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PREFACE 
TO THE SECOND EDITION 

Neurobiology has witnessed rapid advances in the past fve years, thanks in part 
to the support from the U.S. National Institutes of Health’s BRAIN Initiative and 
similar initiatives internationally. To give a few examples: deciphering single-cell 
transcriptomes across the nervous system has produced valuable information 
regarding the development and function of specifc cell types and has shed light 
on what constitutes a cell type in complex brain regions. Technological advances 
in neural circuit dissection, from genetics to anatomy and neurophysiology, have 
enabled better understanding of many neurobiological processes, from sensation 
of internal organs to the organization of memory systems in the brain. Break-
through nucleic acid–based therapies have enabled treatment of devastating neuro-
degenerative disorders. 

Te second edition of Principles of Neurobiology intends to capture these and 
many other new advances while maintaining its discovery–based approach: to 
teach students how knowledge is obtained. Tis new edition has also added or 
strengthened many features, thanks to feedback from students and instructors 
around the globe who have used the frst edition in their courses. Major changes 
include: 

• New sections on theory and modeling in Chapter 14 to refect an increas-
ingly important role theory and modeling play in modern neurobiology. 
Tese new sections encompass a wide range of topics from neuronal 
encoding and decoding to neural circuit architectures and learning algo-
rithms, further expanding the horizon of students of neurobiology. 

• Expanded coverage of motor and regulatory systems in separate chapters. 
Te new motor systems chapter has more in-depth discussions of brain-
stem, cerebellum, basal ganglia, and parietal and frontal cortex in motor 
coordination, planning, and sensorimotor integration. Te new regulatory 
systems chapter includes new advances on the interoceptive system and 
the links between homeostatic need and motivated behavior. 

• Open questions at the end of each chapter to stimulate students and 
researchers to explore new terrains. 

I would also take this opportunity to highlight several features for students and 
instructors: 

• Te current sequence of chapters refects the course I have been teaching 
at Stanford, but no single linear sequence can capture the rich intercon-
nections in neurobiology. Embedded in each chapter are many refer-
ences to other sections and chapters to enable students to make such 
links. In the electronic version of the textbook, such connections are just 
one click away. 

• Subsets of chapters can be reorganized to cover a variety of courses. For 
example, Chapters 5, 7, and 11 can be used for a developmental neuro-
biology course. Relevant sections in Chapter 4, 6, 8, 9, 10, and 11 can be 
used for a systems neurobiology course. Both courses can beneft from the 
basic foundations in Chapters 1–3, the disease connections in Chapter 12, 
and the evolutionary perspective in Chapter 13. Students can beneft from 
connections with the rest of the neurobiology. Finally, relevant sections of 
the entire textbook can be used in a molecular and cellular neurobiology 
course. 

• Chapter 14 contains systematic descriptions of major techniques used in 
neurobiology, from molecular genetics to circuit and behavioral analyses, 



 

 

 
 
 

 
 
 

 

 viii PREFACE TO THE SECOND EDITION 

and now theory and modeling, and are frequently referred to throughout 
the text. Students should study the relevant sections in Chapter 14 as often 
as needed to enhance their understanding of earlier chapters. 

• Material in “Boxes” are just as important as the main text. Boxes are cre-
ated so important materials can be discussed in more depth, with addi-
tional examples, or from a diferent perspective, without interrupting the 
storylines of the main text. 

• Students interested in fnding out more about how discoveries are made 
are highly encouraged to study the primary literature on subjects of inter-
est. Tese are cited in the fgure legends and in “Further Reading” at the 
end of each chapter (often complementary). 

I would like to extend my gratitude to numerous students and instructors who 
have used frst edition of Principles of Neurobiology for their feedback and encour-
agement. I thank the previous Garland Science team, in particular Denise Schanck, 
for encouraging me to work on this new edition. I am grateful to Chuck Crumly, my 
editor from CRC Press, whose unwavering support and sage advice have guided me 
throughout the journey. I am continually indebted to Nigel Orme, whose expert 
illustrations have made the textbook vivid; working with Nigel on the fgures 
added much fun. I thank many colleagues (see the Acknowledgments) for their 
expert review and critiques. I owe much gratitude to my PhD student Andrew 
Shuster, who carefully edited the entire textbook and substantially improved its 
clarity and accuracy. I thank Jordan Wearing, whose remarkable organization skills 
and attention to details have enabled smooth transition from manuscripts to fnal 
production. I also thank Barbara Chernow and her team for the superb produc-
tion of the fnal pages. Finally, I am very grateful to the continuous support of my 
wife, Charlene Liao, and our two daughters, Connie and Jessica. 

Liqun Luo 
April 2020 



 

 
 

 
 

 

 

 
 

 
 

 

 

 
 

PREFACE 
TO THE FIRST EDITION 

Neurobiology has never seen a more exciting time. As the most complex organ 
of our body, the brain endows us the ability to sense, think, remember, and act. 
Tanks to the conceptual and technical advances in recent years, the pace of dis-
covery in neurobiology is continuously accelerating. New and exciting fndings 
are reported every month. Traditional boundaries between molecular, cellular, 
systems, and behavioral neurobiology have been broken. Te integration of devel-
opmental and functional studies of the nervous system has never been stronger. 
Physical scientists and engineers increasingly contribute to fundamental discov-
eries in neurobiology. Yet we are still far from a satisfying understanding of how 
the brain works, and from converting this understanding into efective treatment 
of brain disorders. I hope to convey the excitement of neurobiology to students, 
to lay the foundation for their appreciation of this discipline, and to inspire them 
to make exciting new discoveries in the coming decades. 

Tis book is a refection of my teaching at Stanford during the past 18 years. 
My students—and the intended audience of this book—include upper division 
undergraduates and beginning graduate students who wish to acquire an in-
depth knowledge and command of neurobiology. While most students reading 
this book may have a biology background, some may come from physical sciences 
and engineering. I have discovered that regardless of a student’s background, it is 
much more efective—and much more interesting—to teach students how knowl-
edge has been obtained than the current state of knowledge. Tat is why I have 
taken this discovery-based teaching approach from lecture hall to textbook. 

Each chapter follows a main storyline or several sequential storylines. Tese 
storylines are divided by large section headings usually titled with questions that 
are then answered by a series of summarizing subheadings with explanatory text 
and fgures. Key terms are highlighted in bold and are further explained in an 
expanded glossary. Te text is organized around a series of key original experi-
ments, from classic to modern, to illustrate how we have arrived at our current 
state of understanding. Te majority of the fgures are based on those from origi-
nal papers, thereby introducing students to the primary literature. Instead of just 
covering the vast number of facts that make up neurobiology in this day and age, 
this book concentrates on the in-depth study of a subset of carefully chosen topics 
that illustrate the discovery process and resulting principles. Te selected topics 
span the entire spectrum of neurobiology, from molecular and cellular to systems 
and behavioral. Given the relatively small size of the book, students will be able 
to study much or all of the book in a semester, allowing them to gain a broad grasp 
of modern neurobiology. 

Tis book intentionally breaks from the traditional division of neuroscience 
into molecular, cellular, systems, and developmental sections. Instead, most chap-
ters integrate these approaches. For example, the chapter on ‘Vision’ starts with 
a human psychophysics experiment demonstrating that our rod photoreceptors 
can detect a single photon, as well as a physiology experiment showing the elec-
trical response of the rod to a single photon. Subsequent topics include molecular 
events in photoreceptors, cellular and circuit properties of the retina and the 
visual cortex, and systems approaches to understanding visual perception. Like-
wise, ‘Memory, Learning, and Synaptic Plasticity’ integrates molecular, cellular, 
circuit, systems, behavioral, and theoretical approaches with the common goal of 
understanding what memory is and how it relates to synaptic plasticity. Te two 
chapters on development intertwine with three chapters on sensory and motor 
systems to help students appreciate the rich connections between the devel-
opment and function of the nervous system. All chapters are further linked by 
abundant cross-referencing through the text. Tese links reinforce the notion 
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that topics in neurobiology form highly interconnected networks rather than a 
linear sequence. Finally and importantly, Chapter 13 (‘Ways of Exploring’) is 
dedicated to key methods in neurobiology research and is extensively referenced 
in all preceding chapters. Students are encouraged to study the relevant methods 
in Chapter 13 when they frst encounter them in Chapters 1–12. 

Tis book would not have been possible without the help of Lubert Stryer, my 
mentor, colleague, and dear friend. From inception to completion, Lubert has 
provided invaluable support and advice. He has read every single chapter (often 
more than once) and has always provided a balanced dose of encouragement and 
criticism, from strategic planning to word choice. Lubert’s classic Biochemistry 
textbook was a highlight in my own undergraduate education and has continued 
to inspire me throughout this project. 

I thank Howard Schulman, Kang Shen, and Tom Clandinin, who, along with 
Lubert, have been my co-instructors for neurobiology courses at Stanford and 
from whom I have learned a tremendous amount about science and teaching. 
Students in my classes have ofered valuable feedback that has improved my 
teaching and has been incorporated into the book. I am highly appreciative of the 
past and current members of my lab, who have taught me more than I have taught 
them and whose discoveries have been constant sources of inspiration and joy. I 
gratefully acknowledge the National Institutes of Health and the Howard Hughes 
Medical Institute for generously supporting the research of my lab. 

Although this book has a single author, it is truly the product of teamwork with 
Garland Science. Denise Schanck has provided wise leadership throughout the 
journey. Janet Foltin in the initial phase and Monica Toledo through most of the 
project have provided much support and guidance, from obtaining highly infor-
mative reviews of early drafts to organizing teaching and learning resources. I 
am indebted to Kathleen Vickers for expert editing; her attention to detail and 
demand for clarity have greatly improved my original text. I owe the illustra-
tions to Nigel Orme, whose combined artistic talent and scientifc understanding 
brought to life concepts from the text. Georgina Lucas’s expert page layout has 
seamlessly integrated the text and fgures. I also thank Michael Morales for pro-
ducing the enriching videos, and Adam Sendrof and his staf for reaching out to 
the readers. Working with Garland has been a wonderful experience, and I thank 
Bruce Alberts for introducing Garland to me. 

Finally, I am very grateful for the support and love from my wife, Charlene 
Liao, and our two daughters, Connie and Jessica. Writing this textbook has con-
sumed a large portion of my time in the past few years; indeed, the textbook has 
been a signifcant part of our family life and has been a frequent topic of dinner 
table conversation. Jessica has been my frequent sounding board for new ideas 
and storylines, and I am glad that she has not minded an extra dose of neurobiol-
ogy on top of her demanding high-school courses and extracurricular activities. 

I welcome feedback and critiques from students and readers! 

Liqun Luo 
April 2015 



 

 

 

 

  
  
  

   
   

 

 

NOTE ON GENE AND PROTEIN NOMENCLATURE 
Tis book mostly follows the unifed convention of Molecular Biology of the Cell 
6th Edition by Alberts et al. (Garland Science, 2015) for naming genes. Regardless 
of species, gene names and their abbreviations are all in italics, with the frst letter 
in upper case and the rest of the letters in lower case. All protein names are in 
roman, and their cases follow the consensus in the literature. Proteins identifed 
by biochemical means are usually all in lower case; proteins identifed by genetic 
means or by homology with other genes usually have the frst letter in upper case; 
protein acronyms usually are all in upper case. Te space that separates a letter 
and a number in full names includes a hyphen, and in abbreviated names is omit-
ted entirely. 

Te table below summarizes the ofcial conventions for individual species and 
the unifed conventions that we shall use in this book. 

Organism Species-Specifc Con vention Unifed Con vention Used 
in this Book 

Gene Protein Gene Protein 

Mouse Syt1 synaptotagmin I Syt1 Synaptotagmin-1 

Mecp2 MeCP2 Mecp2 MeCP2 

Human MECP2 MeCP2 Mecp2 MeCP2 

Caenorhabditis unc-6 UNC-6 Unc6 Unc6 

Drosophila sevenless 
(named after 
recessive 
phenotype) 

Sevenless Sevenless Sevenless 

Notch (named 
after dominant 
mutant 
phenotype) 

Notch Notch Notch 

Other 
organisms 
(e.g. jellyfsh) 

Green 
fuorescent 
protein (GFP) 

Gfp GFP 

RESOURCES FOR INSTRUCTORS AND STUDENTS 
Te teaching and learning resources for instructors and students are available 
online. We hope these resources will enhance student learning and make it easier 
for instructors to prepare dynamic lectures and activities for the classroom. 

Instructor Resources 

Instructor Resources are available on the Instructor Resources Download Hub, 
located at www.routledgetextbooks.com/textbooks/instructor_downloads/. Tese 
resources are password-protected and available only to instructors adopting the 
book. 

Art of Principles of Neurobiology 
All fgures from the book are available in two convenient formats: PowerPoint® 
and PDF. Tey have been optimized for display on a computer. 

Figure-Integrated Lecture Outlines 
Te section headings, concept headings, and fgures from the text have been inte-
grated into PowerPoint presentations. Tese will be useful for instructors who 
would like a head start creating lectures for their course. Like all of our PowerPoint 
presentations, the lecture outlines can be customized. For example, the content of 

http://www.routledgetextbooks.com


 
 

 

 

 

 

 
 

 

  

 xii RESOURCES FOR INSTRUCTORS AND STUDENTS 

these presentations can be combined with videos and questions from the book 
or Question Bank, in order to create unique lectures that facilitate interactive 
learning. 

Animations and Videos 
All animations and videos that are available to students are also available to instruc-
tors. Tey can be downloaded from the Instructor Hub in MP4 format. Te movies are 
related to specifc chapters, and callouts to the movies are highlighted in green through-
out the textbook. 

Question Bank 
Written by Elizabeth Marin (University of Cambridge), and Melissa Coleman 
(Claremont McKenna, Pitzer, and Scripps Colleges), the Question Bank includes 
a variety of question formats: multiple choice, fll-in-the-blank, true-false, match-
ing, essay, and challenging ‘thought’ questions. Tere are approximately 40–50 
questions per chapter, and a large number of the multiple-choice questions will 
be suitable for use with personal response systems (that is, clickers). Te Question 
Bank provides a comprehensive sampling of questions that require the student to 
refect upon and integrate information, and can be used either directly or as inspi-
ration for instructors to write their own test questions. 

Student Resources 

Resources for students are available on the books Companion Website, located at 
www.crcpress.com/cw/luo. 

Art of Principles of Neurobiology 
All fgures from the book are available in two convenient formats: PowerPoint® 
and PDF. Tey have been optimized for display on a computer. 

Animations and Videos 
Tere are over 40 narrated movies, covering a range of neurobiology topics, which 
review key concepts and illuminate the experimental process. 

Flashcards 
Each chapter contains fashcards, built into the student website, that allow stu-
dents to review key terms from the text. 

Glossary 
Te comprehensive glossary of key terms from the book is online. 

Blog 
A blog associated with Principles of Neurobiology companion website has monthly 
new entries, which introduce students to the latest discoveries in research and 
extend the concepts discussed in the textbook. 

ADDITIONAL NOTES ON HOW TO USE THIS BOOK 
• Key terms in the text are highlighted in bold font, with glossary entries. 
• Extensive cross-references of sections and fgures help strengthen the 

connections between diferent parts of neurobiology. In the e-book, hyper-
links have been created for these cross-references so students can click 
the link to study a related fgure or a section in a diferent part of the book, 
and click again to return to the original page. 

• Students are particularly encouraged to study the relevant sections in 
Chapter 14 when referenced in earlier chapters. 

• To emphasize the discovery–based approach, most fgures have been 
adapted from the original literature. For simplicity, error bars and statis-
tics have been omitted for most fgures. Interested students can fnd such 
details by following the citations in fgure legends. 

http://www.crcpress.com


 

 

    
 

  

 

 

 

 
 

 

 
 
 
 
 

 

 

 

 
 
 
 

ACKNOWLEDGMENTS 
Te author and publisher of Principles of Neurobiology specially thank Andrew Shuster (Stanford University) for editing 
the entire textbook, and Melissa Coleman (Claremont McKenna, Pitzer and Scripps Colleges) and Lisa Marin (University 
of Cambridge) for creating the Question Bank. 

Te author and publisher of Principles of Neurobiology gratefully acknowledge the contributions of the following scientists 
and instructors for their advice and critique in the development of the second edition of this book: 

Chapter 1: Eric Knudsen (Stanford University), Doris Tsao 
(California Institute of Technology). 

Chapter 2: Josh Huang (Cold Spring Harbor Laboratory/ 
Duke University), John Huguenard (Stanford University), 
Lily Jan (University of California, San Francisco), Yulong 
Li (Peking University), Kang Shen (Stanford University), 
Gina Turrigiano (Brandeis University), Nieng Yan (Prince-
ton University). 

Chapter 3: Josh Huang (Cold Spring Harbor Laboratory), 
Lily Jan (University of California, San Francisco), Erik Jor-
gensen (University of Utah), Yulong Li (Peking University), 
Kang Shen (Stanford University), Tom Südhof (Stanford 
University), Rachel Wilson (Harvard University). 

Chapter 4: Tom Clandinin (Stanford University), E. J. 
Chichilnisky (Stanford University), Tirin Moore (Stanford 
University), Bill Newsome (Stanford University), Massimo 
Scanzioni (University of California, San Francisco), Lubert 
Stryer (Stanford University), Doris Tsao (California Insti-
tute of Technology), Wei Wei (University of Chicago). 

Chapter 5: Tom Clandinin (Stanford University), Marla 
Feller (University of California, Berkeley), Andy Huber-
man (Stanford University), Alex Kolodkin (Johns Hopkins 
University), Susan McConnell (Stanford University), Carla 
Shatz (Stanford University), Larry Zipursky (University of 
California, Los Angeles). 

Chapter 6: Diana Bautista (University of California, Berke-
ley), Xiaoke Chen (Stanford University), Xintong Dong 
(Johns Hopkins University), Xinzhong Dong (Johns Hop-
kins University), David Ginty (Harvard University), Eric 
Knudsen (Stanford University), Shan Meltzer (Harvard 
University), Adi Mizrahi (Hebrew University), John Ngai 
(University of California, Berkeley), Greg Scherrer (Univer-
sity of North Carolina). 

Chapter 7: Yuh-Nung Jan (University of California, San 
Francisco), Alex Kolodkin (Johns Hopkins University), 
Susan McConnell (Stanford University), Sergiu Pas‚ca 
(Stanford University), Larry Zipursky (University of Cali-
fornia, Los Angeles). 

Chapter 8: Silvia Arber (University of Basel), Rui Costa 
(Columbia University), Josh Huang (Cold Spring 
Harbor), Eve Marder (Brandeis University), Krishna 
Shenoy (Stanford University), Mark Wagner (Stanford 
University), Kevin Yackle (University of California, San 
Francisco). 

Chapter 9: Will Allen (Harvard University), Xiaoke 
Chen (Stanford University), Yang Dan (University of 
California, Berkeley), Steve Liberles (Harvard Uni-
versity), Brad Lowell (Harvard University), Ruslan 
Medzhitov (Yale University), Louis Ptáček (University 
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CHAPTER 1 
The brain is a world consisting of a 

An Invitation to 
Neurobiology 

How does the nervous system control behavior? How do we sense the environ-
ment? How does the brain create a representation of the world out of the sensa-
tions? How much of our brain function and behavior is shaped by our genes, 
and how much refects the environment in which we grew up? How is the brain 
wired up during development? What changes occur in the brain when we learn 
something new? How have nervous systems evolved? What goes wrong in brain 
disorders? 

We are about to embark on a journey to explore these questions, which have 
fascinated humanity for thousands of years. Our ability to address these questions 
experimentally has greatly expanded in recent years. What we currently know 
about the answers to these questions comes mostly from fndings made in the 
past 50 years; in the next 50 years, we will likely learn more about the brain and its 
control of behavior than in all of prior human history. We are at an exciting time 
as students of neurobiology, and it is my hope that many readers of this book will 
be at the forefront of groundbreaking discoveries. 

number of unexplored continents 
and great stretches of unknown 
territory. 

Santiago Ramón y Cajal 

PRELUDE: NATURE AND NURTURE IN BRAIN 
FUNCTION AND BEHAVIOR 
As we begin this journey, let’s discuss one of the questions we raised regarding 
the contributions of genes and environment to our brain function and behavior. 
We know from experience that both genetic inheritance (nature) and environ-
mental factors (nurture) make important contributions, but how much does each 
contribute? How do we begin to tackle such a complex question? In scientifc 
research, asking the right questions is often a critical step toward obtaining the 
right answers. As evolutionary geneticist Teodosius Dobzhansky put it, “Te ques-
tion about the roles of the genotype and the environment in human development 
must be posed thus: To what extent are the diferences observed among people 
conditioned by the diferences of their genotypes and by the diferences between 
the environments in which people were born, grew and were brought up?” 

1.1 Human twin studies can reveal the contributions of nature 
and nurture 

Francis Galton frst coined the phrase nature versus nurture in the nineteenth 
century. He also introduced a powerful method for studying this conundrum: 
statistical analysis of human twins. Identical twins (Figure 1-1), or monozygotic 
twins, share 100% of their genes in almost all cells, as they are products of the 
same fertilized egg, or zygote. One can compare specifc traits among thousands 
of pairs of identical twins to see how correlated they are within each pair. For 
example, if we compare the intelligence quotients (IQs)—an estimate of general 
intelligence—of any two random people in the population, the correlation is 0. 
(Correlation is a statistic of resemblance that ranges from 0, indicating no resem-
blance, to 1, indicating perfect resemblance.) Tis correlation is 0.86 for identical 
twins (Figure 1-2), a striking similarity. However, identical twins also usually grow 



 

 

 

 
  

 

 

 

 

 

 

 
  

 

 2 CHAPTER 1 An Invitation to Neurobiology 

Figure 1-1 Identical (monozygotic) twins. 
Identical twins develop from a single 
fertilized egg and therefore share 100% 
of their genes in almost all cells (some 
lymphocytes are an exception due to 
stochasticity in DNA recombination). 
Most identical twins also share similar 
childhood environments. (Courtesy of 
Christopher J. Potter.) 

up in the same environment, so this correlation alone does not help us distinguish 
between the contributions of genes and the environment. 

Fortunately, human populations provide a second group that allows research-
ers to tease apart the infuence of genetic and environmental factors. Noniden-
tical (fraternal) twins occur more often than identical twins in most human 
populations. Tese are called dizygotic twins because they originate from two 
independent eggs fertilized by two independent sperm. As full siblings, dizygotic 
twins are 50% identical in their genes according to Mendel’s laws of inheritance. 
However, like monozygotic twins, dizygotic twins usually share very similar pre-
natal and postnatal environments. Tus, the diferences between traits exhibited 
by monozygotic and dizygotic twins should result from the diferences in 50% of 
their genes. In our example, the correlation of IQ scores between dizygotic twins 
is 0.60 (Figure 1-2). 

Behavioral geneticists use the term heritability to describe the contribution 
of genetic diferences to trait diferences. Heritability is defned as the diference 
between the correlations of monozygotic and dizygotic twins multiplied by 2 
(because the genetic diference is 50% between monozygotic and dizygotic twins). 
Tus, the heritability of IQ is (0.86 − 0.60) × 2 = 0.52. Roughly speaking, then, 
genetic diferences account for about half of the variation in IQ scores within 
human populations. Traditionally, the non-nature component has been pre-
sumed to come from environmental factors. However, “environmental factors” as 
calculated in twin studies include all factors not inherited from the parents’ DNA. 
Tese include the postnatal environment, which is what we typically think of as 
nurture, but also prenatal environment, stochasticity in developmental processes, 
somatic mutations (alterations in DNA sequences in somatic cells after fertiliza-
tion), and gene expression changes due to epigenetic modifcations. Epigenetic 

(A) correlation of IQ scores among pairs (B) random pair R = 0 dizygotic twins R = 0.60 monozygotic twins R = 0.86 
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Figure 1-2 Twin studies for determining genetic and environmental highly accurate. (B) Simulation of IQ score correlation plots for 5000 
contributions to intelligence quotient (IQ). (A) Correlation, or R value, pairs of unrelated individuals (R = 0), 5000 pairs of dizygotic twins 
of IQ scores for 4672 pairs of monozygotic twins and 5546 pairs of (R = 0.60), and 5000 pairs of monozygotic twins (R = 0.86). The x 
dizygotic twins. The correlation between the IQ scores of randomly and y axes of a given dot represent the IQ scores of one pair. The 
selected pairs of individuals is zero. The difference in correlation simulations assume a normal distribution of IQ scores (mean = 100, 
between monozygotic and dizygotic twins can be used to calculate standard deviation = 15). (A, based on Bouchard TJ & McGue M 
the heritability of traits. The large sample size makes these estimates [1981] Science 212:1055–1059.) 
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modifcations refer to changes made to DNA and chromatin that do not modify 
DNA sequences but can alter gene expression—these include DNA methylation 
and various modifcations of histones, the protein component of chromatin. As 
we will learn later, all of these factors contribute to nervous system development, 
function, and behavior. 

Twin studies have been used to estimate the heritability of many human traits, 
ranging from height (~90%) to the chance of developing schizophrenia (60–80%). 
An important caveat regarding these estimates is that most human traits result 
from complex interactions between genes and the environment, and heritability 
itself can change with the environment. Still, twin studies ofer valuable insights 
into the relative contributions of genes and nongenetic factors to many aspects of 
brain function and dysfunction in a given environment. Te completion of the 
Human Genome Project and the development of tools permitting detailed exam-
ination of the genome sequence data, combined with a long history of medical 
and psychological studies of human subjects, have made our own species the 
subject of a growing body of neurobiological research (Section 14.5). However, 
mechanistic understanding of how genes and the environment infuence brain 
development, function, and behavior requires experimental manipulations that 
often can be carried out only in animal models. Te use of vertebrate and inverte-

Figure 1-3 Penguin feeding. Thebrate model species (Sections 14.1–14.4) has yielded much of what we have learned 
instinctive behaviors of an adult about the brain and behavior. Many principles of neurobiology revealed by exper-
penguin and its offspring photographed in

iments on specifc model species have turned out to operate in a wide variety of Antarctica, 2009. Top, the young penguin 
organisms, including humans. asks for food by bumping its beak against 

its parent’s beak. Bottom, the parent 
releases the food into the young penguin’s 1.2 Examples of nature: animals exhibit instinctive behaviors 
mouth. (Courtesy of Lubert Stryer.) 

Animals exhibit remarkable instinctive behaviors that help them fnd food, avoid 
danger, seek mates, and nurture their progeny. For example, a baby penguin, 
directed by its food-seeking instinct, bumps its beak against its parent’s beak to 
remind its parent to feed it; in response, the parent instinctively releases the food 
it has foraged from the sea to feed its baby (Figure 1-3). 

Instinctive behaviors can be elicited by very specifc sensory stimuli. For 
instance, experimenters have tested the responses of young chicks to an object 
resembling a bird in fight, with wings placed close to either end of the head–tail 
axis. When moved in one direction, the object looks like a short-necked, long-
tailed hawk; when moved in the other direction, the object looks like a long-
necked, short-tailed goose. Seeing the object overhead, a young chick produces 
diferent responses depending on the direction in which the object moves, run-
ning away when the object resembles a hawk but making no efort to escape when 
the object resembles a goose (Figure 1-4). Tis escape behavior is innate: it 
is with the chick from birth and is likely genetically programmed. Te behavior is 
also stereotypic: diferent chicks exhibit the same escape behavior, with similar 
stimulus specifcity. Once the behavior is triggered, it runs to completion without 

goose hawk 

NO ESCAPE 
RESPONSE RESPONSE 
ELICITED ELICITED 

Figure 1-4 Innate escape response of a 
chick to a hawk. A young chick exhibits 
instinctive escape behavior in response to 
an object moving overhead that resembles 
a short-necked, hawk-like bird; moving the 
pictured object from left to right triggers 
this instinctive behavior. Moving the object 
from right to left so that it resembles a 
long-necked goose does not elicit the 
chick’s escape behavior. (Adapted from 
Tinbergen N [1951] The Study of Instinct. 
Oxford University Press.) 
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further sensory feedback. Neuroethology, a feld of study that emphasizes observ-
ing animal behavior in natural environments, refers to such instinctive behaviors 
as following fxed action patterns. Te essential features of the stimulus that acti-
vates the fxed action pattern are referred to as releasers. 

How do genes and developmental programs specify such specifc instinctive 
behaviors? In Chapter 10, we will explore this question using sexual behavior as 
an example. We will learn about how a single gene in the fruit fy named fruitless 
can exert profound control over many aspects of fruit fy mating behavior. 

1.3 An example of nurture: barn owls adjust their auditory maps 
to match altered visual maps 

Animals also exhibit a remarkable capacity for learning as they adapt to a chang-
ing world. We use the ability of barn owls to adjust their auditory maps to changes 
in their vision to illustrate this capacity. 

Barn owls have superb visual and auditory systems that help them catch prey 
at night when nocturnal rodents are active. In fact, owls can catch prey even in 
complete darkness (Figure 1-5), relying entirely on their auditory system. Tey 

Figure 1-5 Barn owls use their auditory can accurately locate the source of sounds made by prey, based on the small dif-
system to locate prey in complete ference in the time it takes for a sound to reach their left and right ears. Te owl’s 
darkness. The photograph was taken brain creates a map of space using these time diferences, such that activation of 
in the dark with infrared light fashed 

individual nerve cells at specifc positions in this brain map informs the owl of the periodically while the camera shutter 
remained open. (Courtesy of Masakazu physical position of its prey. 
Konishi.) Experiments in which prisms were attached over a juvenile barn owl’s eyes 

(Figure 1-6A) revealed how the owl responds when its auditory and visual maps 
provide conficting information. Normally, the owl’s auditory map matches its 
visual map, such that perceptions of sight and sound direct the owl to the same 
location (Figure 1-6B). Te prisms shift the owl’s visual map 23° to the right. Te 
owl rapidly learns to adjust its motor responses to restore its reaching accuracy on 
visual targets. However, a mismatch occurs between the owl’s visual and auditory 
maps on the frst day after the prisms are placed (Figure 1-6C): sight and sound 
indicate diferent locations to the owl, causing confusion about the prey’s loca-
tion. Te juvenile owl copes with this situation by adjusting its auditory map to 

(A) (B) before prisms (C) 1 day after prisms 

+10 
response to 
auditory stimuli 

L10 R10 20 30 

response to 
visual stimuli–10 

(D) 42 days after prisms (E) 

+10 +10 

L10 R10 L10 R10 30 

–10 –10 

horizontal displacement (degree) 

Figure 1-6 Juvenile barn owls adjust their auditory map to match a (D) After a juvenile owl has worn the prisms for 42 days, its auditory 
displaced visual map after wearing prisms. (A) A barn owl ftted with map has adjusted to match its shifted visual map. (E) The visual 
prisms that shift its visual map. (B) Before the prisms are attached, map shifts back immediately after the prisms are removed, causing 
the owl’s visual map (blue dots) and auditory map (red dots) are a temporary mismatch. This mismatch is corrected as the auditory 
matched near 0°. Each dot represents an experimental measurement map shifts back soon after (not shown). (A, courtesy of Eric Knudsen. 
of an owl’s head orientation in response to an auditory or visual B–E, from Knudsen EI [2002] Nature 417:322–328. With permission 
stimulus presented in the dark. (C) One day after the prisms were from Springer Nature.) 
ftted, the visual map is displaced 23° to the right of the auditory map. 

ve
rt

ic
al

 d
is

pl
ac

em
en

t 
(d

eg
re

e)
 

+10 

L10 30 

–10 

prisms removed 



5 Prelude: Nature and nurture in brain function and behavior 

match its altered visual map within 42 days after starting to wear the prisms (Fig-
ure 1-6D), eliminating the positional confict between sight and sound. Te owl 
adjusts its strike behavior to accurately target a single location. When the prisms 
are removed, a mismatch recurs (Figure 1-6E), but the owl adjusts its auditory 
map and strike behavior back to their native states shortly afterward. 

Te story of the barn owl is an example of how the nervous system learns to 
cope with a changing world. Neurobiologists use the term neural plasticity to 
refer to changes in the nervous system in response to experience and learning. 
But the story does not end here. Studies have shown that plasticity declines with 
age: juvenile owls have the plasticity required to adjust their auditory map to 
match a visual map displaced by 23°, but owls will have lost this ability by the time 
they reach sexual maturity (Figure 1-7A). Some human learning capabilities, 
such as the ability to learn foreign languages, likewise decline with age. Tus, 
experiments targeted toward improving the plasticity of adult owls may reveal 
strategies for improving the learning abilities of adult humans as well. 

Several ways have been found for adult owls to overcome their limited plas-
ticity in shifting their auditory maps. If an owl experiences adjusting to a 23°-prism 
shift as a juvenile, it can readily readjust to the same prisms as an adult (Figure 
1-7B). Alternatively, even adult owls that cannot adjust to a 23° shift all at once 
can learn to shift their auditory maps if the visual feld displacement is applied 
in small increments. Tus, by taking baby steps, adult owls can eventually reach 
nearly the same shift magnitude as young owls. Once they have learned to shift via 
gradual increments, adult owls can subsequently shift in a single, large step when 
tested several months after returning to normal conditions (Figure 1-7C). 

What are the neurobiological mechanisms underlying these fascinating plas-
ticity phenomena? In Chapters 4 and 6, we will explore the nature of the visual 
and auditory maps. In Chapters 5 and 7, we will study how neural maps are formed 
during development and modifed by experience. And in Section 11.25, we will 
address the mechanism of owls’ map adjustment in the context of memory and 
learning. Before studying these topics, however, we need to learn more basics 
about the brain and its building blocks. We devote the rest of this chapter to pro-
viding an overview of the nervous system and introducing how key historical dis-
coveries helped build the conceptual framework of modern neuroscience. 
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Figure 1-7 Ways to improve the ability of adult barn owls to adjust response to prism attachment as juveniles also shifted their auditory 
their auditory maps. (A) Owls’ ability to adjust their auditory maps to maps as adults (red traces). Two owls with no juvenile experience 
match displaced visual maps declines with age. The y axis quantifes could not shift their maps as adults (blue traces). (C) Adult owls could 
this ability to shift the auditory map, measured by the difference in learn to shift their auditory maps if given small prisms in incremental 
time (μs, or microseconds) it takes for sounds to reach the left and steps, as shown on the left side of the graph. This incremental training 
right ears, which the owl uses to locate objects. Each trace represents enabled adult owls to accommodate a sudden shift to the maximal 
a single owl, and each dot represents the average of auditory map visual displacement of 23° after a period without prisms, as shown on 
shift measured at a specifc time after the prisms were applied. The the right side of the graph. The dotted line at y = 43 μs represents the 
shaded zone indicates a sensitive period, during which owls can easily median shift in juvenile owls in response to a single 23°-prism step. 
adjust their auditory maps in response to visual map displacement. (A & B, after Knudsen EI [2002] Nature 417:322–328. With permission 
Owls older than 200 days have a limited ability to shift their auditory from Springer Nature. C, after Linkenhoker BA & Knudsen EI [2002] 
maps. (B) Three owls that had learned to adjust their auditory maps in Nature 419:293–296. With permission from Springer Nature.) 
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synaptic weight matrices in, 449–450, 

480–481 
top-down and bottom-up research, 

450 
unsupervised, 450 

length constant, 47–48 
lentivirus vectors, 605 
leptin, 385–387, 388, 390, 409 

as obesity treatment, 386 
Lewy, F. H., 514 
Lewy bodies, 514 
L gene, 574–576 

LGN (lateral geniculate nucleus) 
binocular inputs, 153, 157 
connectivity with RGCs, 194–195, 

308–309 
input to primary visual cortex, 158–159 
input to visual cortex, 151–152 
layering, 614 
ocular dominance columns, 194–195 
receptive felds, 153, 154–156 
in unsupervised learning, 658–659 

LH (luteinizing hormone), 429 
ligand-gated ion channels 

acetylcholine receptor, 90–92 
in neuronal excitation, 542B 
of olfactory system, 565–567 

ligand–receptor pairs 
in axon guidance, 178–182, 182–184B 
cell fate determination, 288–289 
in neuromuscular junction develop-

ment, 304 
ligands 

as axon guidance cues, 182B 
in signal transduction, 108B, 119 

light 
as active transport energy source, 

37–38 
neuronal activation efect, 638 

light entrainment, 395, 397–398 
light microscopy, 10, 619 
light-sensing apparatus. see also eyes; 

vision 
evolution, 568–570 

light-sensing cells. see photoreceptors 
light-sheet fuorescence microscopy, 616 
LIM transcription factors, 290–291 
line and edge detection, in primary visual 

cortex, 153–155 
linear decoders, 651–652 
linear threshold neurons, 655–656 
LIP (lateral intraparietal) area, 167, 362 
lipid bilayer 

as capacitor, 42 
as insulator, 42 
transport across, 37–38 

liquid-liquid phase separation, 98 
lizards, unisexual, 435B 
LKB1 protein, 297–298 
LMAN (lateral magnocellular nucleus 

of the anterior nidopallium), 
424–425B 

lobsters 
nerve time and length constants, 48T 
stomatogastric ganglion, 344, 592 

lobula complex, 204, 205F 
local felds potentials, 627 
local interneurons (LNs), 231 
local neurons. See interneurons 
locomotion 

basal ganglia circuits in, 353 
Hox proteins in, 580 
mesencephalic locomotor region 

control, 347–349 

motor programs for, 580 
rhythmic muscle contraction during, 

341–347 
locus coeruleus, 401, 404B, 405B 
Loewi, Otto, 105 
logic gate, 

of inhibitory neurons, 16 
in neural circuit architecture, 655F 

Loligo. see squid 
long-term memory 

explicit, 482–485 
systems consolidation hypothesis, 

484–485 
lordosis, 425–426, 436–437 
loss-of-function efects 

in development, 581 
in epilepsy, 543T 
in gene structure-function relation-

ships, 603 
of misfolded proteins, 518 

loss-of-function experiments, 24, 161B, 
189, 234–235, 387–388 

commissural axon guidance, 184–185B 
R8 axon targeting, 208–209 

loss-of-function mutations, 595–600 
forward genetics technique, 595–596 
Mecp2 gene, 535–536 
reverse genetics technique, 595F, 

596–599 
in transgene animals, 603 

Lou Gehrig’s disease. See amyotrophic 
lateral sclerosis (ALS) 

lower envelope principle, 275 
low-frequency stimulation, LDP-inducing 

efect, 456–457 
loxP sites, 604 

foxed alleles, 600–601 
LRP4 (low-density lipoprotein receptor-

related protein 4), 303–304 
LSO (lateral superior olivary nucleus), 

254F, 255 
LTD (long-term depression), 357, 456–457, 

496 
similarity to spike-timing-dependent 

plasticity, 458 
LTMRs (low-threshold mechanorecep-

tors), 27, 262–263, 265, 271 
LTP (long-term potentiation) 

AMPA receptors in, 453–455, 456 
associativity, 452 
in auditory fear conditioning, 486 
at CA3→CA1 synapse, 451–454, 

455–456, 463B, 478 
CaMKII auto-phosphorylation in, 

455–456 
cooperativity, 452 
defnition, 451 
dendritic structural changes in, 

462–463 
high-frequency stimulation-induced, 

451, 455–456, 457, 463–464B 
input specifcity, 451–452, 462–463B 
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late phase, 463B 
learning-induced, 480–481 
NMDA receptors in, 452–454 
similarity to spike-timing-dependent 

plasticity, 458 
spatial memory relationship, 478–479 
specifcity, 452 

luminance, 162, 169 
luminance contrast, 129 
lysosomal dysfunction, in Parkinson’s 

disease, 515–516 
lysosomes, 30 

M 
Mach bands, 140 
machine learning, 611, 644, 646, 658, 660, 

661B 
macular degeneration, 131 
major depression, 523 

heritability, 529 
malaria, 553 
mammals 

divergence from reptiles, 582 
evolution, 582 
neocortical expansion in, 581–584 
sleep patterns in, 400–405 
sound localization in, 253–255 

Manduca sexta (hawkmoth), 592F 
MAP2 (microtubule-associated protein 2) 

mRNA encoding of, 30 
MAP kinase (mitogen-activated protein 

kinase), 110B 
MAP kinase cascade, 110B, 207, 312 

in yeast budding, 564 
mapping 

auditory system maps, 4–5, 19, 49, 314 
continuous, discrete, or mixed, 

313–315 
dermatome maps, 261F 
glomerular map of odorants, 221 
of olfactory circuits, 313–325 
retinotectal maps, 176–179, 315 
retinotopic maps, 145B, 173–174, 

176, 199–200, 313–314, 317–318, 
328 

MARCM (mosaic analysis with a repres-
sible cell marker), 320, 418, 
618F, 622F 

Marie, P., 57B 
marmosets, as animal models, 594 
Marr, David, 357 
Martinotti cells, 115, 117B, 302 
masculinization, 426 
massively parallel processing, 22 
mass spectrometry, 612–613 
maternal behavior, 426, 434, 438–439 
mating behavior. see also courtship 

behavior 
and parental behavior, 438–442 
taste system in, 237 

maximum parsimony, 552 
max pooling, 662B 

maze experiments 
elevated plus-maze, 647F 
Morris water maze, 478, 479, 645, 646 
radial arm maze test, 646, 647F 
T-maze, 472 

MC4R (melanocortin-4-receptor), 386 
MDMA (3,4-methylenedioxy-N-methyl-

amphetamine; ecstasy), 528 
MdV (medullary reticular formation), 349 
measurement, as scientifc methodology, 

23 
mechanical stimuli, 260 
mechanoreceptors 

high-threshold (HTMRs), 263 
low-threshold (LTMRs), 27, 262–263, 

265, 271 
low-threshold (LTMRs), SAI fbers of, 

262–263, 265–266 
mechanosensation, cutaneous, 260 
mechanosensitive cells, gastrointestinal, 

380 
mechanosensitive channels, 244–245, 248, 

250, 258B, 264–266, 266–267B 
mechanosensory neurons, 261 

low-threshold mechanoreceptors 
(LTMRs), 27, 262–263, 265, 271 

mechanosensory rays, 561, 562F, 585–586 
mechanotransduction 

auditory, 243–245 
in C. elegans, 266–267B 
in Drosophila, 266–267B 
Piezo channels in, 264–266 

MeCP2 (methyl-CpG-binding protein 2) 
in autism spectrum disorder (ASD), 

541 
restoration in adulthood, 537, 538F, 544 
in Rett syndrome, 535–537, 540, 544 
in schizophrenia, 541 

Mecp2 gene, missense mutations, 535–537 
medial amygdala 

in parental behavior, 438, 439F 
sexual dimorphism in, 431–432, 433, 

436 
medial dorsal thalamic nucleus, 

368B–369B 
medial ganglionic eminences, 285 
medial–lateral axis, 6F, 7 
medial prefrontal cortex 

in fear conditioning, 484 
during hippocampal SWRs, 484–485 

medial superior olivary nucleus, 254–255 
medial temporal lobes. see also 

hippocampus 
explicit memory formation in, 482 
surgical removal, 446–447 

medicine, contributions to neurobiology, 
594 

medulla, 6–7, 6F 
somatosensory neuronal connectivity, 

272 
Meissner corpuscles, 261T, 262, 263F, 266, 

275 

melanin, 513 
melanopsin, 150–151, 571 
membrane permeability 

in action potential initiation, 49–50 
depolarization in, 50 
diferential, 38–41 
Goldman–Hodgkin–Katz equation, 

40–41, 44 
of ion channels, 51–52 
to K+, 41, 52 
to Na+, 49–50 
number of ion channels in, 39, 44–45 

membrane potentials, 38, 625 
defnition, 13 
depolarization, 48–49 
in electrical circuit models, 44 
in electrical signal decay, 46–47 
in electrical signal evolution, 45–46 
electrode recordings, 45–48 
graded, 13–14 
hyperpolarization, 48 
in interneuronal communication, 14 
intracellular recording, 38–39 
ion movement and, 40–41 
during neuronal excitation, 13 
at rest (resting potential), 39–41 

membranes, electrical circuit models of, 
41–45, 89–90, 648–650 

membrane transport 
active transport, 32, 37–38, 40, 41 
passive transport, 37 

memory, 445–450 
acquisition process, 447 
amygdala in, 381 
consolidation process, 447 
declarative, 408 
Descartes’ analogy of, 443, 494 
early research in, 445–446 
engrams (memory traces), 481–482B 
explicit (declarative), 446–447, 477B, 

482–485 
Hebb’s rule, 194, 449–450, 452–453 
implicit (nondeclarative or proce-

dural), 446–447 
long-term, 447 
postsynaptic mechanisms, 448–460 
presynaptic mechanisms, 460–462 
procedural, 408 
reconsolidation process, 447 
retrieval process, 447 
short-term, 447 
sleep efects on, 408 
spatial representation relationship, 

477B 
storage process, 447, 448–449 
synaptic weight matrices in, 448–450 
top-down and bottom-up research, 

450 
working, 368B, 447 

memory-based action selection, 474 
memory loss, in Alzheimer’s disease, 499 
Mendel, Gregor, 548–549 
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Mendelian disorders, causal genes, 502F, 
532B 

Mendelian inheritance, 2, 548–549 
Alzheimer’s disease, 502–503, 505, 529 
Parkinson’s disease, 516–517, 529 

mEPPs (miniature endplate potentials), 
70–71 

Merkel cells, 262–263, 264–266 
mesoderm, 282 
messenger RNA (mRNA) 

dendritically localized, 30–31 
methylation, 111 
northern blot, 218F, 607–608 
profling, 608 
RNA sequencing, 608 
in situ hybridization, 608 
in soma (nerve cell body), 31 
synaptic tagging hypothesis, 463B 
translation, 28–29 

messenger RNA (mRNA)-protein com-
plexes, 33–34 

metabotropic GABA receptors, 100–101 
metabotropic glutamate receptors, 539 

inhibitors, 539 
metabotropic neurotransmitter receptors, 

92–93 
evolution, 561 
G protein cascade triggering activity, 

101–102, 118 
presynaptic terminal interactions, 

106–107 
metazoans, 556 

synapse origin in, 559–560 
methodological principles, 23–24 
methyl laurate (ML), 417 
M gene, 574–576 
MGN (medial geniculate nucleus), 250, 

255, 584 
mice. see also knock-in mice; knockout 

mice 
Agrin mutants, 304 
as animal models, 593–594 
Ankg mutants, 303 
C4 mutants, 531F, 532 
circadian rhythm mutants, 395 
color vision, 576–577 
ear muscle connectome, 308 
eating inhibition experiments, 

384–386 
embryonic whole-mount preparations, 

615–616 
evolutionary divergence from humans, 

550F, 554 
Frizzled3 mutants, 295–296 
as human psychiatric disorder models, 

646–647 
Lrp4 mutants, 304 
major urinary proteins (MUPs), 

226–227B 
Musk mutants, 304 
nervous system transcriptomic survey, 

610–612 

neuronal activity measurement 
techniques, 634B 

odorant receptor neurons, 220 
olfactory system, 224F, 230F, 567 
ORN axon targeting, 315–317 
primary somatosensory cortex 

connectivity, 159–160B 
retinal bipolar cell types, 142–143B 
sex partner discrimination, 433–435, 

436B, 440B 
Stargazer mutants, 96–97 
virtual reality feedback experiments, 

634B 
visual information processing, 

160–161B 
microcircuits, neocortical, 158 
microflaments. see actin, flamentous 

(F-actin) 
microglia, 7F, 8, 308–309 

in Alzheimer’s disease, 506–507 
function, 8 

microneurography, 275 
microRNAs, 28–29, 598 
microscope. see also electron microscopy; 

fuorescence microscopy; light 
microscopy 

invention of, 8 
microstimulation studies, electrical 

of motor cortex, 360, 360F 
of visual cortex, 163–168 

microtubule-associated proteins, 539 
microtubule organizing centers, 32 
microtubules. see also actin, flamentous 

(F-actin) 
of axon growth cone, 185–185B 
intracellular transport function, 

32, 34 
kinesin movement in, 34 
polarity, 298 
structure and organization, 32, 36, 

298–299 
midbrain, 6–7, 282, 283F 
midget bipolar cells, 576 
midget ganglion cells, 148–149 
midline crossing, 184, 185F, 293–296 
miniature excitatory postsynaptic current 

(mEPSC), 459 
mirror drawing task, 446–447 
mirror neurons, 366 
mitochondria, 11F 
mitochondrial dysfunction, in Parkinson’s 

disease, 515–516 
mitotic recombination, 601–602 
mitral cells, 220–221, 222–224 
MLR (mesencephalic locomotor region), 

347–349, 348F 
MnPO (median preoptic nucleus) 

neurons, 391–392, 393–394, 
409 

MNTB (medial nucleus of the trapezoid 
body), 255 

model organisms. see animal models 

models 
electrical circuits, 41–45, 89–90, 

648–650 
neural circuits, 655–658 

modulatory neurons, 16, 86T, 115, 350, 
402, 473–475 

modulatory neurotransmitters. see 
neuromodulators 

Molaison, Henry (H. M.), 446–447, 485 
molecular biology 

central dogma, 28–30 
for studying ion channels, 58–61 

molecular clocks, 549, 550F 
molecular determinants, interaction with 

neuronal activity, 199–204 
molecular tools, transgene expression, 603 
moles, star-nosed, mechanosensory 

appendages, 561, 562F, 585–586 
monarch butterfies, migration mecha-

nisms, 561, 562F 
monkeys 

as animal models, 594 
cone spectral sensitivity, 133–134 
face recognition cortical areas, 

164–165 
motion perception, 165–167 
movement planning, 364–366 
opsin genes, 574 
random dot display assay, 166F–168, 

653–654B 
sensorimotor transformation, 361–364 
touch perception, 274–277 
trichomatic color vision, 553 
as vision research models, 124B 
visual cortex organization, 163 

monoamine neurotransmitters, 87 
reserpine interactions, 521 

monoamine oxidase, 515 
in VMAT inhibition, 521 

monoamine oxidase inhibitors, 523–524 
monoamines, 401, 404B, 521 
monocular deprivation, 187–188 

critical period, 188, 493–494 
monosynaptic connections, 15, 468, 625, 

640 
monozygotic twins, 1–2, 2F 
mood disorders, 523–526 

heritability, 529 
twin studies, 529 

morphine, 273–274, 529 
morphogens, 283, 289–290 
Morris water maze, 478, 479, 645, 646 
mosaic analysis, 206, 299–300, 310F 
mosaic analysis with a repressible cell 

marker (MARCM), 320, 418, 618F, 
622F 

mossy fbers, 355–356, 356F, 357, 449 
re-encoding of, 357, 358, 358F, 359 

motion perception, 165–167 
motion sequence analysis, 355F, 644 
motivated behavior, hunger and thirst as 

drivers of, 392–394 
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motivation, neural substrates in, 
488–489B 

motor command nuclei, 347–351 
motor cortex 

as dynamical system, 364–365, 365F, 
371, 372 

functional organization, 359–360, 
371–372 

motor neuron control function, 
335–336 

movement control function, 360–361 
muscle contraction function, 22, 

359–360 
neuronal population activity, 359–362, 

369–372 
primary, 359, 360F 
voluntary movement control function, 

359–361 
motor homunculi, 19, 20F, 314, 359–360, 

637 
motor learning 

cerebellar cortex-mediated, 357–358, 
456 

oligodendrocytes in, 494–495B 
motor neuron degeneration, drug therapy 

for, 509B 
motor neuron diseases 

amyotrophic lateral sclerosis (ALS), 
512–513 

spinal muscular atrophy, 519–520B 
motor neurons, 12F 

cell fate, 290–291 
electrical stimulation, 13 
inputs, 335–336, 340–341, 340F, 341F 
neurotrophins and, 312 
postsynaptic, 15 
synapse elimination, 307–309 

motor pools, 307–308, 338–339, 340, 341F 
inputs, 340–341 
organization in spinal cord, 340, 341F 
quadriceps, 341F 

motor programs, basal ganglia and, 
353–354 

motor proteins, 337 
molecular transport function, 33–34 
in organelle movement, 36B 

motor system, 335–373 
comparison with autonomic nervous 

system, 375, 376F 
elementary unit of force production, 

338 
interaction with visual system, 361 

motor system disorders, cerebellar 
defects-related, 354–355 

motor units, 338, 339F 
sequential recruitment, 338–340 
size principle, 339–340 

Mountcastle, Vernon, 274–275 
mounting behavior, 425–426. see also 

lordosis 
mouse lemur, neocortex size, 583 
mouse. see mice 

movement control, 19–21. see also 
locomotion 

basal ganglia’s role in, 353–354, 354F 
cerebellum in, 357–359, 357F, 358F 
coordination of muscle activation in, 

340–341 
frontal cortex in, 364–369 
hierarchical organization, 336, 371, 

336F 
motor cortex neuron population 

activity in, 359–361 
motor neurons role in, 335–336 
onset, striatal neurons in, 353F 
posterior parietal cortex in, 361–362 
preparatory activity, 364–369 
topographic maps in, 19–21 

movement disorders, 351 
MPOA (medial preoptic area), 431, 433, 

435B, 438–439 
MPP+ (1-methyl-4-phenylpyridinium), 515 
MPPP (1-methyl-4-phenyl-propionoxy-

piperidine), 515 
MPTP (1-methyl-4-phenyl-1,2,3,6-tetra-

hydropyridine), 515 
MPZ (myelin protein zero), 57B 
Mrf (myelin regulatory factor), 494B 
Mrgpr (Mas-related G-protein-coupled 

receptors), 269–270 
MRI (magnetic resonance imaging) 

difusion tensor imaging (DTI), 
620–621 

fMRI (functional MRI), 19, 164, 366, 
482–483, 488B, 632 

mRNA. see messenger RNA (mRNA) 
(α)-MSH (α-melanocyte-stimulating 

hormone), 388, 409 
MT (middle temporal visual area), 

165–168 
stimuli decoding, 653–654B 

mTOR (mammalian target of rapamycin), 
540 

Müller glia, 129 
multicellular organisms, evolution, 549 
multielectrode arrays, 364, 365F, 366, 627, 

630 
multifunctionality, cellular, 573 
multiple sclerosis (MS), 55, 56–57B 
multipolarity, 12 
multisensory integration, 242 
MUPs (major urinary proteins), 226–227B 
muscimol, 77B, 366B–367B, 635 
muscle(s) 

antagonistic, 340 
time and length constants, 48T 

muscle cells, depolarization, 338 
muscle contraction 

acetylcholine in, 87 
coordination, 340–341 
incremental control, 340 
in involuntary movement, 15–16, 17 
joint angle in, 340, 340F 
mechanisms of, 336–338 

neural circuits in, 15 
proprioceptive neurons in, 261–262 
rhythmic, 341–347 
sliding flament model, 336–338 
in voluntary movement, 17 

muscle spindles, 15 
mushroom bodies 

Kenyon cells, 236, 311, 473–475, 496 
olfactory input, 235–237 
PN axon arborization, 236 
synaptic weight matrices of, 473–475 

music, auditory time scales of, 242 
MuSK (muscle-specifc receptor tyrosine 

kinase), 303–304 
mutagenesis, random, 595 
mutations 

benefcial, 553 
de novo mutations, 532–533B, 535–536 
in natural selection, 553 

M visual pathways, 162–163 
myelin, compact, 54–55 
myelination 

action potential propagation efects, 
54–55, 494B 

action potential propagation speed 
and, 54–55 

convergent evolution, 558–559 
evolution, 558–559 
improper, in neurological disorders, 

55, 56–57B 
learning-induced changes, 450, 492, 

494–495B 
myelin sheath, 7F, 8, 54–55 
myofbrils, 336–337 
myosin, 185B 

interaction with actin, 336F, 337–338 
structure, 337, 337F 

myosin proteins, 36, 335 

N 
Na+ 

in action potential initiation, 49–50 
cellular concentration, 39 
conductance, 50–52, 57–58 
conductance, inactivation, 51 
driving force, 41 
equilibrium potential, 40, 49 
in olfactory transduction pathway, 215 

Na+ channels 
dedicated, 55, 56–57 
evolution, 557–558 

Na+-K+ ATPases pump, 40, 41, 55 
narcolepsy, 402–403 
natural selection, 548 

collaborating strategies in, 571 
constraints on, 572B 
ftness and, 555–556, 572B 
genetic substrates, 553–554 

nature versus nurture, 1–5in bird song, 
424–425B 

in brain wiring, 173 
twin studies of, 1–3 
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navigation 
echolocation in, 561 
experiments, 645 
landmark-based strategy, 475–476B 
path-integration strategy, 475B, 476B 
tasks, 478, 479 

N-cadherin, 208 
ND (7,11-nonacosadiene), 417 
Neanderthals, 586–587B 
negative-feedback processes, in synaptic 

strength adjustment, 458–460 
negative reinforcement, 492 
negative selection, 553 
nematodes. See Caenorhabditis elegans 

(C. elegans) 
neocortex, 159–161B, 351 

area specialization, 584–586 
communication with cerebellum, 359 
connectivity patterns, 159–161B 
cortical lobes, 362F 
expansion in mammals, 581–584 
gyrencephalic cortices, 584 
gyri and sulci evolution, 552 
information fows, 158–161, 169 
as long-term explicit memory storage 

site, 482–485 
monkey, map of lateral view, 362F 
neogenesis and size, 583–584 
sensorimotor transformation in, 

361–364 
size, 583–584 
species-specifc sizes, 583, 584 
subcortical input, 582 

Nernst equation, 40 
nerve(s) 

defnition, 7 
of spinal cord, 7 

nerve growth factor (NGF), 311–313 
nerve impulses, generation of, 13 
nerve regeneration, chemoafnity 

hypothesis, 176–177 
nervous system. see also central nervous 

system; peripheral nervous 
system 

body size-neuronal size relationship, 
592 

evolution. See evolution, of the 
nervous system 

histological sections, 6F, 7 
organization, 6–24, 283–284 

netrin pathway, 294 
netrin receptor, 184B, 295, 296 
netrin/Unc6, 183–184B 
neural circuitry dissection, 366B 
neural circuits, 15–17, 24 

analysis, 346–347, 348–349 
with balanced excitation and inhibi-

tion, 657 
in bird song, 424–425B 
common motifs, 16, 16B 
computational function, 655–658 
cortical, 582 

in drinking regulation, 391–392 
in eating regulation, 388–390, 392, 394 
Hopfeld networks, 656–657 
models, 655–658 
olfactory, 313–325 
sign of signals in, 138 
specifc cell types in, genetic access to, 

605–607 
use-dependent modifcation, 22–23 
wiring diagrams, 623–625 

neural crest cells, 282 
neural maps. see also mapping 

auditory system maps, 314 
continuous, discrete, or mixed, 

313–315 
glomerular map of odorants, 221 
of olfactory circuits, 313–325 

neural networks 
artifcial, 660, 661 
convolutional neural (CNNs), 660, 

661–663B 
neural plate, 282 
neural progenitors, 281F, 282, 283F, 284F, 

285, 286B, 289–290, 330 
neural prosthetic devices, 369–371 
neural tube, 7, 282–283 

patterning, 283 
neural wiring, 173–212, 281–333 

of behavioral specifcity, 488–489B 
chemoafnity hypothesis, 176–177 
diagrams, 623–625 
progressive events, 281–307 
regressive events, 307–312 
sexually dimorphic, 422 

neural wiring specifcity 
axonal and dendritic diferentiation, 

296–298 
axonal and dendritic morphogenesis, 

296–302 
axonal and dendritic pruning in, 

309–311 
cell fates, 288–289 
cell polarity, 296–298 
combinatorial strategy, 293–294, 301, 

327T, 328–329 
guidance molecule regulation in, 

289–292 
in hippocampal circuit, 324–325B 
neural maps, 313–325 
neural patterning, 281–283, 283–285 
neurogenesis and migration in, 

283–285 
olfactory circuits, 313–325 
ORN axon glomerular targeting, 

315–320, 322–323 
programmed cell death, 281–313, 

311–313 
protein-encoding genes, 326–330 
psychiatric disorders and, 530 
synaptogenesis, 302–307 
in vitro brain organoid model, 

286–287B 

neuregulin-1 type III (Nrg1-III), 56B 
neurexin, 79–80 

in active zone alignment, 80F 
location and functions, 84T, 304 
synaptic regulatory activity, 304, 305F, 

306, 326, 540 
neurexin-1, 530, 533B 

in autism spectrum disorder (ASD), 
533B, 540, 541 

in schizophrenia, 533B, 541 
neuroaxis, 6F, 7 
neurobiological research, 3 

with nonhuman model species, 3 
neurobiology 

major goal, 591 
overview, 1–25 

neurodegenerative disorders, 499–520 
Alzheimer’s disease, 499–509 
amyotrophic lateral sclerosis (ALS), 

512–513 
diferences and similarities, 518–519 
gene mutations in, 518–519 
Huntington’s disease, 511–513 
Parkinson’s disease, 513–519 
prion diseases, 510–511 
proteinopathy in, 510–513, 518–519 
spinocerebellar ataxia, 511–512 
treatment, 519–520B 

neurodevelopmental disorders, 533–543 
attention defcit hyperactivity disorder 

(AHDH), 533 
autism spectrum disorder, 533, 

534–535 
Ca2+ channel mutation-related, 287B 
communication disorders, 533 
epilepsy, 541–543B 
fragile X syndrome, 538–540 
intellectual disability, 533, 534–535 
Rett syndrome, 535–538, 539–540 
Smith–Magenis syndrome, 533, 

537–538 
symptom reversibility, 537–538 
synaptic signaling defects, 539–540 
trans-synaptic signaling molecules in, 

305 
neuroectoderm system, 578 
neuroendocrine system, 375 
neuroethology, 4, 593, 642–644 

feld studies, 642–644 
laboratory studies, 644 

neurofascin, 302–303 
neurofbrillary tangles, 500, 503, 504–505, 

507F 
relationship with amyloid plaques, 

504 
neurofbromatosis, 540 
neuroflaments, 32 
neurogenesis, 283–288 

adult, 223, 425B 
cortical, 583–584 
genomic fragments in, 586B 

neurogenic infammation, 273 
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neuroligins, 79–80, 304–305 
synaptic regulatory activity, 540 

neurological and psychiatric disorders, 
499–546 

behavioral assays of, 646–647 
drug development guidelines, 509B 
environmental factors, 532B 
genetic studies, 532–533B 
improper myelination in, 55, 56–57B 
multiple risk factors, 532–533B 
mutated kinesins-based, 36B 
neurodegenerative disorders, 499–520 
neurodevelopmental disorders, 

533–541, 533–543 
prion diseases, 510–513 
psychiatric disorders, 520–533 

neuromodulator, 87, 407, 440 
canonical, 404B 
of stomatogastric ganglion system, 346 

neuromodulatory systems, 272, 352, 401, 
404–405B, 486 

neuromuscular connectivity, synapse 
elimination in, 307–309 

neuromuscular junctions, synaptic 
transmission at, 69–84, 338, 371 

acetylcholine in, 88–92 
action potentials in, 69–70 
Ca+ regulatory control, 74–75 
neurotransmitter clearance, 81 
quantal hypothesis, 70–72, 73 
synaptic homeostasis, 459–460 
synaptic vesicle fusion, 72–73 
synaptic vesicle recycling, 81–84 
trans-synaptic signaling molecules, 

303–305 
neuron(s), 7–17 

active electrical properties, 48–49 
as basic structure of nervous system, 11 
biological and electrical properties, 

28–49 
bipolarity, 12 
brainbow based visualization, 9, 10F 
of cerebellum, 354–356 
diameter, 619 
discovery, 8 
experience-enhanced connection 

strength, 22 
genetic access to, 605–607 
Golgi stain-related visualization, 8–9, 

9B–10B 
identifed, 293 
information fow within, 11–15 
of invertebrates, 591–592 
morphological diversity, 11–12 
multipolarity, 12 
neural circuits, 15–17 
non-spiking, 14 
number of, interspecifc comparison, 

592 
passive electrical properties, 45–48 
presynaptic inputs, 14 
pyramidal, 11, 12F 

resting state, 13 
signaling within. see neuronal 

signaling 
size, 17F, 28, 591–592 
types of, 142–143B 
unipolarity, 13 
in vitro culture of, 594 

neuronal activation experiments 
electrical stimulation mimic, 637 
experimental methods, 637–638 

neuronal activity recording and manipula-
tion, 625–642 

combined with behavioral analysis, 
645 

comparison of techniques, 633–635B 
electrode-based, 633B 
optical imaging, 630–635 
optogenetic-based alteration, 638–640 

neuronal communication. See neuronal 
signaling 

neuronal connectivity, brain slice cultures, 
594 

neuronal inactivation, 635–637 
brain lesion-induced, 635 
chemogenetic approach, 636–637 
optogenetics-based, 639–640 
pharmacologically-induced, 635 

neuronal processes, 7 
neuronal signaling, 27–67. see also 

electrical signaling 
action potential fring patterns in, 

650–653 
evolution of, 556–561 
interneuronal, 14 
intraneuronal, 14 
molecular transport in, 28 
protein and macromolecular synthesis 

in, 28–30 
neuron doctrine, 8–9, 10–11, 23 
neuron visualization 

with Golgi stain, 8–9, 9B–10B, 9F, 23, 
255, 616, 617 

with green fuorescent protein (GFP), 
616–617 

MARCM, 618 
neuropeptides, 87–88 

functions, 376–377 
large sense-core vesicles, 87–88 
release, 87–88, 119 
in sexual behavior, 440–441B 
in sleep-wake cycle, 401–405 

neuropilin-1 (Nrp1), 317 
neuroscience, experimental vs. theoretical, 

490 
neurotransmission, speed of, 79 
neurotransmitter(s), 10 

defnition, 69 
excitatory, 86–87 
exocytosis, 560–561 
history of concept, 105 
in gene expression, 110–112 
inhibitory, 86–87 

modulatory. See neuromodulators 
monoamine, 87 
postsynaptic neuron efects, 88–117 
of premotor neurons, 340 
presynaptic terminal uptake, 521, 

523–524 
receptors, 11 
in sleep-wake cycle, 401–405 
structure, 86B 
uncaging technique, 641–642 
widely used, 85–88 

neurotransmitter-gated ion channels, 65B 
neurotransmitter receptors 

binding, 14 
in interneuronal communication, 14 
ionotropic or metabotropic, 92–97 
metabotropic, 101–102 
mRNA encoding of, 30 
sequence homology, 596–597 

neurotransmitter release, 88–117 
acetylcholine in, 88–93 
action potentials in, 14F, 27 
Ca2+ in, 592 
evolution, 560–561 
molecules involved in, 84T 
at motor axon terminals, 15 
in neuronal information fow, 13 
at presynaptic terminal, 10–11, 69–88 
probabilistic analysis, 72B 
probability, 85 
quantal hypothesis, 70–72, 72–73 
retrograde messengers in, 460–462 
voltage-gated ion channels in, 556 

neurotransmitter uptake, 81 
neurotrophic hypothesis, 311–313 
neurotrophin-3 (NT3), 312 
neurotrophin-4 (NT4), 312 
neurotrophins, 109B, 311–313 
neurulation, 282 
New World monkeys, 575, 576 
nicotine, 527 
nicotinic acetylcholine receptors (AChRs), 

338, 527 
night vision, 122, 168 
Nissl stain/staining, 152F, 159F, 197–198, 

432, 614–615F, 621 
NMDA (N-methyl-D-aspartate) receptor 

antagonists 
ketamine, 525 
as psychosis cause, 522–523 

NMDA (N-methyl-D-aspartate) receptor 
Ca2+ conductivity, 94–95, 455 
as coincidence detector, 195–198, 

452–453 
GluN1 and GluN2 subunits, 95, 98 
GluN2B subunit, 197–198B 
glutamate activation, 94–95 
in LTD induction, 456–457 
in LTP induction, 452–453, 452–454, 

478, 496 
as molecular coincidence detector, 

94–95, 210, 453–454, 496 
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nociception (pain perception), 260, 646 
diferentiated from pruriception, 

269–270 
neuron types in, 261T, 262T, 263 
parallel pathways with touch, 271–273 
peripheral and central modulation, 

273–274 
TRP channels in, 267–268, 267–269 

nodes of Ranvier, 55, 494–495B 
nodose ganglion neurons, 378–379, 380F, 

381 
noise, in neuronal communication, 650, 

651 
nonautonomous cell action, 206 
nondeclarative or procedural (implicit) 

memory, 446–447 
nonselective cation channels, 65B 
nonsyndromic intellectual disability, 534, 

535F 
Noonan syndrome, 540 
norepinephrine (noradrenaline), 376, 

377F 
in depression, 523–524 
heart rate efects, 104, 376–377 
locus coeruleus neurons, 404B 
as monoamine neurotransmitter, 87 
as neuromodulator, 404B 
reserpine interactions, 521 
reuptake inhibition, 523–524 
in sleep–wake cycle, 401, 402 
structure, 86B 

northern blot analysis, 218F, 607–608 
Notch transmembrane receptor, 288–289 
notochord, 282 
NREM sleep, 400–403 
NSF (N-ethylmaleimide-sensitive fusion 

protein), 82 
NTS (nucleus of the solitary tract), 378, 

381 
in eating regulation, 390 
taste function of, 237 

nucleic acid probes, 607 
nucleus accumbens (NAc), 527 

in addiction, 528, 529 
in positive reinforcement, 489–490, 

491 
nucleus laminaris, 251–252, 253, 492 
null directions 

in direction-selective retinal ganglion 
cells (DSGCs), 143, 144F, 145 

in T4 and T5 neurons, 146–147B 
Numb protein, 288–289 
nurture versus nature. see nature versus 

nurture 

O 
obesity, 384–386, 390 

leptin treatment, 386 
Ob (Obese) genes, 385–387, 403 
object agnosia, 163 
object detection, 129 
observation, as scientifc methodology, 23 

occipital lobe, 18, 18F 
OCD (obsessive-compulsive disorder), 525 
octopamine, 87 
ocular dominance, 157, 187–188 

shifts in, 493–494 
ocular dominance columns, 187–188, 194 

competing inputs, 188–189 
development, 189–190, 658–660 
spontaneous activity, 190–191 

odds ratio, 532–533B 
odorant(s) 

binding, 214–216 
combinatorial coding of, 216–217, 277 
defnition, 214 
glomerular map of, 314 
localization of source, 563B 
structural formulas, 216 

odorant receptor genes, 217–219 
polymorphisms, 218–219 
as pseudogenes, 217, 226–227B 
single odorant receptor expression, 

219–220 
odorant receptors 

C. elegans, 228 
combinatorial activation, 216–217, 

220, 225, 277 
Drosophila, 231–232, 235 
evolution, 565 
in fies, 230F 
as G-protein-coupled receptors, 214, 

217, 277 
odorant activation of, 214–215, 

231–232 
odorant binding-related activation, 

214–215 
in olfactory receptor neuron depolar-

ization, 215 
in ORN axon targeting, 315–317 
single expression of, 219–220 

odorant-shock pairing, 472 
odor-imprinting hypothesis, 213 
odor-match task, 467 
odors 

behaviorally signifcant, 233–235 
detection of, 379–380 
transmission speed, 242 

odor sensing. See olfaction 
odor space, 223 
OFF and ON bipolar cells, 138–139, 140, 

141, 145, 169, 201–202 
Ohm’s law, 41–42, 44 
Old World monkeys, 133–134, 135, 574 
olfaction, 213–237 

functions, 213–214, 277 
individual diferences, 218–219 
model organisms, 227–237 
odorant binding in, 214–216 
process, 214 

olfactory adaptation, 215, 216, 233 
olfactory bulb, 214, 221 

accessory, 225B 
cortical outputs, 225 

lateral inhibition in, 222–223 
neural circuitry, 222–223 

olfactory cilia, 214 
olfactory circuits, neural maps of, 313–325 
olfactory conditioning 

cAMP signaling in, 471–473 
in Drosophila, 471–475, 496 

olfactory cortex, 220 
inputs to, 223–224 

olfactory epithelium, 214 
olfactory processing channels, 222, 

233–235 
dedicated, 233–235 

olfactory receptive felds, 223 
olfactory receptor neurons (ORNs) 

activation, 214–216, 235–236 
axonal connectivity with glomeruli, 

220–221, 315–317, 565–566 
axon targeting activity, 315–320 
basal GPCR activity, 316–317 
cVA activation, 422 
encoding genes, 217–219 
evolution, 565–567 
of fies, 231–232 
FruM expression, 415, 417 
genetically engineered, 316–317 
in presynaptic inhibition, 107 
projection neuron connection 

specifcity, 232–233, 323–325 
olfactory recovery, 215, 216 
olfactory sensory neurons. see olfactory 

receptor neurons (ORNs) 
olfactory system. see also accessory 

olfactory system 
C. elegans, 228–230 
Drosophila, 230–232 
evolution, 561, 562F, 565–568 
in insect courtship behavior, 412, 415, 

416–417 
in insects, 230–237, 565–567 
ligand-gated ion channels, 565–567 
mammalian accessory, 225–227B 
neural spatial map, 221 
peripheral, organization, 214F 

olfactory transduction pathway, 214–216 
oligodendrocyte, 7F, 8, 54–55, 56B, 281, 

284–285, 494–495B, 611, 612 
experience-induced generation, 

494–495B 
interactions with axons, 56B 
production of, 285 

oligodendrocyte progenitor cells (OPCs), 
494–495B 

ommatidia, 145B, 205, 206 
On the Origin of the Species by Means of 

Natural Selection (Darwin), 548, 
571–572B 

open probability, 57–58 
operant (instrumental) conditioning, 393, 

394, 466, 645 
law of efect, 489 

Ophn1 (oligophrenin1), 534 
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opioids, 273–274, 527 
receptors, 274 
withdrawal symptoms, 529 

opsin genes, 134–135 
evolution, 553 
in mice, 576–577 
new, in dichromatic animals, 576–577 
random X-inactivation, 575–576 

opsin kinase, 132 
opsins, 125, 169 

in evolution of light-sensing, 568–570 
excitation wavelength-sensitive, 639 
pigment bleaching of, 132 
types, 574–576 

optical geometry, 572F 
optical imaging, 630–635, 633B 

comparison with electrophysiological 
recordings, 633–635B, 633T 

fuorescence-based, 630–632 
optical methods, of synaptic connectivity 

mapping, 641F 
optic chasms, 151, 173, 184 

RGC axonal crossing, 184–185, 187 
optic nerve, 121F, 122, 151 

regeneration experiments, 174–175 
optic tract, 151 
optogenetics 

AgRP neuron-regulated eating, 
387–388 

basal ganglia circuits, 353, 354F 
contextual fear conditioning, 482B 
defnition, 160B, 638 
dehydration-activated MnPO neurons, 

393–394 
efectors, 638–639 
frontal orienting feld neurons, 366B 
glossopharygeal and vagus nerves, 

378, 379F 
limitation, 639 
mesencephalic locomotor region 

glutamatergic neurons, 348–349 
mushroom body output neurons, 474 
neuronal inactivation with, 639–640 
oligodendrocyte production, 

494–495B 
optical fber implantation in, 638–639 
SNc dopamine neurons, 492 

optogenetic self-stimulation, 490F 
orexin (hypocretin), 402F, 403, 404B 
organization–activation model, of sex 

hormones, 428–429, 434–436 
Organization of Behavior, Te (Hebb), 

194 
organ of Corti, 243 

hair cells, 246–247 
orientation columns, 156–157 
orientation selectivity, 156–158 
ORNs. see olfactory receptor neurons 

(ORNs) 
Or78 olfactory receptor, 379–380 
otolith organs, 258–259B, 277–278 
outer radial glia, 583 

outer radial glia (oRGs), 583 
outgroups, 552 
ovariectomized females, 427, 440B 
ovaries, developmental formation, 426 
owls. see barn owls 
oxytocin, 382–383, 440–441B 

P 
pacemaker cells, 344, 398–400 

cardiac, 104 
Pacinian corpuscles, 261T, 263F, 275 
pain perception. See nociception 
pair bonding, 440B 
PALM (photoactivated localization 

microscopy), 619 
pandas, taste receptor pseudogenes, 239 
panic disorder, 525 
pannexins, 116B 
parabiosis experiments, 384–385 
parabrachial nucleus (PBN), 272, 378, 381, 

389, 391F 
paracrine signals, 108–109B 
parallel evolution, of photoreceptors, 

570–571 
parallel fbers, 355–356, 356F 
parallel organization, somatosensory 

system, 262F, 271–273 
parallel processing, 22–23 

massively parallel processing, 22 
in visual system, 138–139, 140–143, 

161, 169 
parasol cells, 162 
parasympathetic system 

antagonistic functions, 106 
relationship with sympathetic system, 

375–377, 408–409 
parental behavior. see also maternal 

behavior 
activation and regulation, 438–442 

Par genes, 297 
parietal lobe, 18, 361–364 

mirror neuron system, 366 
sensorimotor transformation regula-

tion by, 361–364, 372 
parietal reach region (PRR), 362 
Parkin gene mutation, 516 
Parkinson’s disease (PD), 351 

dopamine neurons in, 513–514, 
513–515, 517–518 

familial, 515–516 
lysosomal dysfunction in, 515–516 
mitochondrial dysfunction in, 

515–516 
α-synuclein in, 514–516, 518, 544 
TDP-43 inclusions in, 512 
treatment, 517–518, 637 

Parkinson’s disease-like symptoms, 521 
parthenogenesis, 435–436B 
partial agonists, 529 
passive avoidance memory task, 478–479 
passive electrical properties, of neurons, 

47–48 

passive transport, 37 
patch clamp recording, 55, 57–58, 127, 156, 

628, 629–630B 
cell-attached recording mode, 

629–630B 
excised, 630B 
loose-patch, 630B 

patch pipettes, 57 
pattern completion, 656–657 
pattern-match task, 467 
pattern separation, 357, 357F 
Pavlov, Ivan, 465 
Pavlovian (classical) conditioning, 

465–466, 645 
olfactory, in Drosophila, 471–475 

Pax6, 290 
Pax6 gene, deletion, 581 
Pax6 transcription factor, 283, 581 
Pax genes, in eye development, 581 
pC1 neurons, 419, 420F, 420–421 
Pcdha, Pcdhb, Pcdhg genes, 301 
PCP (phenylcyclidine), as psychosis cause, 

522–523 
PDG (phenyl-β-D-glucopyranoside), 241 
PD motor neurons, 345 
PDZ domains, 98, 305 
pedigree analysis, 532B 
pedunculopontine nucleus (PPN), ventral, 

349 
penetrance, mutations, 533, 535, 543 
penguins, feeding behavior, 3 
Per1 and Per2 genes, 398, 399F 
perception, 656 

rhythmic activity in, 343 
perceptual threshold, 123F, 167F, 274–277 
perforant path, 449 
perforated patch procedure, 630 
periaqueductal gray, 272, 401 
periglomerular cells, 222, 223 
Period gene, 395, 396, 399, 413 
peripheral nervous system (PNS), 6–8, 54, 

56–57B 
peristimulus time histogram, 232–233 
PER proteins, 396, 397 
PER/TIM protein complex, 396, 397–398 
perturbation experiments, 23–24, 625 

central pattern generators, 346 
motor neuron cell fate, 290–291 
olfactory neural circuits, 230 

PET (positron emission tomography), 508, 
522 

PHA-L (phytohemagglutinin), 621 
pharmacodynamics, 509B 
pharmacokinetics, 509B 
phase locking, 247–248, 251, 254 
Phaseolus vulgaris, lectin tracer, 621 
phasic fring mode, in dopamine neurons, 

490–491 
phenotypes 

circadian, 398 
ftness, 553 
in forward genetics, 595–596 
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in reverse genetics, 596–599 
variations, 554–555 

pheromones, 226B, 227B 
in budding yeast, 563–564 
cVA (11-cis-vaccenyl acetate), 235–236, 

417, 418F, 419, 422 
Drosophila, 235 
in insect sexual behavior, 411, 412 
mimics, 411 
perception, 433 
transneuronal tracing, 432–433, 

435–436 
phobias, 525 
phosphodiesterase (PDE), 107 

light activation, 126–127, 130 
photoactivation, of ChR2-expressing 

neurons, 641F, 642 
photons, detection by rod cells, 123–127 
photoreceptors, 121F, 122 

adaptation process, 129–130 
axons, layer-specifc targeting, 208–209 
cell fate, 204–208 
ciliary, 570–571, 581 
evolution, 570–571, 572B, 573, 574, 581 
excitation, 133 
function, 573 
information transmission to ganglia, 22 
recovery process, 128–129 
relationship to bipolar cells, 573 
rhabdomeric, 570–571, 581 
role in visual pathway, 13F 

phototagging, 627–628 
phototaxis, 568–570, 573 
phototransduction 

pathways, 570–571 
recovery, 128–129, 520B 

phototransduction cascade, 126–128, 132 
phrenology, 17–18, 18F 
phylogenetic trees, 549–550, 551B 

cladistic analysis, 551–552 
cycles of selection in, 556 
of eye evolution, 572B 
humans, 587B 
of ion channels, 63B, 64F 
of synaptic proteins, 559F 
vertebrate opsin gene family, 574–575 

physiological regulation systems. see 
autonomic nervous system; 
interoceptive system; neuro-
endocrine system 

PI3K (phosphatidylinositol 3-kinase), 312 
picrotoxin, 77B 
Piezo channels 

Piezo1, 265, 378 
Piezo 2, 264–266, 378–379 

pigment bleaching, 132 
pigment cells, 122 
Pink1 gene mutation, 516 
pinwheel structures, of orientation 

columns, 157 
piriform cortex, 223–225, 236–237 
piriform sulcus, 582 

pit organs, 561, 562F 
pituitary gland 

anterior, 383 
hormone secretion function, 382–383 
posterior, 383 

PKA. see A-kinase (protein kinase A) 
PKC (protein kinase C), 105 

isoform, 389 
placebo efect, 274 
place cells/place felds, 314, 475–477B 

cell assembly, 476B 
plasma membrane, 32 

electrical circuit model, 41–45 
ion gradients, 38–41 
lipid bilayers, 37 
permeability to ions, 39 
protein transport to, 560 
synaptic vesicle fusion at, 72–73, 75–78 
transport across, 37–38 

plasticity. see also synaptic plasticity 
of white matter, 494–495B 

PLC (phospholipase C), 105 
plexins, 202, 310 
pluripotent stem cells, 286–287B, 517–518, 

594 
PMATs (plasma membrane transporters), 

81, 521, 523–524 
PMP22 (peripheral myelin protein 22), 57B 
PNS (peripheral nervous system), 6, 7 
PNs (projection neurons), 15, 231, 

232–233, 620 
axon termination patterns, 235–236 
corticothalamic, 291–292 
cVA activation, 422 
distinct connection patterns, 621–623 
mapping of, 620–623 
odorant coding, 232–234 
odorant specifcity, 235–236 
olfactory, dendrite targeting in, 

320–321 
ORN connection specifcity, 323–325 
subcerebral (SCPNs), 291, 292, 

309–310 
Poisson distribution, 71, 72 
polar flaments, 32 
polarity, neuronal, 32–34, 296–298, 331 

dynamic polarization theory, 12–13, 
13F 

ion gradients in, 38–41 
poly-A binding protein, transgene-

encoded, 608 
polyglutamine repeats (polyQ), 511–512 
polymerase chain reaction (PCR), 217, 

218 
polymodal neurons, 263 
polymorphic CGG trinucleotide repeat, 

538 
polymorphisms, in odorant receptor 

genes, 218–219 
polyribosomes, 30–31 
POMC (pro-opiomelanocortin-expressing) 

neurons, 386–387, 388, 389, 409 

P1 neurons, 417–418, 419 
sexual dimorphism, 421–422 

pons, 6–7 
population decoders, 652 
population growth, 586–587B 
population vectors, 360 
pore loop structure, 61–63 
poriferans (sponges), 550–551B 
positive feedback loops, 50 
positive-feedback process, in synaptic 

strength adjustment, 458 
positive reinforcement, neural basis, 

489–492 
positive selection, 553 
postganglionic neurons, 376, 377F 
postsynaptic densities, 11, 73 

scafold protein-based organization, 
97–98 

postsynaptic neurons 
fring pattern regulation, 112–114, 

118–119 
location of synapses, 114–117 
long-term potentiation, 451–456 
neurotransmitter efects on, 88–117 
retrograde messengers from, 460–462 

postsynaptic potential, in short-term and 
long-term memory, 470–471 

postsynaptic signaling, in neurodevelop-
mental disorders, 540 

postsynaptic specializations. see post-
synaptic densities 

postsynaptic target neurons, 27 
potassium (K+). See K+ entries 
Potocki–Lupski syndrome, 533B 
power stroke, in muscle contraction, 337 
prairie voles, sex partner discrimination 

in, 440B 
pre-Bötzinger complex (preBötC), 

349B–351B 
precedence efect, 250–251 
predator avoidance behavior, 27 
prefrontal cortex, 163 

in schizophrenia, 523 
preganglionic neurons, 376, 377F 
premotor cortex, 359, 364, 365 

preparatory activity in, 364–369, 372 
premotor neurons, 340–341 
premutations, 538 
prenatal retinal activity. see retinal waves 
preoptic area neurons, 401–402 
preparatory activity, in movement, 

364–369 
presenilin-1 and presenilin-2, 503 
prestin, 249 
presynaptic cleft, neurotransmitter 

clearance from, 81 
presynaptic facilitation, 106–107 
presynaptic inhibition, 106–107, 233 
presynaptic neurons 

neurotransmitter release regulation, 
460–462 

trans-synaptic tracing, 624–625 
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presynaptic terminals, 7. see also active 
zones, presynaptic, 7 

antidepressant drug activity at, 
523–524 

antipsychotic drug activity at, 521 
calcium imaging of, 79 
formation, 302–303 
interaction with dendritic spines, 

114–115 
neurotransmitter release, 10–11, 

69–88, 106–107 
neurotransmitter uptake, 521, 523–524 

primary auditory cortex (A1), 250, 255, 
257, 584–585 

primary cilium, 570 
primary generalized seizures, 541–542B 
primary motor cortex, 17 
primary somatosensory cortex, 17, 

359–361 
sensory homunculus, 20–21 

primary visual cortex (V1) 
direction selectivity of, 153–154 
information fow, , 151–152, 158–159, 

159–161B, 163 
lesions, 163 
LGN neuronal connection, 151–152, 

158–159 
ocular dominance columns, 189–190 
orientation selectivity, 156–158 
pyramidal neuron fring rate, 459 
receptive felds, 187 
response to lines and edges, 153–155 
retinotopic mapping, 200–201 
two-photon Ca2+ imaging, 640 
ventral and dorsal information 

streams, 162–163 
vertical organization, 156–158 
visual experience efects, 187–188, 

203–204, 210, 584 
primates, nonhuman. see also apes; 

monkeys 
as animal models, 594 
trichromatic color vision evolution, 

574–576 
principal component analysis, 233, 658 
prion diseases, 510–518 
prion hypothesis, 510 
prions, 510 
prions, iatrogenic transmission, 511 
prism-reared owls, 492–493 
PR+ neurons, 437 
probabilistic analysis 

of action potential spike trains, 650 
of neurotransmitter release, 72B 

procedural learning, 491 
progesterone, 426, 427, 435B 
programmed cell death, 311–313 

in P1 neuron sexual dimorphism, 421 
progressive motor neuron degeneration, 

519–520B 
projection neurons. see PNs (projection 

neurons) 

prokaryotes, 549 
K+ channels, 556–557 

proprioception, 260 
proprioceptive neurons, 261–262, 342 

motor neuron communication, 362 
proprioceptive somatosensory systems, 361 
prosopagnosia, 482 
prostaglandins, 273 
prosthetic devices, neural, 369–371 
protease inhibitors, 311 
protein(s) 

conformational changes, 37–38, 
510–511, 518 

misfolded, in neurodegenerative 
diseases, 511–513, 518 

synaptic, 559–560 
synaptic translation, 540 
ultrastructural visualization, 619–620 

protein analysis 
biochemical approaches, 76, 612–614 
proteomic approaches, 612–614 

protein-coding genes 
de novo mutations, 553, 554 
in neural wiring specifcity, 326–330 
number, 554 

protein distribution, in tissue, 607–608 
proteinopathy, 510–513 
protein phosphatases, 107 
protein synthesis, 30 

local (in dendrites), 30–32, 34 
microRNAs in, 28–29 
in neurons, 28–30 
translation process, 28–29 

protein transport 
anterograde and retrograde axonal 

transport, 31–32 
channels and transporters in, 37–38 
fast and slow axonal transport, 31–32, 

34, 35–36B 
proteolysis, of amyloid precursor protein 

(APP), 501 
proteome analysis, 612–614 
protocadherins, 301, 302, 326 
protostomes, 549, 550F, 566, 578 
proximity labeling, 613–614 
Prozac (fuoxetine), 524 
PrPC, 510–511, 518, 544 
PrPSC, 510–511, 518, 544 
pruning, axonal and dendritic, 309–311 

in schizophrenia, 523, 531–532 
pruriception (itching), 260, 269–270 

diferentiated from nociception, 
269–270 

neuron types in, 260T 
pruritogens, 269 
PSD-95 (postsynaptic density protein-95 

kDA), 98 
PSEM (pharmacologically selective 

efector molecule), 637 
pseudogenes 

creation, 554 
deletion, 554 

odorant receptor-encoding, 217 
odorant receptor genes as, 217, 

226–227B 
taste receptors, 239 

pseudotyping, of viruses, 605T, 624–625 
pseudounipolarity, 12 
p75NTR, 312 
PSTH (peristimulus time histogram), 

232–233 
psychiatric disorders, 520–533 

animal models, 646–647 
antipsychotic drug treatment, 521–523, 

544 
environmental factors, 529 
genetics of, 529–533 
mood disorders, 523–526 
schizophrenia, 520–523 

psychometric functions, 123 
psychophysics, 123 
psychosis, 521 

drug-induced, 522–523 
ketamine-induced, 525 

psychostimulants, 522 
PTB (phosphotyrosine binding) domains, 

109–110B 
PTC (phenylthiocarbamide), 239, 240 
PTSD (posttraumatic stress disorder), 525, 

527 
puberty, 429–431 
pufer fsh, as TTX source, 57F 
pumps 

ATP-drive, 38, 40 
light-driven, 38, 569 
Na+-K+ ATPase, 40, 41, 55 

pupils, light detection function, 121–122 
Purkinje cells, 11, 12F, 302–303, 355–356, 

356F, 357 
dendritic tree, 28 
depolarization-induced suppression 

of inhibition (DSI), 461 
Golgi stain, 9F 

PVH (paraventricular hypothalamic 
nucleus), 389, 399 

in fear conditioning, 488B 
P visual pathways, 162–163 
pyloric rhythm, 344–346, 344F, 345F 
pyramidal neurons 

back-propagated action potentials, 
113–114 

CA1, 460–463, 475B, 478 
CA3, 449, 475B 
excitatory, 117B 
inhibitory input, 115 
piriform cortical, 224–225 
silencing experiments, 160–161B 

Q 
quadriceps muscle, motor pool inner-

vation, 341F 
quantal hypothesis, of neurotransmitter 

release, 70–72, 73 
Quinn, William, 591 
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R 
RA (robust nucleus of the arcopallium), 

424–425B 
rabies virus, as trans-synaptic tracer, 

624–625 
Rac GTPase, 186B, 480 
radial arm maze test, 646, 647F 
radial glia, 284F, 285, 583 

outer, 583 
radioactively-labeled proteins, 35–36B 
Raf, abnormal activation, as cancer cause, 

207 
Rai1 (retinoic acid induced 1) gene, 

haploinsufciency, 537–538 
Ramón y Cajal, Santiago. see Cajal, 

Santiago y, Ramón 
random dot display assay, 166F–168, 

653–654B 
random mutagenesis, 595 
raphe nuclei, 401 
Ras 

abnormal activation, as cancer cause, 
207 

GTPase Ras, 103B, 109B, 206F, 207 
inactivation, 206F, 312 

Ras/MAP kinase system, 110B, 111 
in neurodevelopmental disorders, 540 

rats 
as animal models, 593–594 
LTP-induced learning, 480 
major urinary proteins, 226B 
neocortex size, 583 
operant (instrumental) conditioning, 

466 
reward-based learning, 489–490 

rattlesnakes, pit organs, 561, 562F 
R-C circuits, 42–43 

parallel, 42–43, 45–46, 47, 66 
serial, 55 

readily releasable pool, of synaptic 
vesicles, 72, 82F, 83, 85 

receiver operating characteristics (ROC) 
curve, 654B 

receptive felds, 136 
center–surround, 137–138, 139–140 
of LGN, 153, 154F 
of RGCs, 136–139, 140 

receptor potentials, 14 
receptor tyrosine kinases (RTKs), 206, 207 

in signal transduction, 109–110B 
recombinase, 602 
reconsolidation, of fear memories, 487 
recording electrodes, 45 
recovery process, in the visual system, 

128–129, 132 
recurrent (lateral) excitation, 16B, 16F 
recurrent (cross) inhibition, 16B, 16F 
re-encoding, of mossy fbers, 357, 358 
refex circuits, 16–17, 17F, 362 
reinforcement-based learning, 465, 466, 

496, 658 
schematic, 658 

relearning, 494 
release probability, of neurotransmitters, 

72B, 85 
releasers, fxed action patterns, 4 
ReLU (rectifed linear unit), 662B 
Remak Schwann cells/Remak bundles, 56B 
remote memory, 447, 482–483, 484 
REM sleep, 400, 401, 402–403, 406 
repeat-associated non-AUG (RAN), 513 
repellents 

in axon guidance, 182B 
in odor perception, 228–229 
transmembrane receptor binding, 562B 

repolarization, of action potentials, 60–61 
reproduction. see also courtship behaviors 

asexual, 411 
hypothalamus in, 381 
sexual diferentiation, 426 

reptiles 
as animal models, 592–593 
divergence from mammals, 582 
dorsal cortex, 581–582 

repulsive interactions/mechanisms 
in axon guidance, 182–184B, 202, 210 
ORN axons, 317–320 
in self-avoidance, 299–302 
in synaptogenesis, 302–303 

research methods 
anatomical, 614–625 
animal models, 591–594 
behavioral analysis, 642–647 
genetic and molecular, 595–614 
neuronal activity recording and 

manipulating, 625–642 
overview, 663–664 
theory and modeling, 647–663 

reserpine, 521 
reserve pool, of synaptic vesicles, 72, 82F, 

83, 85 
resistance, 43, 44, 46–47, 54–55, 56B, 57 

axial, 45, 46–47, 54 
extracellular, 45 
in myelinated axons, 54–55 
relationship to conductance, 41–42, 44 

resistors, 41–42, 43–44 
responder transgenes, 603–604 
resting potentials (V

M
), 38–41, 44, 648 

reticular activating system. see ascending 
arousal system 

reticular theory, 8, 9B–10B, 23 
reticulospinal tract, 348 
retina 

cell types, 140–143, 573–574 
comparison with olfactory bulb, 222 
cones and rods distribution in, 131F, 

134 
connectivity with tectum, 176–177 
evolution, 573–574 
function, 122 

retinal, 125 
in evolution of light-sensing, 568–570 
isomers/isomerization, 125–126, 129 

retinal circuits, 573 
diverse functions, 149–150 

retinal densitometry, 134 
retinal eccentricity, 131 152 
retinal ganglion cells. see RGCs 
retinal neurons 

dendritic tiling, 301–302 
types, 573–574 

retinal signal analysis, 136–151 
direction-selective RGCs in, 143–145 
parallel information processing, 

140–143, 161, 169 
receptive felds, 136–139 

retinal waves, 191–194, 196, 199–201, 204 
cholinergic, 192–194 
in retinotopic mapping, 200–201 

retinotectal maps, 176–179, 315 
ephrins and ephrin receptors in, 

178–179 
retinotopic maps, 145B, 173–174, 176, 

199–201, 313–314, 317–318, 328 
protein gradients in, 177 

retinotopy, 152, 156 
retrograde monosynaptic tracing, 624–625 
retrograde tracing methods, 225, 340, 

432–433, 621 
Rett syndrome, 535–538, 539–540 

symptom reversibility, 537, 539F 
reversal potentials, 89, 90 
reverse signaling, of ephrin A, 181 
reward-based learning, 354, 658 

dopamine in, 489–492 
reward-motivated behavior, 474–475 
reward prediction errors, 490–492, 496 
reward processing, 637 
rewards, self-stimulation response, 393 
reward-seeking behavior, amygdala in, 

488B 
reward signals, cerebellar processing, 359 
reward system, in addiction, 528–529 
RGCs (retinal ganglion cells), 13F, 122, 

136–137, 573 
activity-dependent synapse pruning, 

531F, 532 
astrocyte-mediated synaptogenesis, 

306 
axon–axon competition, 180–181 
axons, guidance mechanisms, 173–186 
axons, midline crossing, 184–185, 187 
axons, nasal side, 151, 152, 176, 184 
axons, synapse with LGN neurons, 

151–152 
axons, targeting mechanisms, 173–186 
axons, temporal side, 151, 177–178, 

184 
axons, wiring, 173–186 
color-opponent, 148–149 
complement cascade on, 308–309 
connectivity with lateral geniculate 

nucleus, 194–195, 308–309 
dendrites, 141 
directionally selective, 203 
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eye-specifc segregation, 190–194 
intrinsically photosensitive, 150–151, 

169 
lamina-specifc dendritic targeting, 

201–204 
linear flters, 652 
midget, 148–149, 162, 174 
nasal, 176 
neuron-based information fow in, 13F 
non-spiking neurons of, 14 
projection tracing, 622 
receptive felds, 136–139, 140, 162 
small stratifed, 148, 149F 
spontaneous activity, 190–191 
stimulus decoders, 652 
structure, 122 
temporal, 176 
types, 141 
visual cortical connectivity, 151–152, 

161–162 
RGS9 (regulator of G protein signaling), 

128, 132 
rhabdomeric photoreceptors, 570–571, 

581 
rhinal sulcus, 582 
rhodopsin kinase, 128, 129 
rhodopsin, 125–129 

activation, 214 
of Drosophila, 207 
expression in photoreceptors, 570–571 
in photoreceptor recovery, 127–129 
sensory, 568–570 
spectral sensitivity, 133, 207 
type I and II, 568–570, 638–639 

Rho GTPase signaling, in nonsyndromic 
intellectual disability, 534, 535F 

rhythmic activity 
breathing, 349–351B 
central patterns generators in, 

343–347, 371 
suprachiasmatic nucleus-based 

control, 398–399 
ribosome RNA (rRNA), 28 
RIM (Rab3-interacting molecule), 79 
RIM-BP (RIM-binding protein), 79, 80 
RNA (ribonucleic acid) 

editing, 28, 96 
guide, 599B 
messenger. see messenger RNA 
non-protein-encoding, 28–29 
premessenger (pre-mRNA), 28 
protein-encoding, 28 
splicing, 28 
synthesis, 28 

RNA-binding proteins, mutations, 512–513 
RNAi (RNA interference), 420, 598–599 

as gene knockdown, 599, 602 
screen, 264–265 

RNA polymerases, 28 
RNA sequencing, 30, 608 

massively parallel, 609B 
microglial dysfunction, 507 

single-cell, 142–143B, 160B, 220, 507, 
582, 609B, 610–612 

Robo (Roundabout) mutants, 293 
Robo proteins, 293–294, 295, 296 
rodents. see also mice; rats 

hippocampus-dependent behavioral 
tasks, 477–481 

hormonally-modulated sexual 
behavior, 428–429 

orientation-selectivity neurons, 
157–158 

sex hormone efects in, 428–429 
sexual behavior, 425–426 
as synaptic plasticity models, 477–481 

rods 
comparison with cones, 131–132, 

168–169 
evolution, 574 
function, 122 
hyperpolarization, 123–125, 127–128, 

130 
light detection function, 123–131 
light signals from, 149–150 
outer segment, 123–124 
single-photon response, 123–125 
spectral sensitivity, 132 
structure, 122F 

r-opsin, 570 
Rosenblatt, Frank, 656 
rostral axis, 6F, 7 
rotarod assay, 646F 
Rpe65 gene therapy, 520B 
R7 photoreceptor, cell fate determination 

in, 204–208 
Rsk (ribosomal protein S6 kinase), 111 
Rufni endings, 263F 
rutabaga gene mutations, 472, 473 
ryanodine receptors, 110 

S 
SAC (starburst amacrine cells), 143–145, 

203 
saccades, 166, 362 
Saccharomyces cerevisiae (S. cerevisiae) 

budding, 563–565 
GPCRs, 563–565 

sagittal sections, 6F, 7 
salmon, homing behavior, 213, 214F 
saltatory conduction, 55 
salty taste, 237, 238, 240–241 
sarcomeres, 335–336 

contraction, 338 
sarcoplasmic reticulum, acetylcholine 

release from, 338 
Sarm protein, 311 
Satb2 transcription factor, 291–292 
savings phenomenon, 494 
scafold proteins, 97–98, 103B, 118, 456 

Bruchpilot, 80, 84T 
evolution, 560–561 
in neurodevelopmental disorders, 305 
postsynaptic, 304, 305, 560–561 

scanning electron microscopy 
focus beam, 623 
serial block-face, 623 

Schafer collaterals, 449, 450, 451–452, 
463B, 480 

schizophrenia, 3, 305, 309 
antipsychotic drugs treatment, 521–523 
genetic factors, 523 
genetic variants, 529–530 
Mecp1 missense mutations, 536 
neurodevelopmental origin, 523 
SNP odds ratios, 533B 
synaptic signaling defects, 541 
twin studies, 529 

schizophrenia prodrome, 523 
Schleiden, Matthias, 8 
Schwann, Teodor, 8 
Schwann cells, 8, 54, 56–57B 

function, 8 
Remak, 56B 

scientifc methodology 
observation and measurement, 23 
perturbation experiments, 23–24 

scientifc observation, objectivity of, 
9–10B, 23 

SCPNs (subcerebral projection neurons), 
291, 292, 309–310 

scrapie, 510 
SDN-POA (sexually dimorphic nucleus of 

the MPOA), 431 
secondary sex characteristics, 429–430 
second-generation descendants, 555 
second messengers 

Ca2+ as, 118 
cAMP as, 118 
DAG and IP

3
, 106 

defnition, 92 
electrical synapse passage, 116B 

α-secretase, 501 
β-secretase, 501 

inhibitors, 507–508 
γ-secretase, 501 

inhibitors, 507 
secreted proteins, 29–30 
secretory process, for proteins, 29F 

in neurotransmitter release, 560–561 
sedation, benzodiazepine-related, 526 
seizures 

in epilepsy, 541–543B 
surgical treatment, 446 

selection, as evolutionary mechanism, 549 
selectivity flters, in ion channels, 62 
self-avoidance, by homophilic repulsion, 

299–302 
self-stimulation, 393 

electrical, 489–490 
semaphorins, 202, 310, 321 

Sema1A, 321, 326 
Sema2A, 321 
Sema2A/2B, 329 
Sema2B, 321 
Sema3A, 317, 318 
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Sema3F, 295–296 
Sema6A, 202 

semicircular canal, 258–260B, 277–278 
Senseless transcription factor, 209 
sensitization, 465 

as implicit memory, 446–447 
long-tern, 470 
neural mechanisms, 467–469 

sensorimotor synapses, in behavioral 
habituation, 467–469 

sensorimotor transformation, 361–364 
sensory adaptation, 340 
sensory axons, 15 
sensory cortices, in long-term memory 

recall, 482–483 
sensory homunculi, 19, 20F, 314, 637 
sensory neurons 

in knee-jerk refex, 15, 15F 
location, 12 
neurotrophins and, 312 
size, 17F, 28 

sensory organs, cell fates, 288–289 
sensory stimuli 

in instinctive behaviors, 3–4 
just-noticeable diference between, 

130 
sensory systems, evolution, 561–577 
serial electron microscopy, 143–145, 

623–624 
of connectomes, 623 
of sex peptide sensory neurons, 

419–420 
serial processing, 21–22 
serine/threonine protein kinases, 103, 

109–110B 
serotonin, 380 

in depression, 523 
in facilitation, 471 
as monoamine neurotransmitter, 87 
as neuromodulator, 404B 
reserpine interactions, 521 
selective reuptake inhibitors (SSRIs), 

524–525 
in sleep-wake cycle, 401, 402 
structure, 86B 

serotonin neurons, forebrain projections, 
404B 

7T (7-tricosene), 417 
Sevenless mutants, 205–207 
sex chromosomes, 411, 413 
sex determination, in fruit fies, 413–414, 

418–419 
sex discrimination, in Drosophila, 417 
sex hormones 

efect on neuronal numbers and 
connectivity, 431–432 

major, 426–429 
organization-activation model, 

428–429, 434–436 
sex partner discrimination 

in mice, 433–435, 436B, 440B 
in prairie voles, 440B 

sex peptides, 419 
sex-specifc splicing, of transcription 

factors, 413, 421, 441 
sexual behavior, 411–443 

in Drosophila, 411–425 
hormonal regulation, 426–429 
in mammals, 425–442 
sex hormones in, 426–431 
stereotyped, 411, 412–413 
VMH (ventromedial hypothalamic 

nucleus) in, 436–438 
sexual determination 

hormonal control, 428–429 
in mammals, 426–429 
Sry gene-mediated, 426–427 

sexual dimorphism, 411 
accessory olfactory system, 432–436 
bird song, 424–425B 
brain nuclei, 614 
Drosophila, 421–422, 442 
in mammals, 426, 431, 442 
neuron numbers and wiring, 421–422, 

431–432, 434–436 
olfactory–hypothalamic neural 

pathways, 432–436 
programmed cell death in, 421 

sexual maturation, 429–431 
Shank3 gene mutations, 538 
Shank protein, 560–561 
sharp-wave ripples (SWRs), 484–485 
Sherrington, Charles, 8–9, 15 
Shibire mutants, 635–636 
Shibire protein, 635–636 
Shibirets protein, 415 
shmoos, 564 
shock sensitivity tests, 647 
short-term memory, in Aplysia, 470–471 
sickle-cell anemia, 553 
signal amplifcation, 126–127, 131, 562B 
signaling, within neurons. see neuronal 

signaling 
signaling molecules, 28 
signal transduction 

defnition, 108B 
olfactory, 214–216, 316–317 
pathways, 108–110B 
tyrosine kinase signaling in, 108–110B 

silent synapses, 454 
simple cells, receptive felds, 153, 154F, 

155–156 
single-cell RNA-sequencing, 142–143B, 

160B, 220, 507, 609B, 610–612 
of dorsal cortices, 582 

single-cell visualization methods 
Golgi stain, 8–9, 9B–10B, 9F, 23, 255, 

616, 617 
green fuorescent protein (GFP), 

617–618 
MARCM, 618 

single channel conductance, 58 
single-nucleotide polymorphisms (SNPs), 

532–533B, 555 

single-unit extracellular recording, 
136–137, 152F, 158, 626–627 

sinusoidal mechanical stimuli, 274–275 
size principle, of motor units, 339–340, 

339F 
skates (fsh), locomotion in, 580 
skeletal muscle, 375 
skin 

mechanosensory neurons, 262–263 
sensory function, 260 

skull, early mammalian, 582 
skull volume, 583 
sleep 

amount of, 405–407 
circadian rhythm, 394 
electroencephalogram patterns in, 

400–401 
functions, 407–408 
hippocampal sharp-wave ripples, 

484–485 
homeostasis, 405–407, 409 
hypothalamic regulation of, 381 
interspecifc similarities, 400 
NREM, 400, 401, 402–403 
REM, 400, 401, 402–403, 406 
uni-hemispheric, 407 

sleep-active neurons, 401–402 
sleep deprivation studies, 407, 408F 
sleep–wake cycle, 401–405, 409 

neuronal excitability in, 405–407 
sliding flament model, of muscle 

contraction, 336–338 
Slit protein, 294–295, 296 
slow axonal transport, 31, 34 
Slowpoke gene, 567B 
Smith-Magenis syndrome, 533B, 537–538 
Smn1 (survival motor neuron 1) gene, 

519–520B 
smoking cessation, 529 
smooth muscle, autonomic control of, 

375 
SM (Sec1/Munc18-like) proteins, 76–78 
SNAP-25 (synaptosomal-associated 

protein with molecular weight 
of 25kDa), 76 

SNARE (soluble NSF-attachment protein 
receptor) proteins 

biochemical identifcation, 76, 612 
proteolytic cleavage, 76, 77–78B 
in synaptic vesicle fusion, 75–78, 118 
synaptobrevin/VAMP, 635 
t-SNARE, 76–77, 79, 560 
v-SNARE, 76–77, 78, 560 

social communication, pheromones in, 
226–227B 

Sod1 (superoxide dismutase), 512 
Sod1 gene, 512 

antisense oligonucleotides, 520B 
Sog (short gastrulation) protein, 578 
solutes, 37 

active transport, 37–38 
passive transport, 37 
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soma (nerve cell body) 
mRNA content, 31 
protein transport from, 30–32 

somatic motor system. See motor system 
somatosensation, receptive felds in, 136 
somatosensory cortex, 271–272, 275–277, 

314 
neocortical microcircuits, 159–160B 

somatosensory neurons 
classifcation, 261–263 
nerve impulse magnitude, 13, 14F 
proprioceptive, 335–336, 341 
pseudounipolarity, 12 
stimuli encoding function, 261–263 

somatosensory system 
central integration, 269–270 
in insect courtship behavior, 412–413 
organization, 260–270 
sensory neurons of, 12 

songbirds, song-learning process, 
424–425B, 593 

songs, in insect courtship behavior, 
412–413 

Sonic Hedgehog (Shh) morphogen, 283, 
290, 295, 327T, 328 

SOP (sensory organ precursor), 288–289 
sound 

conversion into electrical signals, 
243–245 

speed of, 242 
transmission, 242 

sound frequencies 
constant-frequency pulses, 256, 257 
phase locking and, 247–248 
tonotopic map, 245–248 

sound localization, 248 
in horizontal plane, 251–253 
interaural level diferences (ILD), 253, 

254, 255 
interaural time diference (ITD) in, 

251, 253, 254–255 
Jefress model, 251–253 
lateral superior olivary nucleus in, 255 
in mammals, 253–255 
nucleus laminaris in, 251–252, 253 
in owls, 251–253 
precedence efect, 250–251 
in vertical plane, 251, 252–254 

sour taste, 237, 238, 240–241 
Southern, Edwin, 607 
southern blot analysis, 607 
space constant, 47 
spatial mapping, 314 
spatial memory, LTP relationship, 478–479 
spatial neglect, 163 
spatial representation, hippocampal place 

cells in, 475–477B 
spectral discrimination, 576–577 
spectral sensitivity, 132–135, 207 
spectrin, 36 
speech recognition systems, 662B 
Sperry, Roger, 174, 175B, 176–177, 187 

spikes, 48–49. See also action potential 
spike-timing-dependent plasticity (STDP), 

457–458, 496 
spike trains, 650–654 
spiking inhibitory neurons 

fast, 117B 
low-threshold, 117B 

spinal cord 
central pattern generators, 346–347 
as dorsal root ganglia termination site, 

271 
location, 578 
neuronal cell fates, 289–292 
neuronal connections with cerebral 

cortex, 17F 
refex circuit, 16, 17F 
structure, 6, 7 
transection, 342–343, 343F 

spinal muscular atrophy (SMA), 519–520B, 
544 

spinocerebellar ataxia, 511–512 
spinocervical tract pathway, 272 
spiny projection neurons (SPNs), 351, 

352–353, 354F, 371, 491 
parallel pathways, 513–514 

spiral ganglion neurons, 244–245, 247 
axonal connectivity, 249–250 
phase locking property, 247–248 

spontaneous action potentials, 190–191 
SPSNs (sex peptide sensory neurons), 

419–421 
squid, giant axons, 591–592 

action potential conductance, 49–50 
Ca2+ channels, 74–75 
diameter, 49, 50F 
ion channel membrane permeability, 

51–52 
time and length constants, 48T 
TTX application, 57 

Sry (sex-determining gene), 426–427 
SSRIs (selective serotonin reuptake 

inhibitors), 524–525 
stargazin, 97 
starter cells, in trans-synaptic tracing, 624 
STED (stimulated emission depletion 

microscopy), 619 
Ste gene, 564 
stellate cells, 197–198B, 356 
stereocilia, 243–244, 245, 248 
stereotactic injection, 605 
stereotyped axon pruning, 309–310 
stereotyped odor representation, 235–237 
stereotypic behavior, 3–4 

sexual, 411, 412–413 
stereotypy, 221 
stimulating electrodes, 45, 4849 
stimuli 

action potential-inducing, 49 
encoding and decoding, 650–654 
subthreshold, 49 
suprathreshold, 49 

stochastic gradient descent, 661B 

stochastic odor representation, 235–237 
stomatogastric ganglion (STG), 344, 592 
STORM (stochastic optical reconstruction 

microscopy), 619 
strabismus, 77B 
stress hormone, secretion, 381 
stress odors, 234 
striatum, 351 

as midbrain dopamine neuron target, 
351–352, 491 

ventral (nucleus accumbens), 351 
stroke, optic ataxia and, 364 
subcerebral projection neurons (SCPNs), 

291, 292, 309–310 
subfornical organ (SFO), 391, 392 
substance P, 273 
substantia nigra, dopamine neuronal 

death, 513–514, 518 
substantia nigra pars compacta, 352–353, 

352F 
in positive reinforcement, 489 

substantia nigra pars reticulata, 351–352, 
352F 

tonic and phasic inhibitory outputs, 
353, 354, 354F 

subthalamic nucleus, 351, 352F 
subventricular zone, 285 
sulci, evolution, 552, 584 
sun, as navigation aid, 561, 562F 
superior colliculus, 151, 159, 161, 167 

interaction with frontal orienting feld, 
369B 

in retinotopic mapping, 174, 179–182, 
193–204 

superior olivary nuclei, 249–250 
superior temporal gyrus, 257 
super-resolution fuorescence microscopy, 

34F, 36, 80, 506, 619–620 
supervised learning, 658 
suprachiasmatic nucleus (SCN), 150, 151, 

382F 
pacemaker neurons, 398–400 

susceptibility genes, for psychiatric 
disorders, 529–530, 531 

swallowing, central pattern generators in, 
343 

sweet taste, 237, 238–239 
sympathetic system 

functions, 408–409 
relationship with parasympathetic 

system, 375–377, 408–409 
sympathetic neurons, neurotrophins and, 

312 
symporters, 38 
synapses, 8–9 

chemical, 10, 11, 14 
electrical, 11 
elimination, 307–309 
evolution, 559–560 
giant, 592 

synaptic cleft, 10 
proteomes, 613–614 
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synaptic connections, 307–309 
mapping, 640–642 
in memory, 448–462 
modifcations, 450 

synaptic efcacy. see also LTP (long-tern 
potentiation) 

long-term potentiation, 451–456 
synaptic engrams, 481B, 482B 
synaptic failure, 71 
synaptic left, 11F 

function, 10 
synaptic partners, homophilic matching 

of, 323–325 
synaptic plasticity, 84–85, 451–464 

bidirectional adjustment, 457–458 
defnition, 450 
in dorsal striatum, 491 
Hebbian, 458 
homeostatic, 458–460, 496 
in learning and memory, 464–482 
long-term potentiation as, 451–456 
LTD (long-term depression) as, 

456–457 
LTP (long-term potentiation) as, 

451–456 
neurotransmitters in, 460–462 
new synapse formation in, 462–463 
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information-processing channels, 314 
in mammals, 237–242 
salty taste, 237, 238, 240–241, 277 
sour taste, 237, 238, 240–241, 277 
sweet taste, 237, 238–239, 277 
umami taste, 237, 238–239, 277 

taste receptor cells, 237, 238, 240 
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in Notch/Delta-mediated lateral 
inhibition, 288–289 

in patterning the spinal cord along the 
dorsal–ventral axis, 290F 

in patterning the telencephalon along 
the anterior–posterior axis, 283F 

in regulating circadian rhythms, 
395–397 

in sex determination in Drosophila, 
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two-photon Ca2+ imaging, 640 
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Van Gogh, Vincent, 523 
varenicline, 529 
variation, as evolutionary mechanism, 

548–549 
vasodilation, 378 
vasopressin, 382–383, 440–442B 

water retention function, 391, 392 
V-ATPase, 81, 83 
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ventral tegmental area, 352–353, 352F, 354 
ventricles, cerebral, 282 
ventricular zone, 284 
vertebrates 

body plan, 578 
evolution, 549 
mammalian, as animal models, 

593–594 
myelination evolution, 558 
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