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Critical praise for Lise Eliot’s
WHAT’S GOING ON IN THERE?


“With impressive depth and clarity, Eliot … offers a comprehensive overview of current scientific knowledge about infant and early childhood brain development…. [She] presents research results on almost every conceivable topic of interest to the curious parent…. [Her] confidence in the open-minded interest of her readers makes this a good bet for scientifically oriented parents who want to grasp how a child’s mind develops. All in all, this is popular science at its best.”

—Publishers Weekly (starred review)




“Readable and informative … Eliot, a neurobiologist, doesn’t let dry science dominate her writing—after all, she has children herself—but the information she provides … is based on science, not just morality. Parents, prospective parents, friends, and teachers all stand to learn from Eliot’s well-thought-out effort.”

—Booklist




“[Eliot’s] prose is generally quite graceful, and her neuroscience-based advice to parents sometimes bucks current trends…. [She] explains, among other things, why young children crave sweets and fats, why preschoolers can’t control themselves, how male and female brains differ, and how a simple ‘marshmallow test’ can help predict later achievement.”

—Kirkus Reviews




“Immensely readable study of how the brain develops from conception to age five. This book is both theoretical and practical, combining scientific reportage with how-to advice for new parents. With clear, mostly simple language, she guides readers through a fascinating array of new research…. A real page-turner; highly recommended.”

—Library Journal




“This is the perfect book for parents…. Although it’s written by a neurobiologist who’s also the mother of three, it’s not terribly technical and entertains with its descriptions of real babies…. A terrific book. Expectant parents might consider reading it before the baby arrives.”

—Los Angeles Times
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This book was uniquely inspired by my children: Julia, whose newborn brain presented the first mystery; Samuel, whose gestation, birth, and infancy raised (and answered) some of the most pertinent questions; and Tobias, born in May 1999, who will hopefully benefit from all the revelations inside. I have always been fascinated by the brain, but there is nothing like watching a young child’s steadily expanding mind to bring its evolution to vivid life. Writing this book throughout my own experiences of pregnancy, childbirth, and rearing young children has felt complete in every way—merging both the scientific and the maternal halves of my life—and allowed me to feel that I was contributing to their development even during the many hours spent researching and writing it. I dedicate this book to them.

I owe a special debt to Jenny Cox Blum, who critiqued most of the manuscript and always had interesting insights about motherhood to share. My agent, Kim Witherspoon, has been a terrific advocate. Linda Gross Kahn had the initial faith in me and was especially encouraging during the book’s early stages. My editor, Ann Harris, served as an expert midwife, with her many wise queries and suggestions for tightening my prose. I could not have delivered it without her.

Several colleagues shared useful discussions, reviewed chapters, or answered my questions, whether in person or on-line. I am indebted to Jocelyne Bachevalier, Jack Crawford, Richard Davidson, Ruth Anne Eatock, Kathleen Gibson, Jeri Janowsky, Martha Johnson, Christine Leonard, Julie Menella, Sarah Pallas, Julie Pollock, and Esther Thelen for their help. Though not directly involved with this book, my mentors, Eric Kandel at Columbia University and Dan Johnston at Baylor College of Medicine, nurtured my earlier career, together instilling a strong critical sense while also giving me the confidence to pursue the larger picture.

Many friends and family members shared their observations about the hectic amazements of child-rearing. Though only a few are named, all contributed to the portrayals of the parents and children depicted in the book. My own parents, Caryl and Allen Eliot, have been especially supportive and I am deeply grateful for all their wisdom about raising children—imparted both directly and indirectly.

Finally, there is my husband and colleague, William Frost. We fell in love on opposite sides of a microscope but never dreamed our mutual interest in neural plasticity would turn out to be so personal. He was the one who first asked of Julia, “What’s going on in there?”—planting the seed that grew into this book. I could not have cultivated it without his complete support—emotional, intellectual, and domestic—nor can I imagine a finer man with which to share the wonder, frustrations, and utter joy of raising babies.


Chapter 1
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NATURE OR NURTURE? IT’S ALL IN THE BRAIN

Wouldn’t you know it? Just as I get this beautiful, healthy neuron filled with dye and ready to image, Julia wakes up and starts crying. The experiment takes a long time to set up; I’ve been at it most of the day and need just ten more uninterrupted minutes. She has been so cooperative—sleeping like a baby (a nine-week-old, to be exact) in her cozy, blanket-lined computer box, safe and secure near my desk in the darkened laboratory. Finally, all the conditions are right: the microscopic neuron, vividly fluorescing down to its tiniest branches, an electrode carefully implanted to measure its electrical activity. I’m about to stimulate the cell’s input pathway, to test whether it will “learn” from simulated sensory experience—when of course, Julia wakes up and wants to be fed.

What the heck. I pick her up, hike up my shirt, and start nursing, all the while twiddling dials with my free left hand. “Take off the holding current,” I tell myself. “Set the extracellular voltage, configure the data acquisition, and then go!” The pulse goes out, the neuron fires a lovely train of electrical potentials, and the cell fills with calcium, color-coded, on the computer screen, with red for the most intense spots, yellow in between, and blue for the “cold” spots—distant branches that don’t seem to have many pores for calcium to flow in. It’s a great cell, an almost ideal experiment, until Julia suddenly pulls off my breast (curious, no doubt, about the flash of light on the computer screen) and, kicking her right foot into the delicate micromanipulator, knocks my perfect electrode right out of the perfect cell.

“No!” I wail, staring in disbelief at the computer screen. I watch as the neuron blows up into a big balloon, its membranes ripped open by the moving electrode. As it ruptures, the image on the computer screen flashes to red, then fades to orange, yellow, green, and blue as the dye dissipates. The cell is dead, a quick demise that is painful only for me.

Nobody ever said it would be easy being a mother and neuroscientist. But the juxtaposition does have its rewards at times. Here I am, trying to figure out how the neurons in a young rat’s brain change with experience, and I have my own little experiment brewing right under my nose. Annoyed as I am by Julia’s gymnastics, who can blame her baby brain, just trying to get some exercise for its budding motor pathways? Everything I’m trying to study in young rats is going on in her small head, a billion times over, every second of every day.

I spent ten years studying neural plasticity—the ways our brains change with experience—before Julia came along. I always knew I wanted to have children, but I had no idea how much my own research related to parenting until I actually became a mother myself. Like most new parents, I found myself suddenly fascinated by the nature/nurture issue, the degree to which Julia’s future talents and weaknesses would be a product of our genes or her experience. The question is as old as humanity itself, but it is more than a mere academic debate. Whether one sides with “nature” or “nurture” makes a tremendous difference in the way we, both as parents and a society, raise our children.

Earlier in this century, the pendulum had swung fully to the “environmental” side. In a famous series of studies in the 1940s, psychiatrist René Spitz compared two groups of disadvantaged babies: one group was raised in what was then considered a perfectly adequate foundling home, and another group was comprised of infants whose mothers were in prison and who were being reared in a nearby nursery. Although both institutions were superficially similar—both were clean and provided the babies with adequate food, clothing, and medical care—they differed enormously in the amount of nurturing and stimulation each provided.

Babies in the prison nursery were fed, nursed, and cared for by their own mothers, who lavished enormous attention and affection on them. These children developed normally, in spite of the institutional setting and the fact that the number of hours of contact with their mothers was limited. Babies in the foundling home, by contrast, had very little stimulation; there was only one nurse for every eight infants, and except for brief feedings and diaper changes, each baby was kept isolated in his or her crib, its sides draped with sheets to prevent the spread of infection. With nothing to look at or play with and, worst of all, a bare minimum of human contact and affection, these babies suffered devastatingly. An enormous number didn’t even survive to two years of age. Those who did were physically stunted, highly prone to infection, and severely retarded, both cognitively and emotionally. By three years of age, most couldn’t even walk or talk, and in marked contrast to the exuberant nursery-reared children, they were strikingly withdrawn and apathetic.

Spitz’s work went a long way toward changing adoption policies—eliminating the waiting periods that were at one time thought necessary to allow babies’ “natural” personalities and intellectual talents to unfold. Early adoption is now universally recognized as the best option for orphans and unwanted babies, although the tragic fact is that babies in many parts of the world continue to wither in orphanages even worse than Spitz described.

Spitz showed that early nurturing and stimulation are essential to child development, and he was not alone in this view. At the time, the field of psychology was dominated by the theory of “behaviorism,” which proposed that all our actions, from the simplest smile to the most sophisticated chess move, are learned through reward and punishment, trial-and-error interactions with other people and objects in the world. Babies, according to this view, are born as “blank slates,” without predispositions, and infinitely malleable through parental feedback and tutoring. John Watson, the founder of modern behaviorism, even went so far as to claim:


Give me a dozen healthy infants, well-formed, and my own specified world to bring them up in and I’ll guarantee to take any one at random and train him to become any kind of specialist I might select—doctor, lawyer, artist, merchant-chief, and yes even beggar-man and thief, regardless of his talents, penchants, abilities, vocations, and race of his ancestors.



No doubt Watson overstated his case, but such emphasis on early environment eventually led to the establishment of important social programs like the welfare safety net and Head Start. If children are so greatly malleable, then the best way to ensure a great society is by improving the environment of its youngest members.

These days, things have swung to the opposite extreme. We are now fully entrenched in the Era of the Gene. Every day, molecular biologists get a little closer to pinpointing which stretch of chromosome is responsible for some dreaded disease or complex behavior—alcoholism, Alzheimer’s disease, breast cancer, dyslexia, sexual orientation. The government-sponsored Human Genome Project has made us heady with the potential of “decoding” the blueprint for every individual, figuring out where each of our strengths and weaknesses lies, what troubles may lie ahead, and eventually, how to cure our genetic ills. These fast-paced discoveries are exciting, to be sure, but the renewed emphasis on genes also has its discomfiting side—the tendency, fostered by books such as The Bell Curve and The Nurture Assumption, to say that parents and society make little difference. A child’s fate, according to this view, is largely determined by heredity, leaving little we can do to improve matters.

As a neuroscientist, it’s hard to fully accept this position. Of course, genes are important, but anyone who has ever studied nerve cells can tell you how remarkably plastic they are. The brain itself is literally molded by experience: every sight, sound, and thought leaves an imprint on specific neural circuits, modifying the way future sights, sounds, and thoughts will be registered. Brain hardware is not fixed, but living, dynamic tissue that is constantly updating itself to meet the sensory, motor, emotional, and intellectual demands at hand.

My own fascination with neural plasticity was only magnified with newborn Julia in my arms. If ever there was a time for experience to mold her brain, this was it. Although we know from studies of adult learning that the brain remains malleable throughout life, it is massively more so in infancy. Brain surgeons can even remove an entire hemisphere from the cerebral cortex of a young child (which in rare instances is the only treatment for profound epilepsy), and he or she will suffer surprisingly little loss of physical function or intellectual capacity.

I found myself wondering about every interaction: What is this caress, this diaper change, this lullaby doing to Julia’s brain? Which circuits are already turned on, and which are still wiring up? What happened, at six weeks, to make her suddenly start smiling, or at eighteen weeks, so that she could finally reach out and grasp her rattle? Can Julia see those computer designs I taped up in her box? Hear the neuron firing away through the audio monitor? Know that I am her mother? Are we, her enraptured parents, in any way responsible for these wiring events, or would they have happened without any particular nurturing on our part, unfolding, like a budding flower, along a programmed trajectory that requires nothing but the most basic food, water, and air?

In other words, I needed to know: What is going on inside that little head, and what difference can I, as a parent, make in her putting it all together?

This book is the result of my own odyssey of discovery—an attempt to chart, from the earliest moment of conception, the way a child’s brain is assembled and the implications of this sequence for each of her emerging mental skills: sensation, movement, emotion, memory, language, and “intelligence.” I wanted to go beyond the cursory remarks in many pregnancy and parenting tomes to the real data on brain development and the ways it can be influenced by environment and experience. The information here is detailed yet accessible to a reader without a scientific background.

Whether we realize it or not, almost every decision parents make boils down to a matter of our children’s brain development: whether to have a glass of wine during pregnancy, whether to use drugs during childbirth, how long to breast-feed, how soon to return to work, whether to treat every ear infection, whether to enroll a child in nursery school, what kind of discipline to use, how much TV they should watch, and on and on. The reason we fret so about these decisions is because we know, at some level, that they may have lasting consequences for the way our children’s minds will work. And the way their minds will work—the kind of emotional and intellectual lives they eventually grow into—is wholly a function of how their brains sculpt themselves.

My bias is thus that of a biologist: the conviction that we cannot understand children’s minds until we understand the structure and physiology of their brains. But biology also offers another hope, a way of finally resolving the age-old nature/nurture debate. From the first cell division, brain development is a delicate dance between genes and environment, and it is only by understanding each of these subtle interactions that we can grasp, for each fascinating facet of the mind, the degree to which heredity and experience make us who we are.

Neuroscience has made tremendous strides over the last quarter century. Powerful techniques now allow us to visualize every part of the living brain in action, from the largest circuit down to the tiny gap between neurons, the synapse; to record electrical activity from single molecules in the brain; and to pluck out, from the enormous haystack of human DNA, single genes involved in early neural development, mental retardation, and senile dementia, to name just a few neurological phenomena. Babies, alas, are far too uncooperative for the most advanced brain-imaging techniques—they tend to squirm and fuss, cry, kick, or fall asleep at the most inopportune times. Nonetheless, researchers have devised other ingenious ways to probe their emerging sensory, emotional, and cognitive abilities. These often delightful experiments, together with our rapidly expanding knowledge about brain function and development, give us a far better understanding of “what’s going on” in an infant’s mind than ever before.
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FIGURE 1.1
One noninvasive method for measuring brain activity in children uses a net of some sixty scalp electrodes, which together give much more precise information about the location of electrical activity than traditional EEG methods. This cheerful three-month-old was a subject in a study of early language perception by Ghislaine Dehaene-Lambertz and Stanislas Dehaene.
Reproduced by permission of photographer Jack Liu.

 

Babies, as well see, are not “blank slates” at birth. They come into the world with all kinds of mental skills and predispositions, abilities uniquely suited to the critical needs of early life. Their brains are small, to be sure, but they are not miniature versions of an adult’s. The nervous system matures in a programmed sequence, from “tail” to head. By birth, the spinal cord and the brain stem—lower-brain structures that control all of our vital bodily functions—are almost fully developed and are largely responsible for meeting a newborn’s essential needs: to survive, grow, and bond with caregivers. (See Figure 1.2.)

[image: ]

FIGURE 1.2
Major components of the central nervous system. The midbrain, pons, and medulla together constitute the brain stem. The spinal cord is shown considerably truncated.

 

This sequence continues after birth, as higher-brain areas progressively take control of a baby’s mental life. These areas include the cerebellum and basal ganglia, which are involved in movement; the limbic system (See Figure 12.1), which controls emotion and memory; and finally the cerebral cortex, the seat of all our willed behavior, conscious experience, and rational abilities. Of all parts of the brain, the cerebral cortex remains the most markedly unformed at birth. As the cortex gradually matures during the first months and years of life, a child grows steadily more capable and aware of her own existence.

This sequence of brain development is, by all accounts, genetically programmed. Why else would infants the world over progress through the same endearing milestones on virtually identical schedules? Whether carried as “papooses,” in slings, or in high-tech infant seats, all healthy babies manage to walk, talk, and throw food in much the same way, at much the same age, give or take a few weeks. Even Julia, I had to admit, seemed to be developing right along the expected course, in spite of her unusual daytime environment and parents who thought they knew it all about neural plasticity.

But an obvious question is why babies are born with such primitive brains. Why, if development is largely preordained, do they not begin life with full vision and hearing, able to walk, talk, and do long division? According to one line of reasoning, it is our upright posture that is to blame: a bipedal lifestyle sets certain limits on pelvic size, so women can squeeze out babies only with relatively small heads—that is, babies whose brains are only partially developed. There may be some truth to this argument, even though humans are not born any more helpless than many other mammalian species. Rats and cats, for instance, don’t even open their eyes for several days after birth. We humans do indeed take longer to complete our cognitive development, but that is because we have more mental functions to add—we have further to go.

A better reason why we, and other intelligent species, are born with such poorly developed brains is so that we can learn. Babies’ brains are learning machines. They build themselves, or adapt, to the environment at hand. Although the brain is often appropriately compared to a computer, this is one way in which they differ: The brain actually programs itself. Imagine that you bought a PC, but instead of loading any software, you just plugged it in and the computer did the rest: it assembled its own operating system, and built its own drivers for the CD-ROM, the sound system, the printer, the modem, and whatever other hardware it happened to be equipped with. A little later it decided a word-processing program would be useful, so it made one, in English, Spanish, German, Hebrew—whatever would allow it to best communicate with the outer world. Eventually, it needed to read and calculate, so it set up character-recognition and spreadsheet programs. Children’s brains are like this, accessing neural circuits as they’re needed, wiring them up and honing them to the task at hand—to walk, talk, read, forage for tubers, play the piano, and so on.

Such adaptability is a property of the brain from its very first emergence. While genes program the sequence of neural development, at every turn the quality of that development is shaped by environmental factors. In the earliest stages embryonic cells respond to a slight gradient in the concentration of particular molecules, which tell them to become head or tail, spinal cord or cerebellum. Later, it will be a certain pattern of electrical excitation that subtly alters some synapses in a child’s cerebral cortex. These innumerable, intricate interactions take place inside the brain, at the molecular level. But because the brain is a chain of communicating cells, it is inescapably linked to the outside world. Every touch, movement, and emotion is translated into electrical and chemical activity that shifts the forward genetic momentum, subtly modifying the way a child’s brain is wired together.

Developmental biologists use another analogy: a ball rolling down a steep mountainside. Genes act much like gravity, forcing the ball inevitably downward. But at many points choice or chance intervenes. When the ball runs into different elements in the environment—rocks or holes or trees—it gets diverted in a particular way. Each diversion makes the path more distinctive, but it also limits the possibilities for later encounters, because there’s no going back up the mountain to try the other side.

To the extent that most healthy babies develop in similar ways, the underlying genetic programs are tolerant of a wide range of “normal” environments. This resilience should be comforting to those parents who are consumed with worry about properly positioning their babies’ Stim-Mobiles or teaching their six-month-olds how to “read.” At the same time, there can be little doubt that the quality of early experience does shape children’s brain development in critical ways. Genes and environment are both important, but the fact is that we can do very little about our genes, and a great deal about the kind of environment we provide for our children.

In the following chapters, I explain how each important “system” of the brain develops, and the degree to which genes and environment are known to influence that system’s formation. This book covers the period from conception until roughly five or six years of age, but it is not strictly chronological. Each chapter begins at the beginning—in the womb, for sensory and motor abilities, and at birth for all of the higher mental functions—in explaining how and why a child’s various mental abilities emerge when they do.

Chapter 2 outlines the basic processes of brain development—how the remarkably complex human brain emerges from the mere fusion of egg and sperm and, in particular, how its many crucial circuits become “wired up” through the dual influence of genes and experience. The same biological principles hold for every sensory, motor, and higher system in the brain, so this chapter serves as a foundation for the rest of the book and is relevant from gestation throughout childhood.

Each of the chapters that follow is more narrowly focused. Chapter 3 is devoted to brain development in the womb and all the ways it can be affected by a pregnant woman’s lifestyle and exposure to various environmental agents. Chapter 4 describes the effects, both positive and negative, of birth itself on a baby’s brain. Chapters 5 through 10 focus on the development of each sensory system in roughly the order in which they mature—touch, balance, smell, taste, vision, and hearing—and include discussions of various related topics, such as why massage is so good for babies, how breast milk promotes brain development, and why congenital vision or hearing problems are dangerous to a child’s sensory and cognitive growth. Chapter 11 explains how motor skills improve. Chapters 12 through 17 delve into the higher mental functions—how a child’s emotional, memory, language, and other cognitive skills emerge and evolve through the interaction of programmed brain maturation and early experience.

Nowhere is the nature/nurture debate more heated than when it comes to sex differences in the brain. Readers who are interested in this topic will find it addressed in Chapters 5, 7, 9, 10, 12, 14, and 16. Also included is a discussion of how genes and environment, or hormones and socialization, interact to create such differences.

The brain is without doubt our most fascinating organ. Parents, educators, and society as a whole have tremendous power to shape the wrinkly universe inside each child’s head, and, with it, the kind of person he or she will turn out to be. We owe it to our children to help them grow the best brains possible.


Chapter 2
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THE BASIC BIOLOGY OF BRAIN DEVELOPMENT

It’s Thursday morning, and Jessica is barely conscious when she realizes her period is now five days late. Suddenly wide awake, she shakes her husband and blurts out, “Dave! I think we should do the test!” He too is instantly roused, the combination of fear, excitement, and her seismic shaking jolting him out of a pleasant dream. He knows she’s talking about the home pregnancy test she’s had stashed away in the medicine cabinet for several months. They hadn’t dared use it earlier, when she was only a couple of days late. They didn’t want to get too hopeful too soon.

Both hold their breath as the little blue line appears. They compare it to the sample result in the package insert. It’s a little fainter but obviously a blue line. “Oh, yes! It’s definitely positive. The negative result has no line at all.” They hold the strip up to the sample once more, to be sure, and the meaning of it all slowly sinks in.

“We did it! We’re going to have a baby!” Dave says, hugging Jessica. A new emotion floods over them. Then Jessica suddenly looks at him and says, “Oh wow! There’s a whole little life inside me! I wonder what it’s like right now?”

Even though home pregnancy tests now give us the news remarkably early, an amazing amount of development has already happened by the time most of us learn we’re pregnant. Jessica and Dave think back: “Let’s face it,” she said, “we were pretty busy a couple of weeks ago. It can only have been that Saturday night, after Joe’s party.” He smiles and quickly figures, “That means our baby is nineteen days old.”

Actually, their baby’s age is determined not by the time of intercourse but the time of Jessica’s ovulation. That was the moment, about two weeks after the start of her last menstrual period, when one of her ovaries released a ripened egg. Since the egg survives for only about twenty-four hours after its release, fertilization must have taken place during that one day. But sperm are capable of living up to four days inside a woman’s reproductive tract, so even if Jessica ovulated a few days after the party, their evening’s recreation may have been successful.

Nonetheless, conception is a likelier event on the actual day of ovulation, because Jessica’s reproductive tract would have offered a much more hospitable environment—copious, runny mucus in which Dave’s sperm could happily swim toward their target. Indeed, as Jessica and Dave were luxuriously sleeping in that following Sunday morning, a single one of the 500 million sperm Dave released around midnight beat all the others in the race to successfully penetrate Jessica’s egg, just released from her left ovary. By 3:00 A.M. it had made it through her uterus, and by 7:00 it had swum all the way to the end of her left fallopian tube (a good choice!), where it met the egg, monstrous by comparison but still a mere one-tenth of a millimeter in diameter. Of the few dozen sperm that made it this far, only this single tiny titan managed to fight its way through the egg’s sticky outer coat (the corona radiata), to dissolve a path, using its powerful enzymes, through the next layer, an entangled fortress of proteins known as the zona pellucida, and finally to slip inside the egg’s thin lipid membrane. Once penetrated, the egg set up a fast electrochemical defense to prevent other sperm from also making it through, which would compromise its normal development. Finally, at precisely 10:18 A.M., came the true moment of fertilization: the nuclei of both egg and sperm fused, merging twenty-three chromosomes from Jessica and twenty-three from Dave, including his Y chromosome, to form a new individual—a boy!

Monday evening, as they were sitting down to dinner, their future son underwent his first cell division. By Thursday, four days after fertilization, the tiny embryo had divided five times and resembled a ripened blackberry—a clump of thirty-two round cells, altogether no larger than the initial egg, but about to begin the remarkable and fateful process of cellular differentiation: segregation into all the different tissue types of the body.

At this stage, the embryo is called a blastocyst, and experiments with mice have shown that any one of these thirty-two cells has the capability of forming an entire individual if it is removed and allowed to divide on its own. Nonetheless, if left intact (and if the entire blastocyst doesn’t spontaneously split in two, producing identical twins), only three to five of these cells will actually become their son. These few cells, located well inside the blastocyst, will give rise to every cell of their baby’s body, while all the rest, those on the outside, will become the placenta. The momentous decision about whether to become body or not is made entirely on the basis of chance—whatever position a given cell happens to land in. Rather than a cell’s genetic information, it is its location that determines its fate. This is one of the earliest instances of how the environment profoundly affects development.

After this point, the blastocyst begins forming a cavity, the inner cells remaining in contact with just one arc of the sphere of outer supporting cells. All this takes place as the embryo travels along Jessica’s fallopian tube toward her uterus. Near the end of the journey, the blastocyst “hatches” from the zona pellucida, exposing the outer layer of cells, which are now specialized for implanting in the wall of Jessica’s uterus. (See Figure 2.1.)

The following Saturday evening (almost seven days after fertilization), just as she and Dave are heading out to the movies, the tiny embryo comes in for its landing: a good spot, along the rear wall of Jessica’s uterus, right along the midline of her body. Still less than one-fifth of a millimeter in diameter (less than one-hundredth of an inch), the embryo literally invades her uterine lining. It will take another two weeks before it is completely implanted and fully nourished by Jessica’s blood supply. Until then, the embryo grows very little in size, but it nonetheless undergoes some remarkable developmental feats.
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FIGURE 2.1
The first eleven days of human development.

 

By Monday morning, the inner cell clump has flattened out into a disk and undergone its first differentiation into two tissue types. Smaller, cube-shaped cells form a bottom layer, the primary endoderm, while larger, columnar cells form a top layer, the ectoderm. Endoderm will give rise to most of the internal organs: the gut, lungs, liver, and various glands. Ectoderm will become the outer skin, sensory organs, and after a critical process known as neurulation, the entire brain and nervous system. But before neurulation can happen, the third type of primordial tissue must form: mesoderm (meso means “middle”), which will eventually evolve into all of the bones, muscles, and connective tissues of the body, including the circulatory system and the smooth muscles of the digestive tract.

It’s Friday afternoon, thirteen days after fertilization, and Jessica and Dave are talking on the phone, trying to figure out what to do after work. Although she doesn’t yet know why, Jessica doesn’t feel quite right, so they decide to go home and have a quiet dinner. As they’re eating, a small mound of cells emerges from between the endodermal and ectodermal layers of their tiny embryo. It begins at one end of the disk, its origin creating the “tail” end of the body, and extends toward the center of the now-oval embryo. As this middle layer grows, it forms a track down the center of the embryo, molding the overlying ectoderm into a long trench with mounds along each side. This is the primitive streak, and it is creating the entire vertical axis of the embryo. By Monday (sixteen days), the streak has extended to the middle of the embryo, and the inner layer producing it is now the emerging mesoderm.

It is the contact between mesoderm and ectoderm that gives rise to the primordial nervous system: the neural plate. As the emerging mesoderm threads its way between the endodermal and ectodermal layers, it is thought to release a chemical signal that flips a genetic switch in the adjoining ectoderm, fating it to become the baby’s future brain and spinal cord. Ectodermal cells outside the neural plate, those not directly in contact with the mesoderm, are not exposed to this chemical trigger and consequently become skin, hair, and nonneural parts of the eye and ear. Thus, both the skin and the nervous system originate on the outside of the embryo, but the nervous system soon detaches and sinks beneath the surface of the embryo, away from the emerging skin.

Neurulation begins nineteen days after fertilization, the same Thursday morning that Jessica and Dave first learn that she’s pregnant—so it is just as they’re realizing that there actually will be a baby that his earliest brain tissue is beginning to form. Out of this primordial oval sheet will emerge their child’s entire mental universe—all of his thoughts, feelings, actions, and dreams—and his parents-to-be are suddenly very curious about it.

“Our baby will be born in May,” Jessica figures. “What a beautiful month!” And they begin to wonder about the person they have just created: Boy or girl? Dark or fair? Fragile or tough? Kind? Smart? Athletic? Musical? To varying degrees, each of these traits has already been determined by his genetic endowment, in the forty-six chromosomes that merged that Sunday morning. But genes alone will not mold this embryo into the person he will become. Before long, Dave and Jessica will also realize the great responsibility they’ve just assumed. “Nature” has already been set. The rest of the story is “nurture,” and it’s largely up to them.

How a Brain Is Sculpted

Superficially, embryonic brain development appears quite rapid. By the following Wednesday (twenty-five days), the neural plate has folded up to form a groove, and then fused along its top edges to form a tube running most of the length of the two-millimeter embryo. By twenty-six days, this neural tube will have closed, starting in the middle and finishing first in the head end at around twenty-four days postfertilization, and then at the tail end. (See Figure 2.2.) The closed tube is already enlarged at the top end, where the brain is emerging. The rest of the tube, gradually tapering down toward the tail, will become the spinal cord. The transformation from neural tube to spinal cord is relatively straightforward: the tube’s walls thicken and then divide into four primary regions, a sensory and a motor area on both left and right sides. But the transformation of the top end of the neural tube is considerably more complicated. First, the top of the tube enlarges into three primary swellings: the forebrain, midbrain, and hindbrain, each separated by a sharp flex so that all together the entire nervous system looks like an uncomfortable worm, scrunched up in the rapidly growing head. (See Figure 2.3.) The three brain swellings have fully formed by Sunday, four weeks after fertilization. By this time, the eyespots appear, the rudimentary heart has begun beating, and all four limb buds that will develop into the arms and legs are about to sprout. Jessica and Dave’s little embryo is only three millimeters long (a mere tenth of an inch), and Jessica has begun feeling positively awful.
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FIGURE 2.2
Formation and closure of the neural tube. The first primordial nervous tissue forms about eighteen days after fertilization from the interaction of mesoderm and ectoderm. The neural plate transforms first into a neural groove, then a neural tube, whose ends close up by twenty-six days. Failure of the tube to close at any point results in a neural tube defect, as discussed in Chapter 3.

 

In the fifth week, as she begins wondering why she ever wanted to get pregnant in the first place, their baby’s three brain swellings enlarge and further subdivide so that there are now five of them. The frontmost, or telencephalon, begins dividing along its midline to form distinct left and right hemispheres. By six weeks, the swellings have begun differentiating into all the major brain structures, creating the rudiments of the pons, medulla, cerebellum, thalamus, basal ganglia, limbic system, and cerebral cortex. Also by this point, the twelve cranial nerves that will transmit sensory and motor information between the brain and the eyes, ears, nose, face, mouth, and other body structures have made their first appearance, although they are not yet connected to the face and other target organs.

Seven weeks after fertilization, Jessica and Dave go in for her first obstetrician’s appointment, and they learn that she is nine weeks pregnant. That’s a surprise! The timing of prenatal development is always a little confusing because of the difference between “menstrual age”—the time elapsed since the first day of the woman’s last menstrual period—and “fertilization age”— the time elapsed since the actual fusion of egg and sperm, which is within twenty-four hours of ovulation. Doctors and midwives have traditionally dated pregnancy from the first day of the last menstrual period, because it is the one date about which there is no uncertainty. Actually, it is now relatively easy to date ovulation, using either an over-the-counter hormone test or ultrasound imaging, but since most women get pregnant without this information, practitioners continue to assume that ovulation occurred two weeks after the onset of the last menstrual period. Since fetal development takes an average of thirty-eight weeks, pregnancy calculated in this way averages forty weeks from the date of that last period. Here, however, we are interested in development from the baby’s perspective, so all ages referred to in this chapter are in terms of fertilization age—the thirty-eight-week time frame.

After eight weeks of development, the baby is about two inches long from head to heel and is no longer called an embryo; he is now properly referred to as a fetus. The division between embryonic and fetal periods is not as dramatic as ir sounds. While all of the major organ systems are in place, they are far from fully formed and are only minimally functional. The division between embryonic and fetal periods is better thought of as the point at which the developing baby takes on a visibly human form. A few weeks earlier Jessica and Dave’s baby could have been mistaken for almost any other vertebrate embryo. Now, however, the tiny fetus has long fingers, short toes, and forward-facing eyes, and he has even shed his vestigial tail; it’s a baby after all!
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FIGURE 2.3
Prenatal growth of the brain. Drawings are enlarged to show detail between twenty-five and one hundred days postconception. Actual sizes (proportional to lower drawings) are shown in the second row.
Modified from W.M. Cowan, “The development of the brain,” Scientific American, September 1979; by permission of Nelson Prentiss.

 

Development and Evolution

The similarity between different vertebrate embryos is indeed remarkable. Since the early 1800s, embryologists have been struck by the parallel between early development in various animal species and their evolutionary relationship, a resemblance conveniently abbreviated by the saying “ontogeny recapitulates phylogeny.” Of course, each of us does not really pass through a “lizard” stage on our way to a fully developed human form. But it is true that animals who are more closely related in terms of evolution will resemble each other for a longer period of embryonic development. At four weeks, a human embryo is barely distinguishable from any other vertebrate embryo—bird, reptile, or mammal—but by six weeks it resembles only other mammalian embryos, and by seven weeks, only certain primate embryos, such as monkeys. (See Figure 2.4.)

The similarity between ontogeny and phylogeny shows that the strategy of early development has been highly conserved in evolution. This makes sense, if you think about the precise timing and series of events necessary to turn a single fertilized egg into many different complex organ systems; it’s simply much easier to add changes at the end of a common developmental sequence than to alter things from the outset. A slight change early in neurulation, for example, could invalidate all kinds of later, subtly timed cues, throwing off the whole process of brain formation. (Just such a problem occurs in spina bifida, a relatively frequent condition in which part of the spinal cord is not fully enclosed because of a defect in the early neural tube.) It has been much easier for evolution to take an existing structure, like a forelimb, and turn it into a wing, or a primate cerebral cortex, and enlarge it into the human cortex, than to start with a whole new game plan for each species. Evolution proceeds through the selection of random mutations, and the later in development such a change occurs, the likelier it is to produce a viable offspring than a horrible mistake. Indeed, this is why miscarriages are more common in early pregnancy, a topic that will be discussed more fully in the next chapter.
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FIGURE 2.4
“Ontogeny recapitulates phylogeny.” All vertebrate species pass through comparable stages of early development (top row), reflecting our common evolutionary heritage. The human embryos depicted here are approximately four- and eight-weeks postconception.

 

The Brain of a Fetus

The ontogeny/phylogeny relationship explains why complete development of the nervous system takes so long, especially when compared to the development of other organ systems. Our highly complex brain is what most distinguishes us from other primates, and accordingly takes longer to emerge from its embryonic form than, say, the circulatory or digestive system. This relationship also helps explain the regional development of the nervous system—the fact that brain structures that control more rudimentary functions, such as breathing and feeding, mature earlier than regions that control more sophisticated functions like language and reasoning. At the beginning of the fetal period (week nine), the brain is still assuming its basic shape, whereas the spinal cord is well formed and is even beginning to function. This precocious spinal cord is what controls the first fetal movements, like head and limb flexion and simple reflex responses, although they are still too small and weak for Jessica to feel.

By the end of the first trimester (thirteen weeks), Jessica is starting to feel better, but she still can’t keep down her breakfast. As discussed in the next chapter, this early-pregnancy sickness may actually protect her baby’s brain, which now consists of a prominent thalamus (a critical sensory relay station), sitting up behind two small, thin cortical hemispheres at the front. Below the thalamus is the cerebellum, which stands out at the back and base of the brain, just above the spinal cord, and has begun forming its folia—the many fine grooves and ridges that give it an intricate, almost floral appearance. After three full months in the womb, Dave and Jessica’s future son is just over five inches long and has fairly well developed mid- and hindbrain structures, but his cerebral cortex—the seat of all our most distinctly human mental abilities—remains smooth and undifferentiated.

In the next few weeks, the cerebral hemispheres grow dramatically, thickening and expanding toward each other at the top of the head. As they grow, the important bridge that connects them—the corpus callosum—begins to form. The hemispheres also expand toward the rear of the head, so that they now cover the thalamus, which will eventually be buried in a central location deep beneath them.

Sixteen weeks after conception, Jessica and Dave go in for an ultrasound and get their first baby picture: a little fetus, now about eight inches long. They’re relieved to see ten fingers and toes, four beating chambers in the heart, and a central nervous system that’s fully intact. (While not foolproof, ultrasound screening has considerably improved the detection of major neural abnormalities, particularly when combined with maternal blood tests; see Chapter 3.) Routine ultrasound can show the overall shape of the brain and spinal cord, but it is not sensitive enough for finer details, such as the first cerebral groove—the lateral fissure—that’s just beginning to form on the side of each hemisphere. It is nonetheless sensitive enough to pick up another interesting structure sticking out between the fetus’s legs, and Dave’s thrilled to discover, “It’s a boy!”

About a week later, little Jack lets his presence be known; Jessica feels the first flutter of fetal limbs, an event called quickening. These movements actually begin in the sixth week after conception, but it takes ten or twelve more weeks before they’re strong enough for the woman to detect (but a little less for women in subsequent pregnancies, who already know what they feel like). Jessica recognizes them now, and it will not be long before she starts thinking there’s some kind of Olympic tumbling event going on in her womb.

By twenty-four weeks, the fetus is fourteen inches long and capable, in the direst circumstances, of surviving outside the womb. His lungs can breathe air, if they need to, and the brain stem is capable of directing rhythmic breathing movements. But his cerebral cortex is still not functional, which is reflected in its immature structure: its surface is still mostly smooth, just beginning to form the major sulci (the singular is sulcus), or invaginations, that give the human cerebral cortex its distinctive, highly convoluted appearance. These fissures allow the growing brain to fold in on itself, massively increasing its surface area, while still fitting inside the skull. The elevated regions between the sulci are called gyri (the singular is gyrus), and it is within these mounds of gray matter that the most sophisticated processing in our brains takes place.

Cortical sulci come in three sizes: primary, secondary, and tertiary. The large primary sulci, like the central sulcus that separates the frontal and parietal lobes, are present in every person’s brain. Secondary sulci show more variation, while the smallest or tertiary sulci vary tremendously among individuals, suggesting that they are not purely genetically determined. Primary sulci first appear on the inner surface of each hemisphere after the twentieth week of fetal development, becoming well defined in the seventh month. (See Figure 2.3.) Tertiary sulci, by contrast, don’t even begin forming until the last month or so of gestation and are not fully formed until a baby’s first birthday.

The cerebral cortex processes information within columns of neurons that run perpendicular to its surface, each column containing thousands of cells that function as a distinct processing unit, like one chip on a computer circuit board. The larger the surface area of the cortex, the more processing units it can hold. Following the phylogenetic ladder up from, say, rats to cats to monkeys to humans, one sees not only that the cortex gets considerably larger, relative to the rest of the brain; it also has many more and deeper convolutions, so that the surface area and corresponding number of brain “chips” have enlarged manyfold. As occurred in this phylogenetic progression, the number and depth of cortical convolutions also dramatically expands during an infant’s development, beginning in the late fetal period and continuing into the first year of life.

Thus, even by the time of birth, as Jack prepares to squeeze out of his warm, wet world, his cortex has only a few of its eventual processing units in place. Brain development, especially of the cerebral cortex, is by no means complete after nine months in the womb. A great deal of further maturation will take place in the first year of Jack’s life, as his brain nearly triples in size, growing from about one-quarter to nearly three-quarters of its adult weight. From a functional point of view, these postnatal changes are just as dramatic as the elaborate processes of prenatal brain formation we have followed so far. The difference is that they take place, for the most part, at the microscopic level. Superficially, the brain changes very little after birth, but its outer appearance belies the profound growth of the billions of tiny cells within.

The Birth and Growth of Neurons

What makes a brain develop? How does a neural plate transform itself into a closed tube and eventually into a central nervous system of brain and spinal cord with special circuits for vision, hearing, movement, language, emotion, and all the other complex cognitive functions of which we are capable?

As in most of biology, the answers lie at the level of individual cells. The human brain is built out of billions of nerve cells, or neurons, each of which is shaped much like a tree. Thus, a mature neuron has an extensive root system, called the dendrites, that receives input from other neurons, and a trunk, or axon, that can be extremely long and ultimately branches out to relay information to the next neurons in its circuit. In between these two branched systems lies an enlarged area, the cell body, which contains the nucleus and oversees the cell’s basic metabolic functions. (See Figure 2.5.) Within each neuron, information is transmitted electrically by brief impulses called action potentials; but when the impulse arrives at the end of each axon branch, the information must cross a gap, the synapse, in order to be transmitted to the next neuron in the circuit. The gap is traversed by the release of a chemical messenger, or neurotransmitter, from the presynaptic terminal of the axon. Neurotransmitter molecules then diffuse the short distance across the synapse, where they bind to special receptors on the postsynaptic neuron’s dendrites, triggering electrical responses in each such receiving neuron. This same sequence of electrical and chemical transmission repeats itself through every cell and synapse of the circuit.
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FIGURE 2.5
Structure of cerebral neurons in a newborn and an adult. Individual brain cells undergo enormous elaboration during infancy and early childhood.

 

Actually, there are two different types of cells in the nervous system: neurons themselves, which by connecting in the process just described form information-processing circuits, and glia, which are supporting cells that provide the structural framework and metabolic sustenance for the neurons. While glia are very important in both the development and functioning of the nervous system (in fact, they outnumber neurons by some ten to fifty times), neurons are where the action is, mentally speaking.

Neurons originate from the division of neuroepithelial cells—neural precursor cells fated to become part of the nervous system by the initial events of neurulation. Like epithelial cells that line the skin and gut, neuroepithelial cells originate at the border between the embryo’s body and the outer world—which in this case is the space inside the amniotic sac. But as the neural tube closes up, the neuroepithelia are trapped inside and become its inner wall. By five weeks of development, the space inside this tube has evolved into the five ventricles of the central nervous system: four fluid-filled chambers in the forming brain and one that runs along the entire inner length of the spinal cord. (All five ventricles remain continuous with each other, which is why a spinal tap—in which a sample of the fluid is taken from the base of the spinal cord—provides information about infections or chemical imbalances in the brain.) The walls of these ventricles play a special role in early brain development, because this is where the final cell division takes place that converts neuroepithelial cells into neurons and glia, a process called neurogenesis.

Neurogenesis begins as soon as the neural tube forms (at three weeks of development), reaches a peak in the seventh week, and is largely completed by eighteen weeks. To a very small extent, some neurons continue to be produced in the latter parts of fetal life and on into the first few postnatal months. (By contrast, glia continue to be produced at a low rate throughout life.) But for the most part, these basic building blocks of our brains are all formed by just four months’ gestation—back when Jack was only nine inches long and weighed a mere nine ounces. Even more amazing is the fact that these neurons (most of them, anyway) will survive as long as Jack does—to experience his grandchildren! The brain is unlike other tissues, such as the liver, blood, or even bone, whose cells can continue to divide, generating new cells throughout an individual’s life. Neurons are terminally differentiated, meaning that the cell division that produces them is the last they will ever undergo. This fact explains why brain damage is often much more devastating than damage to other tissues: once the cells comprising a particular neural circuit are lost, they can never be replaced. (Fortunately, the brain does have other compensatory mechanisms that can somewhat lessen the impact of brain injury.)

The speed of neurogenesis is mind-boggling. In order to produce the 100 billion neurons in a human brain, they must be born at a rate of 250,000 per minute, averaged over the nine months of gestation. Since the vast majority of neurons are produced by the midpoint of gestation, the actual rate is over half a million per minute.

This massive, unrelenting neural cell division is what fuels the initial formation of different brain regions. But the remaining and most intricate part of brain sculpting is accomplished by neural cell migration. After their birth on the ventricle walls, new neurons migrate outward, away from the ventricle, along tracks made by individual glial cells called radial glia. Like spokes on a wheel, radial glia are strong, elongated cells that extend outward from the ventricle. New neurons, which consist at this point only of an oblong cell body with two hairlike processes extending from either end, hop onto the radial glia and, following various molecular cues, shimmy their way along to a predestined zone in the thickening brain. In the cerebral cortex, which is composed of six layers of neurons, this migration proceeds in an inside-out sequence: the first cells to migrate stop in a layer closest to the ventricle, while each of five subsequent waves of neurons pass by the earlier cells to settle in progressively higher spots.

Neurons migrate immediately after being born. By the end of neurogenesis, halfway through gestation, most have taken up their final position, and all the major brain structures are in place. But in a sense, this is just the beginning of brain development. The neurons are there, but they are mere saplings. With just a tiny axon, a few short dendritic branches, and virtually no synaptic connections, they cannot do anything. It’s as if every one of the six billion people on earth each had some twenty telephones, but none of them was yet hooked up. The potential for communication is enormous but still to be realized.

The real business of brain development is in synapse formation. Synaptogenesis begins in the spinal cord by the fifth week of embryogenesis and, in the cortex, as early as seven weeks. But unlike neurogenesis and migration, it is a very prolonged process. In the cerebral cortex, whose 10 billion cells form their synapses later than any other part of the brain, synaptogenesis continues all through gestation, through much of the first year, and in some regions well into the second year of postnatal life. At its peak, some 15,000 synapses are produced on every cortical neuron, which corresponds to a rate of 1.8 million new synapses per second between two months of gestation and two years after birth!

The synapse is a communication point between two cells, and in order to accommodate this massive synapse formation, neurons must vastly expand their dendritic surfaces. Initially, synapses form directly on the smooth surface of new dendrite branches and branchlets. But before long, this contact coaxes the branch to produce a little nubbin, called a dendritic spine. (See Figure 2.5) Dendritic spines measure just one-thousandth of a millimeter in diameter, but they profoundly affect the way electrical signals are processed by the postsynaptic neuron. Spines dot the entire length of mature dendrites, their number closely paralleling the surge (and later pruning) in the number of synapses.

As much as 83 percent of total dendritic growth occurs after birth, to accommodate the enormous influx of new synapses. During this period, brain development is physically analogous to the growth of a new forest, when saplings branch upward and outward in their competition for sunlight. Like a rapidly thickening forest canopy, Jack’s cerebral cortex triples in thickness during his first year of life as a result of this enormous dendritic growth. (See Figure 2.6.)

Use It or Lose It: The Natural Selection of Brain Wiring

With billions of neurons and a quadrillion or so synapses to produce, the sheer numbers involved in brain development make it an awesome feat. But what is even more astounding, and perhaps the most difficult issue in all of neural development to understand, is how all these neurons and synapses get properly hooked together. How, for example, does a neuron in the retina of the eye know to bypass countless other targets in directing its axon to its correct terminus, the visual area of the thalamus? And once there, how does it find the right few hundred neurons to form synapses with—those that respond to the same tiny portion of the baby’s visual field? How does a cortical auditory neuron know how to find a particular language area of the brain, configuring its connections to activate only the speech sound /p/? Somehow, out of seemingly infinite possibilities, each neuron manages to grow both its axon and dendritic branches to precisely the right positions, aligning its input and output connections so that we end up with coherent circuits for vision, language, movement, and so on, and not just a hopeless tangle of wires and switches. How in the world do they do it?
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FIGURE 2.6
Cellular growth in the cerebral cortex during the first two years. No new neurons are added after birth, but new dendrites and synapses sprout furiously during a child’s earliest years, causing the cerebral cortex to thicken and its circuitry to grow massively more complex. These drawings are from the orbitofrontal zone of the frontal lobe, a cortical area important for memory and emotion.
Reprinted from J.L. Conel, The Postnatal Development of the Human Cerebral Cortex, 8 vols., Cambridge, MA: Harvard University Press, 1939–75, by permission of the publisher.

 

Neuroscientists have only begun to crack this difficult problem, but what we already know has profound implications for how we raise our children. Brain wiring involves an intricate dance between nature and nurture. Genes direct the growth of axons and dendrites to their correct approximate locations, but once these fibers start linking together and actually functioning, experience takes over, reshaping and refining these crude circuits to customize each child’s hardware to his or her unique environment.

Brain wiring begins with the outgrowth of axons. Once a newborn neuron has migrated, planting its cell body in a permanent position, it sends out a fine axon shoot with an enlarged tip known as a growth cone. At the end of the growth cone are about a dozen long tentacles that shoot out in all directions and act like radar, picking up all manner of navigational signals. They feel out the best-textured surfaces, sniff around for chemical cues, and even use tiny electrical fields to help the axon find its way to appropriate targets. Axons can grow to very great lengths, so long-distance connections, which pose the greatest challenge, tend to get an early start, at a time when the absolute distance between any two parts of the embryo (say, the spinal cord and the toe) is still comparatively short. Axon guidance also makes use of specific chemical attractants, released, much like insect pheromones, by potential target neurons to attract synaptic mates over relatively long distances. Led by their own genetically coded receptor molecules, these axons can’t help but elongate in the direction of an ever-increasing concentration of the attractant molecule until they reach its source, the target neurons with a matching chemical identity.

Once an axon completes its traverse, whether near or far, it branches out extensively, contacting up to hundreds of target neurons that have released the same potent lure. Contact leads to synapse formation, but these initial connections are promiscuous: both far too numerous and highly unselective. During infancy and early childhood, the cerebral cortex actually overproduces synapses, about twice as many as it will eventually need. The initial wiring scheme is thus quite diffuse, with a lot of overlap that makes information transfer both imprecise and inefficient. It’s as if all those billions of phones were first connected as party lines; you could dial Grandma at any of thousands of numbers, but it’s unlikely she’d be the first to answer.

Why does the brain bother to produce so many excess synapses? Why not save time and energy and simply wire things up precisely from the start? The answers to these questions cut right to the core of the nature/nurture issue.

Up to now, genes have been largely responsible for establishing brain wiring. They prescribe all the early targeting cues—the pheromones that attract one class of axon to a particular class of neuron, the surface receptors that sense these attractants (or in some cases, repellents), as well as the receptors for other chemical, textural, and electrical cues that guide axon growth and synapse formation. But the fact is that there are not nearly enough genes in the entire human genome to accurately specify every one of our quadrillion synapses. There are perhaps 80,000 genes scattered among the miles of DNA in our chromosomes, and even if a generous half of these were allotted to the delicate job of brain wiring (after all, the body does have some other important functions to perform with its genes), we would still be far short of having enough cues to specify an accurate wiring diagram for the entire brain.

This is where “nurture” steps in and finishes the job. By overproducing synapses, the brain forces them to compete, and just as in evolution or the free market, competition allows for selection of the “fittest” or most useful synapses. In neural development, usefulness is defined in terms of electrical activity. Synapses that are highly active—that receive more electrical impulses and release greater amounts of neurotransmitter—more effectively stimulate their postsynaptic targets. This heightened electrical activity triggers molecular changes that stabilize the synapse, essentially cementing it in place. Less active synapses, by contrast, do not evoke enough electrical activity to stabilize themselves and so eventually regress. (See Figure 2.7.) It’s “use it or lose it” right from the start; like other forms of Darwinian selection, this synaptic pruning is an extremely efficient way of adapting each organism’s neural circuits to the exact demands imposed by its environment.

Our best evidence for how experience guides synaptic selection comes from studies of visual development, which are discussed in Chapter 9. But there’s another dramatic demonstration—some classic experiments on laboratory rats that were inspired by something Charles Darwin himself described back in 1868.

Ever the careful observer, Darwin rounded up a bunch of rabbits, measured their head and body sizes, and found that those raised in captivity had far smaller brains, relative to body weight, than those that grew up in the wild. Compared to the wild rabbits, Darwin realized, the domestic rabbits “cannot have exerted their intellect, instincts, senses and voluntary movements, either in escaping from various dangers or in searching for food,” so that “their brains will have been feebly exercised, and consequently have suffered in development.”
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FIGURE 2.7
During the “exuberant” period of brain development, children produce about twice as many synapses (depicted as small circles and squares) as they will eventually need. Experience, or electrical activity, determines which synapses will be preserved and which will be eliminated.

 

A century later, neurobiologists finally started to figure out how a challenging environment stimulates brain growth. Much like Darwin’s rabbits, laboratory rats that have been reared in an “enriched” environment—in a large cage containing several litters and a wide variety of “toys” to see, smell, and manipulate—have larger brains, with a notably thicker cerebral cortex, than those raised in an “impoverished” environment—isolated, in a small empty cage, without any social stimulation and a bare minimum of sensory experience. The reason their cerebral cortex is bigger, researchers have found, is that their neurons are larger, with bigger cell bodies, more dendritic branches, more spines, and more synapses than those in the brains of impoverished rats. In other words, the extra sensory and social stimulation actually enhances the connectivity of the enriched rats’ brains, a difference that probably explains why they are also smarter—they learn their way around a baited maze significantly faster—than their impoverished laboratory mates.

It is no great stretch to see the implication of these experiments for human development: A young child’s environment directly and permanently influences the structure and eventual function of his or her brain. Everything a child sees, touches, hears, feels, tastes, thinks, and so on translates into electrical activity in just a subset of his or her synapses, tipping the balance for long-term survival in their favor. On the other hand, synapses that are rarely activated—whether because of languages never heard, music never made, sports never played, mountains never seen, love never felt—will wither and die. Lacking adequate electrical activity, they lose the race, and the circuits they were trying to establish—for flawless Russian, perfect pitch, an exquisite backhand, a deep reverence for nature, healthy self-esteem—never come to be.

The magnitude of this synaptic sorting is enormous. Children lose on the order of 20 billion synapses per day between early childhood and adolescence. While this may sound harsh, it is generally a very good thing. The elimination of stray synapses and the strengthening of survivors is what makes our mental processes more streamlined and coherent as we mature; the party lines sort themselves out into clear, private, efficient channels for information transfer. On the other hand, it may also explain why our mental processes become less flexible and creative as we mature. Although the brain continues to exhibit certain more subtle forms of plasticity in adulthood (which is, after all, the way we learn or remember anything at all), it is never as malleable as in childhood.

Myelination: Insulating the Wires

Coinciding with the extended period of dendritic growth and synapse refinement is one more critical event in neuronal development, called myelination. In adults, the axons of most neurons are coated with a fatty substance, myelin, that acts as an electrical insulator and is essential to proper information flow. Fiber bundles in the brain or nerves can contain many thousands of different axons. Since these fibers are packed closely together, they run the risk of electrically interfering with each other. Just as the two wires in an electric power cable are encased in plastic or rubber to prevent shorting, neuronal fibers or axons are sheathed in myelin to prevent cross-talk that would scramble the information each is transmitting.

An even more important function of myelination is to speed the transmission of electrical signals. Neurons transmit electrical signals not by the flow of electrons but by the flow of ions—dissolved salts like sodium, calcium, and potassium (which carry a positive charge) and chloride (which carries a negative charge). But nerve cell membranes are leaky. As electrical signals race along the length of an axon, some of these ions leak out, reducing the efficiency of transmission. Myelination solves this problem by sealing up the leaks. In fact, before they are myelinated, many fibers are incapable of transmitting impulses all the way to their endpoint, the synapse, because they lose too much ionic current along the way. Another by-product of this leakiness is that unmyelinated axons cannot fire successive action potentials fast enough to meaningfully transmit information. So even when neurons have grown their branches and formed the synapses that complete the fundamental brain circuits, these circuits don’t work very well until the axons are myelinated.

The importance of myelin is poignantly illustrated in patients with demyelinating diseases. The most common of these is multiple sclerosis (MS), caused when a person’s immune system destroys his own myelin. MS sufferers eventually develop severe sensory and motor deficits—such as blindness and paralysis—because their nerves cannot properly conduct action potentials.

Myelination begins in the nerve fibers of the spinal cord at just five months of gestation, but not until the ninth prenatal month in the brain. It is another very slow process, advancing through several stages in which the myelin wrapping gets progressively thicker and is also altered to a more mature composition. Different areas of the brain are markedly uneven in their pace of myelination. Together with the surge in synapse formation, the onset of myelination is critically important for the emergence of a particular region’s function, and the rate of myelination controls the speed at which that function progresses. This is particularly evident in the emergence of different motor skills, as we’ll see in Chapter 11.

The order of myelination in different regions of the brain is largely genetically controlled and follows a roughly phylogenetic sequence: axonal fibers in older brain regions, controlling basic vegetative and reflexive functions, tend to get myelinated well before fibers in higher areas, which control more sophisticated mental abilities. But while genes control the timing of myelination, environmental factors, such as malnutrition, have been found to adversely affect the degree of myelination, that is, the thickness of the wrapping around individual axons. Whether myelination can also be positively influenced by a child’s environment or experience is not yet known but is a fascinating topic for research.

Myelin is composed of about 80 percent lipid (including about 15 percent cholesterol) together with about 20 percent protein. It is produced by special types of glial cells, whose number is sensitive to the quality of nutrition in early life. Myelin production is the primary reason why pediatricians recommend a high level of fat (including whole milk) in children’s diets until about age two, in spite of the general trend to lower fat intake in adults and older children. In fact, an extremely high-fat diet is the preferred form of treatment for some forms of epilepsy in young children. Poor myelination may contribute to these seizures by permitting too much electrical cross-talk between neurons.

Regional Brain Development as a Map of the Developing Mind

Neurogenesis, migration, synapse formation, synapse pruning, myelination: the same events are taking place in every part of Jack’s nervous system but often at different times. Indeed, one of the more striking features of human brain development is its marked unevenness. Now nearing the end of gestation, some parts of Jack’s nervous system are already almost fully mature, while others will still be developing past puberty, a sequence that has enormous implications for his emerging mental abilities.

Generally speaking, the nervous system matures in a gradient, from tail to head. The spinal cord and brain stem are almost fully organized and myelinated by birth; the midbrain and cerebellum begin myelinating just afterward; subcortical parts of the forebrain (including the thalamus, basal ganglia, and parts of the limbic system) follow a little later in the first (and for a few pathways, the second) year. Last of all is the cerebral cortex, which is both the slowest and most uneven of all brain structures to mature. Sensory areas of the cerebral cortex mature relatively quickly, followed by motor areas, but large areas of the parietal, temporal, and frontal lobes, which are known as the higher-order “association” cortices, are still pruning their synapses and myelinating their axons late in the second decade of life. These are the circuits responsible for our most sophisticated mental processing—language, attention, judgment, planning, emotion, and reasoning—so it is little wonder humans take such a long time to reach a truly mature level of thought.

The sequence of brain maturation has been established largely through anatomical methods, using autopsy material and, more recently, MRI scans, which are especially good at detecting myelin. But the same maturation has also been confirmed by actual measures of babies’ brain activity. The classic method is electroencephalography (EEG), which uses harmless electrodes, taped to a baby’s scalp, to detect tiny electrical signals emanating from the brain. EEG recordings pick up considerable activity in the brain stem of newborns but very little from the cerebral cortex. Beginning around two to three months, the cortex shows its first sign of “alpha” activity—faster, spikier rhythms associated with an alert awake state. (See Figure 2.8.) Except for cortical responses to simple sensory stimuli, however, maturation of the electrical rhythms of the cerebral cortex is markedly slow throughout infancy and most of childhood.

EEG is still widely used for studying neural processing, especially in babies, because it is noninvasive, and they don’t have to hold perfectly still to give accurate readings. But it is not very precise at determining where activity is coming from in the brain. For this, researchers have turned to several exciting new imaging techniques, such as PET (positron-emission tomography) and functional MRI (magnetic resonance imaging). In PET scanning, subjects are injected with a form of the brain’s most important energy source, glucose, that has been enhanced with a short-lived radioactive tracer. Electrically active brain areas use more glucose than inactive areas, so the scanner, which measures the radioactive emissions, allows us to visualize the amount of activity in different parts of the brain. Although the amount of radioactivity involved is relatively harmless, PET can be performed on children only for strict medical reasons—that is, for diagnosing brain injury. Functional MRI does not involve any radioactivity. But both methods require that the subject hold extremely still, so neither unfortunately is ideal for studying babies.

[image: ]

FIGURE 2.8
Awake EEG activity recorded from the scalp of the same infant at three different ages. EEGs grow increasingly “spiky,” or complex, throughout childhood but undergo their most dramatic changes during the first year.
After I. Hagne, “Development of the waking EEG in normal infants during the first year of life,” in P. Kellaway and I. Petersen, eds., Clinical Electroencephalography of Children, Stockholm: Almqvtst and Wiksell, 1968.

 

Nonetheless, researchers at the University of California at Los Angeles were able to complete one large series of PET scans on children between the ages of five days and fifteen years of age. Out of more than a hundred pediatric patients, twenty-nine turned out to have no neural impairment, so their PET data serve as a measure of glucose utilization in the normal developing brain. This study revealed a close correspondence between the level of glucose utilization and the synaptic organization of different brain regions at different times in development. In newborns, brain activity is largely confined to subcortical structures such as the brain stem, part of the cerebellum, and the thalamus. These structures are responsible for the characteristic reflexes of newborns—their rooting, grasping, sucking, stepping, and startle responses—all of which disappear when the cortex develops further and comes to actively override them. In the newborn, however, the cortex uses very little glucose, which shows once again that it really isn’t doing very much in the first month or so of life.

But the situation changes dramatically during the next several months. Around two or three months after birth, activity levels shoot up in several cortical areas, most notably in the roughly rear half of the brain that controls visual perception. Then after six or eight months, the frontal lobe begins to rise in glucose utilization. Within the frontal cortex, phylogenetically older areas are activated before newer ones, which don’t register significant activity until the last few months of the first year. As we will see, frontal activation is responsible for the first inklings of higher cognitive function in babies, a surge in memory, emotion, and general awareness that takes off around eight months after birth.

Glucose use continues to increase through early childhood, reaching a peak between four and seven years of age, depending on brain region. At its height, cortical glucose use is about twice the level of that in the adult brain; it then gradually declines throughout the rest of childhood and adolescence. This pattern of glucose use—low initially, followed by a rapid increase and overshoot, followed by a gradual decline to adult levels—is strikingly similar to the change in numbers of cortical synapses during development. Developing brains thus appear to use the most energy during the pruning period, when they are making all those critical decisions about which synapses to preserve and which to eliminate.

Critical Periods for Enriching Brain Wiring

The sequence of brain development is fascinating for helping us understand what’s going on in the minds of babies like little Jack, now a sleepy, hungry newborn. But it is even more important for understanding what Jessica and Dave can do to help that mind fully blossom. That’s because this sequence defines the various critical periods for mental development—the windows of opportunity, some narrow, some wide, during which Jack’s experience will fatefully and permanently shape each of his mature mental skills.

All of the essential refinements in brain wiring—dendritic growth, spine formation, synapse selection, and even myelination—can be influenced by a child’s experience. But once a given brain region has passed the refinement stage, its critical period has ended, and the opportunity to rewire it is significantly limited. Thus the critical periods for basic sensory abilities, like vision and hearing, end much earlier than those for more complex skills, like language and emotion, whose underlying neural circuits prune their synapses and myelinate their axons over most of childhood. Nonetheless, all critical periods probably begin within the first four years of life, when the synaptic tide turns from waxing to waning in all brain areas.

It would be hard to overstate the importance of synaptic refinement to a child’s developmental potential. The initial wiring of a particular brain region (the period of synapse overproduction) marks the onset of a particular ability, such as vision in the first few months and language in the second year. But it is the prolonged pruning period that fixes the overall quality of that ability, because this is when experience—translated into neural activity—decides which connections will be preserved and, consequently, how the brain will be permanently wired for certain ways of thinking, perceiving, and acting. As long as an excess number of synapses are present, the brain remains maximally plastic and can develop in a variety of ways. But once those excess synapses are gone, the critical period is over, and it must make do with its existing circuitry; there’s no trading up for a faster computer.

In the chapters that follow, we will trace the development of every major circuit of the brain, seeing how its initial wiring takes shape, when it myelinates, when its critical period begins, and how long it remains open for improvement, or atrophy, during a child’s life. For many abilities, the critical period is mercifully long, extending throughout childhood and even early adolescence. For others, it closes in just the first months or years of life, often before parents are even aware that their child’s mental development is vulnerable in some way. Understanding brain development clarifies these various critical periods and can thereby help us make the most of every child’s priceless neural plasticity.
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