
ardo da Vinci (1452-1519) produced
exquisite neuroanatomical illustrations
of nerves and brain structures (FIG-
URE Intro.2). Religious dogma domi-
nated Renaissance science—just ask

Leonardo’s later drawings, Galileo—with the result that scientific
made from direct writing from that era often presents the
observations, were much X . . . .

more anatomically correct. brain as a mysterious and intricate gift

from God. But perhaps some thinkers
of the day secretly held a more secular
view of neuroscience; for example, it



has been observed that certain depictions of God on the ceiling of the
Sistine Chapel, painted by Michelangelo (1475-1564), bear a striking
resemblance to the human brain (Meshberger, 1990; Suk and Tamar-
go, 2010). It is believed that Michelangelo was conducting dissections of
cadavers at about the time that the painting was created.

In any event, weighing religious notions of the soul against increas-
ingly mechanistic views of the brain became a major preoccupation
for later scholars. Among his many contributions to math and science,
René Descartes (1596-1650) tried to explain how the control of behav-
ior might resemble the workings of a machine, proposing the concept
of spinal reflexes and a neural pathway for them (FIGURE Intro.3). But
Descartes also argued (perhaps in order to deflect criticism) that free
will and moral choice could not arise from a mere machine. So Des-
cartes asserted that humans, at least, had a nonmaterial soul as well as
a material body and that the soul governed behavior through a point of
contact (possibly the pineal gland) in the brain. This notion of dualism
spread widely and left other thinkers with the task of trying to explain
how a nonmaterial soul could exert influence over a material body and
brain. Today, almost all neuroscientists have discarded dualism in favor
of the much simpler view that the workings of the mind can be under-
stood as purely physical processes taking place in the material brain.
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René Descartes suggested that
intense heat on the toe causes
nervous activity to flow up the
nerve to the brain, from which
it is “reflected” back down to
the leg muscles, causing them
to contract and withdraw the
foot. This mode of action—
reflection—gave rise to the
concept and word reflex.
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FIGURE Intro.3 An Early Account of Reflexes

Thanks in large part to systematic studies of the relation between various disorders dualism The notion, promoted by

and damage to regions of the human brain that were conducted by the English physician
Thomas Willis (1621-1675), the notion that the brain coordinates and controls behavior
eventually became widely accepted (Zimmer, 2004). A pseudoscientific fad of the early
1800s called phrenology (FIGURE Intro.4A) capitalized on the emerging idea that spe-

René Descartes, that the mind has an
immaterial aspect that is distinct from
the material body and brain.

phrenology The belief that bumps
on the skull reflect enlargements of

cific behaviors, feelings, and personality traits were controlled by corresponding specific brain regions responsible for certain
regions of the brain. Although phrenology was plainly wrong in several fundamental behavioral faculties.

In the nineteenth century phrenologists
associated arbitrary “faculties” with bumps
on the skull, using maps like this to infer

FIGURE Intro.4 Mapping Behavior: Then and Now (B after
M. J. Nichols and W. T. Newsome, 1999. Nature 402: C35.)
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Today, brain-imaging technology reveals that
the whole brain is active most of the time, so
this modern map simply reflects the peaks of
brain activation during various behaviors.
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8 INTRODUCTION

1Q scores show a correlation of about +0.50
with measure of individual connectivity
between brain regions (Malpas et al., 2016).
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FIGURE Intro.5 Does Size Matter? (After C. B. Malpas et al.
2016. J. Clin. Neurosci. 24: 128.)

localization of function The concept
that different brain regions specialize in
specific behaviors.

ways—for example, phrenologists believed they could “read” a
person’s character by feeling the bumps on that person’s head—the
tield helped establish the concept of localization of function, which
asserts that different brain regions specialize in specific behaviors.

Later researchers found that damage to specific regions of the
brain causes predictable impairments in people; for example, Paul
Broca (1824-1880) noted that damage to a particular region of the
left side of the brain reliably causes problems with speech produc-
tion (see Chapter 15). Neuroscientists today accept that the local-
ization of function within the brain is more or less true. Although
the whole brain is active most of the time, when we are performing
particular tasks, certain brain regions become even more activat-
ed, and different tasks activate different networks of brain regions.
So modern functional maps of the human brain track the loca-
tions where these peaks of activation occur (FIGURE Intro.4B). A
parallel concern that harks back to the phrenologists has been the
importance of brain size to intellectual function. After a couple of
centuries of study, the evidence indicates that while the overall size
of your brain matters, it matters a lot less than you might expect.
Initial evidence suggests that IQ measures may instead show a
stronger relationship to individual differences in connectivity than
to brain size (FIGURE Intro.5; Malpas et al., 2016).

In 1890, William James’s book Principles of Psychology signaled the beginnings of
a modern approach to behavioral neuroscience. In James’s work, psychological ideas
such as consciousness and other aspects of human experience came to be seen as

properties of the nervous system. A true behavioral neuroscience began to emerge
from this approach. By the beginning of the twentieth century, researchers were ap-
plying newly developed tools to study mental processes that had previously seemed
unknowable. Rapid progress was made in developing techniques for measuring learn-
ing and memory in humans and animals, and Russian physiologist Ivan P. Pavlov
(1849-1936) made his landmark discoveries of classical conditioning in animals—
Nobel Prize-winning work that influences scientists to this day.

This rapid progress prompted a parallel interest in un-
derstanding the neural basis of learning, marked by one of
the first true behavioral neuroscience research programs:
the “search for the engram” by Karl Lashley (1890-1958).
Although he would not accomplish his goal of linking a
specific brain region to the formation of a specific long-
term memory (an “engram”), Lashley gave us the idea
(now well established) that memory is not localized to
only one region of the brain. Behavioral neuroscience also
bears the strong imprint of Canadian psychologist Donald
O. Hebb (1904-1985), who showed that cognitive process-
ing could be accomplished by networks of active neurons,
molded by repeated activation patterns into functional cir-
cuits. His hypothesis about how neurons strengthen their
connections as a consequence of experiences led to the
idea of the Hebbian synapse, a type of plastic (changeable)
connection between neurons that remains a hot topic in
contemporary neuroscience research, as discussed in
Chapter 13.

Your Brain, by the Numbers



Research objectives reflect specific theoretical orientations

In designing their research programs, present-day behavioral neuroscientists seek
answers to well-defined, specific questions that build on the discoveries of scien-
tists who have gone before. In developing the questions that they wish to study,
researchers draw on multiple different research perspectives. Here are some of the
major ones:

1. Systematic description of behavior Until we describe what we want to study, we
cannot accomplish much. Depending on our goals, we may describe behavior in
terms of detailed acts or processes, or in terms of results or functions. To be useful
for scientific study, a description must be precise, using accurately defined terms
and units.

2. The evolution of brain and behavior ~Charles Darwin’s theory of evolution
through natural selection is central to all modern biology and psychology.
Behavioral neuroscientists employ evolutionary theory in two ways: by eval-
uating similarities among species that reflect shared ancestry, and by looking
for species-specific differences in behavior and biology that have evolved as
adaptations to different environments. We will discuss many examples of both
perspectives in this book.

3. Life span development of the brain and behavior Ontogeny is the process by which
an individual changes in the course of its lifetime—that is, grows up and grows
old. Observing the way a particular behavior changes during ontogeny may give
us clues to its functions and mechanisms. For example, we know that learning
and memory abilities in monkeys increase over the first years of life. Therefore,
we can speculate that prolonged maturation of brain circuits is required for com-
plex learning tasks.

4. The biological mechanisms of behavior To understand the underlying mechanisms
of behavior, we must regard the organism (with all due respect) as a“machine.”
Accordingly, behavior is the collaborative project of nerve cells, or neurons:
about 86 billion of them in the case of the human brain (Herculano-Houzel,
2012). In a sense, the mechanistic questions are the “how” questions of behavioral
neuroscience, in contrast to the“why” questions that derive from the evolutionary
and developmental perspectives. So in the case of learning and memory, for ex-
ample, we might try to understand how a sequence of electrical and biochemical
processes allows us to store information in our brains, and how a different pro-
cess retrieves it.

5. Applications of behavioral neuroscience discoveries The practical application of
fundamental discoveries in behavioral neuroscience can improve our lives, and
as in so many other branches of science, basic and applied research inform
each other in a reciprocal manner. We'll see numerous examples of this reci-
procity in the book, ranging from genome-based treatment of brain diseases
to technological approaches for understanding brain mechanisms of learning,
memory, and consciousness.

The future of behavioral neuroscience is in interdisciplinary
discovery and knowledge translation

New discoveries from behavioral neuroscience labs are leading to greater understand-
ing of brain disorders and, with time, will result in the development of effective treat-
ments. This is an urgent problem of much greater scale than many people realize: even
excluding addiction and developmental disorders, one in five U.S. residents lived with
amental illness in 2016 (SAMHSA, 2017), and for many disorders the prevalence ap-
pears to be on the rise (Hidaka, 2012; Duffy et al., 2019). Neurological and psychiatric
disorders vary tremendously both in their severity—from illnesses that can be man-
aged with suitable treatments, to devastating conditions that completely disable—and
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ontogeny The process by which an
individual changes in the course of its
lifetime.

neuron Also called nerve cell. The
basic unit of the nervous system.





