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To my family—especially the teenagers

Acclaim for Barbara Strauch’s  THE PRIMAL TEEN
“Upends the longstanding belief that the teenage brain is  largely complete, concluding instead that it is undergoing dramatic changes that can help explain what appears  to be a gap between intelligence and judgment.”
—The Hartford Courant
“This is such a smart book. . . . Barbara Strauch acts as   a world-class guide to a mysterious place, taking us on a  journey through the teenage brain and making sense of  the scenery. In turns funny, curious, explanatory, vivid,  she does an absolutely compelling job of helping us to  understand our children—and ourselves.”
—Deborah Blum,
author of Love at Goon Park:
 Harry Harlow and the Science of A fection

“Through interviews with parents, physicians, neuroscientists, and teens, Strauch has compiled impressive insights  about the nature of being a teen or the parent of one.”
—Science News 
“Entertaining as well as informative.” 
—Teacher magazine
“An intriguing look at cutting-edge studies that now tell  us the brain is not finished growing in a child’s early  years but continues into the teens.” 
\—The Plain Dealer
“Can knowing more about the teenager’s brain help us to  understand the teenager’s behavior? Can an account of  the neuroscience of adolescence be lively and readable?  Barbara Strauch provides convincing evidence that the  answer to both questions is yes.” 
—Judith Rich Harris,  author of The Nurture Assumption:  Why Children Turn Out the Way They Do 
“Readers will be struck by the wonderfully candid comments by those interviewed as well as Strauch’s insightful  narrative.” 
— Publishers Weekly
“Strauch’s well-researched book explains studies that were  impossible without such advanced technology as the MRI  in clear, compassionate, layperson’s language. . . . A parents’ must-read.” 
—Booklist
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INTRODUCTION
I MUST SAY, I’d never given much thought to the brains of  teenagers. Even as the mother of two teenagers, brains were not  the first thing I thought of when trying to figure out why they  did what they did. It was hormones; it was friends; it was my fault;  it was the summer wind. Brains?
As a science editor, I also knew the official party line about  adolescent brains. As far as critical development went, teenage  brains were pretty much done, wired up, three pounds of  sparkling, charged-up brain cells, just hanging there, ready and  waiting for all that Chaucer, all that calculus, all that wise parental  caution to pour in.
But not long ago, I began to hear reports from a small group  of neuroscientists who had started to look inside the living, working teenage brain, trying to see if they could, in fact, figure out  what makes teenagers do what they do.
Their studies had arcane titles: “In Vivo Evidence for Post-Adolescent Brain Maturation in Frontal and Striatal Regions.”   “Structural Maturation of Neural Pathways in Adolescents.”
But behind those dry titles was an intriguing story. What are  these neuroscientists finding in those teenage brains after all?  Could they take us somewhere we’ve never been? Could they  help us figure out what makes a teenager such a delightful and  perplexing pain in the neck?
With adolescence blooming all around me at home, I decided  to go find out. I crossed the country—at times with my own two  teenagers in tow—talking to dozens of neuroscientists and scores  of adolescents, trying to figure out what one had to do with the  other, if anything. I talked with teenagers on their way to Harvard  and teenagers who shot heroin. I talked with parents who wondered what all the fuss was over adolescence and parents who’d  been tempted, with a degree of justification, to throw their  teenager off a small building. I talked with neuroscientists who  peer inside human teenage brains, scientists who spend their days  with teenage monkeys, and scientists who slice up the brains of  adolescent lab rats.
And, in the end, I had to say, they’ve got something. The  teenage brain—monkey, rat, and human—is different, certainly far  different from what I ever thought, far different from what the scientists themselves had thought. In fact, it may be as odd and  wacky and weird as teenagers themselves.
This book is the story of those wacky and weird teenage  brains. It’s also a story of the teenagers who have those brains and  the scientists who are, at long last, poking around in them and asking questions: Why do teenagers sleep until noon? Why do they  slam those doors, forget to call home, drink themselves silly? Why  is it some, quite suddenly it seems, slide into the deep reaches of  despair, even the ravages of psychosis, while others, quite suddenly  it seems, appreciate the beauty and contours of algebra, the nuance  of a subtle joke?
For the first time, neuroscience is wrestling with all that. Using  its latest tools, its biggest brains, neuroscience is trying to figure  out the answer to one of the oldest questions we have about adolescents: Why are they acting that way? The scientists themselves,   excited as they are with what they are finding, acknowledge that  they are tiptoeing out on a ledge. It’s a science in the making and,  like the teenagers themselves, a bit wild. Indeed, the field is changing so fast, I found myself checking dates on any scientific study I  looked at. “Oh, 1996, too old.”
By and large, scientists—and this book, too—refer to adolescence in its broadest definition. While adolescence certainly  includes the more precise biological moment of puberty we most  often associate with teenagers, it is not just a single moment but  actually a series of stages, many of which are unseen, that begin  long before the first breasts sprout, and last long after kids have left  for college.
Most periods of brain development have some crucial things  going on. The brain, as the scientists will tell you over and over, is  the most interactive thing on Earth. Just looking at it changes it;  just asking it questions changes it. Your brain is changing now, as  you read this.
But most scientists working in this area today think that   the changes taking place in the brain during adolescence are so  profound, they may rival early childhood as a critical period   of development. The teenage brain, far from being ready-made, undergoes a period of surprisingly complex and crucial  development.
THIS book is not, for the most part, about troubled teenagers.  It does not, ultimately, answer the question of why, particularly in  recent years, increasing numbers of young teenagers have decided  to pick up semiautomatics and shoot their friends in the high  school cafeteria. There are dozens of theories, but, in truth, no one  yet knows the answer to that, including me.
The scientists hope one day to learn enough to help teenagers  who are troubled and sick. Indeed, many of the scientists probing  deep into the teenage brain are driven by the idea that, if   their new tools and new science can find out what normal   development means, they may figure out what goes wrong    in schizophrenia, one of the most devastating illnesses on the  planet—and a disease that most often starts in adolescence.
But the first step is to understand how a normal teenage brain  grows. What is supposed to happen? What parts are getting bigger? What parts are getting smaller? How does this part connect  with that part and when? Can we look in a teenage brain and  find, hidden in its folds, some answers to even the most fundamental questions, such as why an otherwise tame and timid  teenager goes out one morning and puts a big silver ring in her  nose?
As it turns out, yes. As it turns out, teenagers may, indeed, be  a bit crazy. But they are crazy according to a primal blueprint; they  are crazy by design.

Chapter 1
CRAZY BY DESIGN
The New Science  of the Teenage Brain
TEEN. BRAIN. Brain. Teen. The words, I concede, go more  tongue in cheek than hand in hand. Utter them out loud—mention even that you’re writing a book on the teenage brain—and  the jokes come popping out, like pimples before a prom.
“What? They have one?”
“Short book.”
Steve, the father of two teenage boys, shook his head and  wished me luck.As far as he could tell, the teenage brains he knew  had recently and inexplicably gone berserk.
“I don’t get it,” he said. “All of a sudden strange things are  happening with the kids we know. These are good kids, bright  kids, but the other day one stole some calculators from the high  school and sold them, another can’t finish any homework. Getting  my own kids out the door in the morning now is this monumental thing. What’s going on?”
Denise, a writer and the mother of two lovely teenage boys,  was ferocious.
“Teenage brain? I’ll tell you teenage brain,” she told me one  morning. “You know my thirteen-year-old? Well, he went to the  school dance, and the rule is you have to stay inside and you can’t  leave. But he and his friends decided they were imprisoned, and  so they went outside and ran in a big circle around the gym. Who  knows what they were thinking, but the principal found out and  called my husband at home. The next day, we talked and talked;  we told him he had to apologize, that he had inconvenienced  everyone. But he just couldn’t get it; he couldn’t get outside himself to understand things from someone else’s point of view.”
And what was next from this thirteen-year-old, a straight-A  kid who never caused a speck of trouble before and who, as his  mother says, “used to be so meticulous and quiet and sweet?”
One evening, Denise came home from work and found three  letters waiting for her: One said her son had, as expected, been put  on the honor roll, the second said he’d made all-county orchestra,  and the third said he was being suspended from school after being  caught hanging around downtown when he was supposed to be  in history class.
“You look at them and sometimes they’re so articulate and  they seem so grown up and you think they have all the pieces, but  sometimes they just don’t,” said Denise. “I have to say that I  believed, smugly, that only irresponsible, self-absorbed jerks had  children who got into trouble. But something always happens. It’s  annoying; it’s scary; it can make you crazy.”
As the mother of two teenage girls, I don’t quibble with this.  Annoying stuff happens, scary stuff happens. It can make you  crazy.
One morning not long ago my oldest daughter, then fifteen,  got up (at noon) and to my delight—without being asked!—  cleaned her room and lugged her laundry to the washing  machine.
Then, as the rinse cycle whirred and we talked in the living  room—I suggested that it wasn’t such a great idea to take her new  CD player to an amusement park with water rides—she morphed, she mutated. Shooting up off the couch—in full-tilt   pubescent display—she stomped upstairs, flinging over her shoulder the battle cry of the teenage warrior goddess, circa 2003:  “You suck!”
THE world, of course, has been trying to figure out teenagers  for centuries. Their behavior has baffled the best of our thinkers.  Aristotle said teenagers appeared “fickle in their desires,” which  are as “transitory as they are vehement.” Shakespeare, Romeo and  Juliet aside, described adolescence as largely a time for “getting  wenches with child, wronging the ancientry, stealing, fighting.”  And, if he spoke of their brains at all, which was rare, he dismissed  them as “boiled.”
The first whiff from those boiled brains can be subdued, even  subtle.
Rhona, the mother of two teenagers in New Jersey, knew her  daughter Susannah was a teenager simply because she “became  embarrassed about the music I had on in the car.” Bill, the father  of two teenage girls in a small town in New York, says he knew  adolescence had arrived when one of his daughters didn’t speak  to him for a week. Ron, the father of four teenagers in Phoenix,  always knew one of his kids had hit adolescence when they started  spending a lot of time in the bathroom.
Other times, the whiffs become shock waves.
One father in Minneapolis was aghast when his straitlaced son  was caught painting graffiti on the side of a store; a mother in  Princeton got a call one spring afternoon from the local police  who said her well-behaved fourteen-year-old daughter had stolen  a T-shirt from the mall; a mother and father were in tears when  their beautiful fifteen-year-old daughter sneaked out her window  at midnight to meet a twenty-four-year-old man she’d just met.
For Ellen in New York City, the mother of twin boys, the adolescent wave that swept into her house was abrupt, swift, and  “horrible.” It arrived about the time her sons were in the seventh  grade. “To me it was a return to the terrible twos,” she told me.  “The tantrums, the stomping of feet, the slamming of doors, the   fighting, the name-calling, the animalistic behavior. All of a sudden they got very good at evasive behavior, experts at keeping  secrets. Their rooms were a mess, their bodies were clean but they  had laundry all over the floor. They became very rude and the  self-involvement was breathtaking. It was cosmos-annihilating  narcissism, that’s what it was.”
One son tiptoed out of the family’s apartment late at night  and somehow got himself to New Jersey with his friends; the  other—both boys are quite smart—was caught after he hacked  into a university computer system. One—no need to say which—  managed to make LSD in the high school science lab.
“Believe me, it was a struggle,” said Ellen. “I knew all about  how teenagers were supposed to be, but still, it knocked me out.”
Teenagers themselves are often surprised at how rapidly their  world changes, in all sorts of ways. Lisa, a fourteen-year-old girl  from Minneapolis who plays lacrosse and actually likes studying  Latin, told me it seemed that “all of a sudden” her moods “were  all over the place.”
“Sometimes, I just get overwhelmed now,” she said. “There’s  all this friend stuff and school and how I look and my parents. I  just go in my room and shut the door. My parents want to talk to  me, and I don’t mean to be mean, but sometimes I just have to go  away and calm down by myself.”
This is not to say that all teenagers are alike. Parents often  describe at least one child, more if the gods smiled, who just  seemed to sail through adolescence. But for most teenagers,  blessed with natural curiosity and transversing unknown emotional, physical, and hormonal lands, something usually happens,  nothing malicious, nothing illegal, just something.
“I get in trouble a lot more now, but it’s for stuff I really   didn’t mean,” said Martin, fifteen. “I forget to call home. I don’t  know why. I just hang out with friends, and I get involved with  that and I forget. Then my parents get really mad, and then I get  really mad, and it’s a big mess.”
WHAT’S GOING ON?
So what’s really happening? Why do normal, well-behaved  teenagers start pouting in their rooms, sneaking out windows,  stomping their feet, or making LSD in the school science lab? For  many years, the answer had been simple: hormones, the raging  hormones of adolescence.
I remember, not long ago, going to an orientation for my  daughter when she was entering sixth grade, and listening to the  white-haired principal get a good laugh when he told the crowd  of jittery parents sitting in front of him on folding chairs: “Don’t  worry, we know that all the growth in these middle school years  goes on—from the neck down.”
He was only partly right. No question, there’s unmistakable  activity from the neck down in the teenage years. No question,  testosterone is there skateboarding down the railings; estrogen is  throwing her hips around.
But that’s not the whole story.
For the first time now, scientists are starting to look beyond  hormones to explain teenage behavior. And they’re finding clues  in an unexpected place: the teenage brain, the boiled,  besmirched—and decidedly above the neck—teenage brain.
For years it was thought that the teenage brain was finished,  cooked. Most of the truly important human brain development,  scientists believed, was over by the first three years of life. Explaining teenagers has been the job of social scientists, psychologists,  psychiatrists, educators, and maybe a priest or two, not neuroscientists. What possible interest could still lurk behind those pierced  eyebrows, under that orange-spiked hair?
As it turns out, a whole lot.
In unprecedented work, scientists are discovering exactly how  the teenage brain works. Using powerful new brain-scanning  machines, peering for the first time into living, working teenage  brains, coordinating work across countries and across continents,  drawing on pioneering work with adolescent primates and even   rats, the neuroscientists are finding that the teenage brain, far from  being an innocent bystander to hormonal hijinks, is undergoing a  dramatic transformation.
The teenage brain, it’s now becoming clear, is still very much  a work in progress, a giant construction project. Millions of connections are being hooked up; millions more are swept away.  Neurochemicals wash over the teenage brain, giving it a new  paint job, a new look, a new chance at life. The teenage brain is  raw, vulnerable. It’s a brain that’s still becoming what it will be.
“We used to think that, if there were brain changes at all in  adolescence, they were subtle,” Elizabeth Sowell, a neuroscientist  at UCLA and one of the country’s top researchers of the adolescent brain, told me. “Now we know that those changes are not as  subtle as we thought. Every time we look at another set of teenage  brains, we find something new.”
And this growing group of neuroscientists—in some cases  with teenagers of their own they need to figure out—are uncovering clues that can help us all understand why teenagers do what  they do, zeroing in on what the normal, average teenage brain  might be up to during what one normal, average seventeen-year-old-girl described as her “brief insanity.”
The portrait is far from one-dimensional.
The teenage brain may, in fact, be briefly insane. But, scientists  say, it is crazy by design. The teenage brain is in flux, maddening  and muddled. And that’s how it’s supposed to be.
And the teenage brain is also wondrous. It’s the brains of  teenagers, after all, that begin to grapple with our knottiest, most  abstract concepts, with honesty and justice. In the neuronal nooks  and crannies of their evolving brains, teenagers, for the first time,  develop true empathy. They may find themselves, often to their  own surprise, happy to stay up until three A.M. to listen to a friend  in trouble, worrying about the children in war-torn Afghanistan,  or passionately falling in love with the nuances of a poem.
“I love teenagers,” said a mother whose two children had successfully navigated their teenage years. “I like their intelligence  and their growing ability to think for themselves, to argue intelligently, and get excited by ideas. I like sharing books with them  and I like the way they can show me things, like how to use a  Palm Pilot. And I like their sense of style.”
In their own way, the brain scientists, too, have detected this  polysided adolescence, a normal brain evolution that includes  moments of mayhem as well as growing precision and passion.  Inside the teenagers’ brains—smart ones, shy ones, silly ones—  they’ve found, and this word comes from the neuroscientists’ own  ungainly language, exuberance.


Chapter 2
THE PASSION WITHIN
Peering into the Living Brain  in Search of Normal
NORA loped through the clinic door, her long brown hair  with a wide purple streak flowing behind her. In recent years,  Nora Berenstain had survived a move from Sacramento to Washington, D.C., her parents’ divorce, and a horrific seventh grade  when her best friend moved away.
Now sixteen, Nora was confident and instantly likable. She  volunteered at NOW headquarters and helped edit the school  paper. Wearing faded jeans and a flowered shirt, she flopped her  tall, thin body down on a chair and burst out: “How ya doin’, Dr.  Giedd?”
David and Matthew Goldstein, thirteen-year-old twins, came  next, bounding in like matching soccer balls. It was their first time  at the clinic and they blurted nervous questions. “This machine,  what exactly  is it going to do, Dr. Giedd?” asked Matthew.
Dr. Jay Giedd, the forty-year-old neuroscientist at the  National Institutes of Health (NIH) who they’d come to see, is  one of a small group of scientists who have recently discovered   that the brains of regular, average teenagers like Nora and David  and Matthew are far different from what anyone had imagined.
A child psychiatrist, a neuroscientist, and the father of four  young kids himself, Giedd is originally from North Dakota. He  has an open, round face, a short red beard, and he grinned broadly  as each teenager arrived at his clinic trying, with one of his corny  North Dakota jokes, to get them to laugh. “Oh, I love your hair,”  he told Nora when he saw her purple streak. He patted his own  balding head. “I wish I had enough to do that.”
Tuesdays are brain-scanning nights at the National Institutes  of Health. Giedd, one of the country’s top brain scanners, had  come to the basement room of Building 10 on the NIH campus,  as he had every Tuesday from five to midnight, to engage in his  latest passion: Trying to understand the normal teenager.
Teenagers usually come to the big brick buildings of the  National Institutes of Health because they’re sick. On the third  floor of Building 10, there are beds filled with glassy-eyed children  diagnosed with schizophrenia. But the teenagers who come down  the long, white corridors to the basement room of Building 10 on  Tuesday nights are not sick. Purpled-haired and baggy-panted,  they’re as normal and ordinary and healthy as possible. Volunteered by parents, lured by the $60 per visit they’re paid, they  arrive and, in the name of science, stick their heads into a big,  noisy MRI brain-scanning machine.
Giedd has been putting kids’ heads in this machine for ten  years, scanning and rescanning the brains of hundreds of children  and teenagers. It’s the world’s first such long-term study of brain  development in normal kids and it has produced extraordinary  results, the ripples of which extend far beyond any individual  teenager and any individual brain and—for parents and neuroscientists alike—are likely to change the way we think about  teenagers forever.
ONE big stumbling block in studying the brains of teenagers  has been that relatively few of them die. As far as studying human   brains go, it’s far easier for scientists to get their hands on the brain  of a baby or a grandmother than that of a fourteen-year-old.  Studying the development of the adolescent animal brain, too, has  not been easy. Unlike in humans, adolescence in animals is often,  as one biologist put it, “over in an eye blink,” making serious   long-term study difficult.
Beyond that, there’s been the overreaching issue of boredom.  Teenage brains were thought to be largely finished, as far as serious, interesting neural development went. The only big thing  happening in adolescence, as far as anyone knew, involved those  pesky hormones, hair and pimples, all that.
But new machines that can peer inside living brains—and   scientists like Giedd who have decided to study those living  teenage brains—have put an end to those thoughts. In the last few  years, Giedd and other scientists have found that the adolescent  brain undergoes a massive remodeling of its basic structure, in  areas that affect everything from logic and language to impulses  and intuition.
As neuroscientists, Giedd included, remind us, it’s a long way  from a brain scan to explaining a teenager who makes LSD in a  high school science lab. But what’s indisputable is that the teenage  brain is not just sitting around, a blob on the bench. And, after  years of neglect, the study of the adolescent brain has now become  fashionable.
One of the biggest projects aimed at understanding the  teenage brain, one launched by various branches of NIH, involves  recruiting and scanning five hundred children across the country,  carefully matching the racial and socioeconomic mix of America.  Another major project, being run in part by the Santa Fe Institute,  a research center that wrestles with complex systems from physics  to economics, is scanning the brains of babies and teenagers and  includes some of the most eminent names in neuroscience. “We  wanted to study babies and teenagers because it now seems that  those are the times of greatest change in the brain’s structure and  function,” John Mazziotta, a pioneer in brain-scanning at UCLA  and one of the heads of the Santa Fe project told me. “And we   focus on the times of change because it might be at those times  that we can have the most influence.”
Research on the teenage brain is just beginning, just peeking  its sneakered toes over the skateboard’s edge. But already findings  are upsetting long-held views not only about the adolescent brain  but about brain development in general.
In part, it’s a story of technology. Just as the Hubble space telescope is opening a new window on our universe, new machines  and even new computer equations have spawned a brand-new  discipline of adolescent neuroscience.
And it’s a story, too, of the teenagers who are volunteering in  this never-before-tried effort to understand them from the inside  out.
“We need to study normal teenagers and we need to look at  those same normal teenage brains over and over,” says Giedd.  “How can we ever help kids with problems if we don’t know  what normal is?”
THE first volunteer on the Tuesday night of my visit was  Matthew Goldstein, who walked resolutely toward the giant  MRI, or magnetic resonance imaging, machine, a gray plastic  cube with a hole in the middle. Once Matthew was inside, the  MRI, using radio waves, magnetic fields, and computers, would  give Giedd a remarkably clear picture of the inner structure of the  thirteen-year-old’s brain.
At Giedd’s direction, Matthew hopped up onto the machine,  his feet dangling over the side. Because it was Matthew’s first brain  scan, Giedd explained the process step by step.
“Now,” said Giedd, speaking in the slow, comforting tones of  a child psychiatrist as he spoke to Matthew, “I want you to lie  back, and I’m going to strap in your head. It’s not going to hurt.  You’ll be fine. There’s a mirror in there where you can see us in  the other room. Just think of yourself as an astronaut going out  into outer space.”
Matthew lay back and slid into the scanner, leaving only his   feet sticking out on the slide. His father, Ira Goldstein, still dressed  in his gray business suit, was quietly standing by.
“Is it OK if I touch him?” Ira finally asked Giedd tentatively.
Giedd assured him that it was fine, and Ira gently placed his  hand on his son’s foot. Matthew, teenage brain science volunteer,  would be in the scanner for forty-five minutes and, for all that  time, his father’s hand would not waver.
UNDER CONSTRUCTION
Jay Giedd had first seen hints of the remarkable transformation of the teenage brain five years before. Like a number of  neuroscientists who scan the human brain, Giedd often sends  brain pictures to the Montreal Neurological Institute, where, with  super-fast computerization, scans are turned into rows of numbers  corresponding to brain section sizes that are neatly e-mailed back  to brain researchers.
Checking his e-mail one morning in the spring of 1997,  Giedd was stopped short. The numbers showed that the brains he  was studying were undergoing dramatic changes around puberty  and early adolescence. The brain’s gray matter—its outer layer—  was thickening, and then dramatically thinning down, a level of  change that was supposed to be largely over by kindergarten.
“Basically, I thought I was wrong. I thought the numbers were  off,” Giedd says.
Brain thickening generally happens when the tiny branches of  brain cells bloom madly, a process neuroscientists refer to as overproduction, or exuberance. Although there’s debate about this,  many believe that in periods of such exuberance the brain may be  highly receptive to new information, or primed to acquire new  skills, particularly those related to basic survival. For years, one of  the strongest-held beliefs in neuroscience was that this exuberance  occurred primarily in early brain development. But Giedd had  found a burst of exuberance in the teenage brain.
“There was so little information out there, and what was there   said that this overproduction was over long before teen years,”  Giedd said. “I just kept looking at the data. Then, after about six  months of looking at more brain scans, I thought, hey, this is for  real.”
Giedd gathered data from nearly 150 developing brains that  showed the same thing. He published a paper on his findings in  the highly respected scientific journal Nature Neuroscience, that  reported that the first long-term look at a large number of  teenagers had found that their brains were still growing much  later than scientists had previously thought.
Giedd has now detected continued growth in a number of key  areas of a teenager’s cerebral cortex, including the parietal lobes,  which are associated with logic and spatial reasoning, and the  temporal areas, which are linked to language. And perhaps most  important, he discovered complex, ongoing growth in the frontal  lobes, the area right behind our foreheads, the brain’s so-called  policeman or chief executive, that helps us plan ahead, resist  impulses, in essence be grown-up. Giedd found that the brain’s  frontal lobes continue to grow, peaking at puberty at about age  eleven in girls and twelve in boys. And the process of change   continues. After rising in volume far beyond adult levels, the gray  matter in the adolescent brain then does an about-face and starts  a steep trek back down. In fact, by scanning the same kids over  and over, Giedd found the frontal lobes, the very area that helps  make teenagers do the right thing, are one of the last areas of the  brain to reach a stable grown-up state, perhaps not reaching full  development and refinement until well past age twenty.
“We found a second wave of production of gray matter—  more branches, more roots—and it reached its peak right around  puberty,” Giedd said.“Then the brain is pruned back to the essentials, you know, like one of those poems, a haiku. It’s [as if] the  brain says, hey, it’s time to specialize.”
Giedd initially looked at growth only in the gray matter of the  cortex, the quarter-inch-thick outer layer or bark of the brain  that’s divided into areas for special functions and that, in humans,   has gotten so big it’s had to fold into deep wrinkles to fit inside  our skulls.
Gray matter includes much of what’s considered crucial in the  brain: the plump cell bodies of brain cells—the neurons—and  their tangle of short treelike branches, called dendrites that reach  out and, acting like antennae, receive information from other   neurons. It also includes many of the synapses, the spots on   dendrites—in fact, they’re microscopic gaps—where neurons  communicate by passing chemical messages back and forth. (The  brain’s so-called white matter is made up of axons, the single long,  stringy arms of neurons that stretch great distances across and  deep into the brain and send signals to other neurons.)
Much of basic brain development is driven by genes, but  many connections, some dendrite branches and their synapses,  develop and thrive simply because they’re used the most and grab  the most neurochemical juice. That’s the brain’s basic modus  operandi, the principle of “use it or lose it,” and it means that   certain life experiences—good and bad—can have an impact on  the brain’s essential architecture. Study a lot of Latin, for instance,  and your Latin synapses carpe diem. And with that thought in  mind, many neuroscientists, looking at the work of Giedd and  others, have now conceded that the teenage brain is far from   finished. Instead, it remains a teeming ball of possibilities, raw  material waiting to be synaptically shaped. The teenage brain is  not only still incredibly interesting but appears to be still wildly  exuberant and receptive.
Giedd’s boss at the NIH, Judith L. Rapoport, head of a group  that does research in child psychiatry, says finding such extensive  growth and continued activity in the adolescent brain adds new  dimensions to the way we think about teenagers and their brains.
“We knew there were some subtle changes, but Jay showed  powerful new curves and volume peaks at different times,” she  says. “I think it’s safe to say that there are massive changes in  synaptic reorganization during this period of adolescence. You get  a leaner, meaner thinking machine.
“And if you think of the first stage as overproduction, you  have to wonder,” she added. “Is it just some built-in redundancy  of nature? Or does it give you the ability to decide whether to be  a coal miner or a violinist?”

WHAT’S NORMAL?
For years, brain scientists have tried to figure out how to   measure brain growth. We have charts that tell us how a child’s legs  and arms are supposed to grow; we can measure the outside of  heads. But we don’t know how a child’s or an adolescent’s brain  develops. What is a frontal lobe supposed to look like at age  twelve? Are language areas in the temporal lobes fully grown at  sixteen? Can we see how a brain is growing or shrinking as a  teenager wrestles with negative integers or weeps over Jane Eyre?
The search is anything but idle neuroscientific curiosity. If no  one knows how a brain is supposed to grow, it’s impossible to tell  when and how a teenaged brain goes wrong.
The new discoveries in teenage neuroscience by Giedd and  others build on a series of classic studies that have attempted to  find out how a normal brain grows. In one, Peter R. Huttenlocher, at the University of Chicago, actually gathered brains of  children from autopsies and counted the number of tiny  synapses—an indication of a brain’s density of connection and  development—in brains of different ages.
Looking at part of the frontal cortex, for instance, he found  that synapses begin to increase rapidly before birth, reach adult  levels at birth, and then continue to rise, reaching twice adult levels by age one or two. Then, after leveling off at that high plateau  for several years, the synapses began a gradual slide, wiping out  nearly half the connections and bringing brains back to adult levels again.
Huttenlocher’s work, in certain ways, mirrored several other   careful studies in this area. In the 1980s and 1990s, neuroscientists  Pasko Rakic and his wife, Patricia Goldman-Rakic, at Yale, and   Jean-Pierre Bourgeois, at the Pasteur Institute in Paris, in highly  scrupulous studies, counted synapses and outlined brain development in rhesus monkeys. They found a similar pattern: There was  a rapid increase in synaptic density (the number of connections  per neuron) before birth until, at birth, synapses rose to adult levels. By about two months, monkey synapses reached twice adults  levels and remained on that high plain until about age three, when  monkeys are sexually mature and synapses began to taper off.
In 1987, Harry Chugani, now at Wayne State University, found  further evidence that supported these findings. Using PET  (positron-emission tomography) scans that measure glucose use by  the brain, he scanned twenty-nine epileptic and normal children  and found that glucose levels, at birth, were about 70 percent of  an adult’s, and twice adult levels at age two or three. At about  eight, brain use of glucose, according to his calculations, started to  decline and level off, eventually falling back to close to adult levels at around age sixteen or seventeen.
All three studies confirmed the same pattern. Synapses started  to form before birth, rose to adult levels at birth, increased to  twice adult levels through childhood, stayed there for a period of  time and then fell to adult levels.
The Rakic, Chugani, and Huttenlocher studies painted a portrait of the developing brain that showed, unequivocally, that the  brain operates as much of nature does: It hedges its bets by creating more synapses than are necessary, in essence putting a lot of  cards on the table and letting the players duke it out, the best and  strongest brain connections winning.
None of these earlier studies, however, focused on teenagers:  Rakic had studied monkeys; Chugani’s had been an indirect,  rather than direct, measure of brain development; and Huttenlocher’s study had included very few adolescent brains.
Giedd’s study filled that gap. Studying the living brains of  nearly 150 teenagers, he found a similar developmental path, but  with a twist. Connections in the teenage brain, he discovered, did  not decline steadily from prepuberty on. Rather, he found that at  a certain point around puberty, the brain undergoes a growth   spurt, particularly in the area that most makes us human, the  frontal lobes.
To date, Giedd is the only researcher with extensive long-term  data on the growing brains of teenagers, many of whom he has  scanned six times. For that reason, other neuroscientists generally  don’t dispute Giedd’s numbers.Although he actually measured the  volume, or overall size of the brain, and from that deduced growth  in synapses and dendrites, the consistency of his findings is  impressive.
No one, of course, is saying that more synapses make people  smarter. Science doesn’t know that. In fact, there are some disorders such as fragile X syndrome, the second most common form  of mental retardation, where the brain seems to contain too many  synapses, tangled and knotted and confused. It’s also obvious that  while we shed synapses in late adolescence, we don’t necessarily  get dumber, at least not all of us.
Yet, as neuroscientist Patricia Goldman-Rakic says, synapses  are a big deal in the brain because they’re how brain cells communicate with one another, activity crucial for any behavior.  “Synaptogenesis and communication between nerve cells is essential for mediating any function,” she says.
B. J. Casey of the Sackler Institute in New York, another  highly respected child brain scanner, says it’s now clear that the  brain “is not complete at adolescence; it’s still being refined.”
In one of his most recent scientific papers, Huttenlocher  expanded on that point, talking about what all this might mean  for an average, normal teenager. “More complex executive functions of [the] prefrontal cortex such as reasoning, motivation and  judgment, appear to develop gradually during childhood and adolescence, perhaps continuing during the adult years,” he wrote.  “These uniquely human functions appear late during development and their emergence may be aided by late persistence of  exuberant synapses in [the] prefrontal cortex.” For that reason, he  said later, while we should expect teenagers to begin to perform  higher level thinking, we also “shouldn’t be surprised if high  school students have trouble making decisions.”
In fact, as the teenage brain is reconfigured, it remains more  exposed, more easily wounded, perhaps much more susceptible to  critical and long-lasting damage than most parents and educators  or even most scientists had thought. Adolescence, some neuroscientists now warn, may be one of the worst times to expose a brain  to drugs and alcohol or even a steady dose of violent video games.
As Giedd puts it: “If that teenage brain is still changing so  much, we have to think about what kinds of experiences we want  that growing brain to have.”
Adolescence, agrees Harry Chugani, is a time when brains are  absorbing a huge amount, but also undergoing so many alterations  that “many things can go wrong.” As he sees it, the teenage years  rival the terrible twos as a time of general brain discombobulation.
“These two times are when children show the most astounding changes in behavior,” he said. “That can’t be just a  coincidence.”
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