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THE ANCIENT EGYPTIANS thought so little of brain matter they made a practice of scooping it out through the nose of a dead leader before packing the skull with cloth before burial. They believed consciousness resided in the heart, a view shared by Aristotle and a legacy of medieval thinkers. Even when consensus for the locus of thought moved northward into the head, it was not the brain that was believed to be the sine qua non, but the empty spaces within it, called ventricles, where ephemeral spirits swirled about. As late as 1662, philosopher Henry More scoffed that the brain showed "no more capacity for thought than a cake of suet, or a bowl of curds."
Around the same time, French philosopher René Descartes codified the separation of conscious thought from the physical flesh of the brain. Cartesian "dualism" exerted a powerful influence over Western science for centuries, and while dismissed by most neuroscientists today, still feeds the popular belief in mind as a magical, transcendent quality.
A contemporary of Descartes named Thomas Willis—often referred to as the father of neurology—was the first to suggest that not only was the brain itself the locus of the mind, but that different parts of the brain give rise to specific cognitive functions. Early 19th-century phrenologists pushed this notion in a quaint direction, proposing that personality proclivities could be deduced by feeling the bumps on a person's skull, which were caused by the brain "pushing out" in places where it was particularly well developed. Plaster casts of the heads of executed criminals were examined and compared to a reference head to determine whether any particular protuberances could be reliably associated with criminal behavior.
Though absurdly unscientific even for its time, phrenology was remarkably prescient—up to a point. In the past decade especially, advanced technologies for capturing a snapshot of the brain in action have confirmed that discrete functions occur in specific locations. The neural "address" where you remember a phone number, for instance, is different from the one where you remember a face, and recalling a famous face involves different circuits than remembering your best friend's.
Yet it is increasingly clear that cognitive functions cannot be pinned to spots on the brain like towns on a map. A given mental task may involve a complicated web of circuits, which interact in varying degrees with others throughout the brain—not like the parts in a machine, but like the instruments in a symphony orchestra combining their tenor, volume, and resonance to create a particular musical effect.
Corina's brain all she is…is here
Corina Alamillo is lying on her right side in an operating room in the UCLA Medical Center. There is a pillow tucked beneath her cheek and a steel scaffold screwed into her forehead to keep her head perfectly still. A medical assistant in her late 20s, she has dark brown eyes, full eyebrows, and a round, open face.
On the other side of a tent of sterile blue paper, two surgeons are hard at work on a saucer-size portion of Corina's brain, which gleams like mother-of-pearl and pulsates gently to the rhythm of her heartbeat. On the brain's surface a filigree of arteries feeds blood to the region under the surgeons' urgent scrutiny: a part of her left frontal lobe critical to the production of spoken language. Nearby, the dark, dull edge of a tumor threatens like an approaching squall. The surgeons need to remove the tumor without taking away Corina's ability to speak along with it. To do that, they need her to be conscious and responsive through the beginning of the operation process. They anesthetized her to remove a piece of her scalp and skull and fold back a protective membrane underneath. Now they can touch her brain, which has no pain receptors.
"Wake up, Sweetie," says another doctor, sitting in a chair under the paper tent with Corina. "Everything is going fine. Can you say something for me?" Corina's lips move as she tries to answer through the clearing fog of anesthesia.
"Hi," she whispers.
The deep red hue of Corina's tumor is plain to see, even to a layperson leaning over the surgeon's shoulder. So is the surrounding tissue of her brain, a three-pound (1.4-kilogram), helmet-shaped bolus of fat and protein, wrinkled like a cleaning sponge and with a consistency of curdled milk.
Corina's brain is the most beautiful object that exists, even more beautiful than Corina herself, for it allows her to perceive beauty, have a self, and know about existence in the first place. But how does mere matter like this make a mind? How does this mound of meat bring into being her comprehension of the doctor's question, and her ability to respond to it? Through what sublime process does electrochemical energy become her hope that the operation will go well, or her fear for her two children if it should not? How does it bring into being her memory of clutching tight to her mother's hand in the hospital room half an hour ago—or 20 years before in a store parking lot? These are hardly new questions. In the past few years, however, powerful new techniques for visualizing the sources of thought, emotion, and behavior are revolutionizing the way we understand the nature of the brain and the mind it creates.
The opening in Corina's skull provides a glimpse into the history of the mind's attempt to understand its physical being. The patch of frontal lobe adjacent to her tumor is called Broca's area, named after the 19th-century French anatomist Paul Broca, one of the first scientists to offer definitive evidence that—while there is no single seat of thought—specific cognitive traits and functions are processed in localized regions of the brain.
Broca defined the area named for him by studying a stroke victim. In 1861 Broca met a patient who had been given the nickname "Tan," because "tan" was the only syllable he had been able to utter for the past 21 years. When Tan died, an autopsy revealed that a portion of his left frontal lobe about the size of a golf ball had been liquefied by a massive stroke years before.
A few years later German neurologist Carl Wernicke identified a second language center farther back, in the brain's left temporal lobe. Patients with strokes or other damage to Wernicke's area are able to talk freely, but they cannot comprehend language, and nothing they say makes any sense.
Until recently, damaged brains were the best source of information about the origins of normal cognitive function. A World War I soldier with a small-bore bullet wound in the back of his head might also, for instance, have a vacancy in his field of vision caused by a corresponding injury in his visual cortex. A stroke victim might see noses, eyes, and mouths, but not be able to put them together into a face, revealing that facial recognition is a discrete mental faculty carried out in the region of cortex destroyed by the stroke. In the 1950s American neurosurgeon Wilder Penfield used an electrode to directly stimulate spots on the brains of hundreds of epilepsy patients while they were awake during operations. Penfield discovered that each part of the body was clearly mapped out in a strip of cortex on the brain's opposite side. A person's right foot, for example, responded to a mild shock delivered to a point in the left motor cortex adjacent to one that would produce a similar response in the patient's right leg. Stimulating other locations on the cortical surface might elicit a specific taste, a vivid childhood memory, or a fragment of a long-forgotten tune.
The two surgeons in the UCLA operating room are now about to apply Penfield's technique to Corina's Broca's area. They're already in the general neighborhood, but before removing her tumor they must find the exact address for Corina's specific language abilities. The fact that she is bilingual requires even greater care than normal: The neural territories governing her English and Spanish may be adjacent, or—more likely, since she learned both languages at an early age—may at least partially overlap. Susan Bookheimer, the neuropsychologist communicating with Corina under the paper tent, shows her a picture on a card from a stack. At the same time, chief surgeon Linda Liau touches her brain with an electrode, delivering a mild shock. Corina feels nothing, but function is momentarily inhibited in that spot.
"What's this, sweetie?" Bookheimer asks. Groggy, Corina stares at the picture.
"Saxophone," she whispers.
"Good!" says Bookheimer, flipping through her stack of cards. The electrode is not touching a point critical to language. Meanwhile Liau moves the electrode a fraction of an inch. "And this one?"
"Unicorn."
"Very good. ¿Y éste?"
"Casa."
"¿Y éste?"
Corina hesitates. "¿Bicicleta?" she says. But it is not a bicycle; it is a pair of antlers. When Corina makes a mistake or struggles to identify a picture of some simple object, the doctors know they have hit upon a critical area, and they label the spot with a square of sterile paper, like a tiny Post-it note.
So far, this is all standard procedure. (Liau, whose own mother died of breast cancer that spread to her brain, has performed some 600 similar operations.) But the mapping of Corina's brain is about to take a turn into the future. There are a dozen people bustling about in the operating room, twice the number needed for a typical brain tumor operation. The extras are here to use optical imaging of intrinsic signals (OIS) during surgery, a technique being developed here at UCLA by Arthur Toga and Andrew Cannestra, one of the surgeons assisting Liau.
A special camera mounted on a boom is swung into position above Corina's frontal lobe. As she continues to name the pictures on the cards or responds to simple questions (What is the color of grass? What is an animal that barks?), the camera records minute changes in the way light is reflected off the surface of her brain. The changes indicate an increase in blood flow, which in turn is an indication of cognitive activity in that exact spot.
When Corina answers "green," or "dog," the precise pattern of neural circuits firing in her Broca's area and surrounding tissue is captured by the camera and sent to a monitor in the corner of the room. From there the image is instantly uploaded to a supercomputer in UCLA's Laboratory of Neuro Imaging, a few floors above. There it joins 50,000 other scans collected from over 10,000 individuals, using an array of imaging technologies. Thus Corina becomes one galaxy in an expanding universe of new information on the human brain.
"Every person's brain is as unique as their face," says Toga, who directs the Laboratory of Neuro Imaging and is observing the operation today from above his surgical mask. "All this stuff is sliding around, and we don't know all the rules. But by studying thousands of people, we may be able to learn more of them, which will tell us how the brain is organized."
Most of the images in UCLA's brain atlas are produced by a groundbreaking new technique called functional magnetic resonance imaging (fMRI). Like OIS, fMRI monitors increases in blood flow as an indirect measurement of cognitive activity. But, while not nearly as precise, fMRI is completely noninvasive and can thus be used to study brain function not just in surgical patients like Corina, but in anyone who can tolerate spending a few minutes in the tubular cavity of an MRI machine. The technique has been used to explore the neural circuitry of people suffering from depression, dyslexia, schizophrenia, and a host of other neurological conditions. Just as important, it has been trained on the brains of hundreds of thousands of subjects while they perform a given task—everything from twitching a finger to recalling a specific face, confronting a moral dilemma, experiencing orgasm, or comparing the tastes of Pepsi and Coke.
What does the new science tell us about how Corina's 28-year-old brain produced Corina's 28-year-old mind? In terms of brain growth, her birth in Santa Paula, a farming community about 50 miles (80.5 kilometers) north of Los Angeles, was a nonevent. In contrast, the previous nine months in her mother's womb were a neurodevelopmental drama of epic proportions.
Four weeks after conception, the embryo that would become Corina was producing half a million neurons every minute. Over the next several weeks these cells migrated to the brain, to specific destinations determined by genetic cues and interactions with neighboring neurons. During the first and second trimesters of her mother's pregnancy the neurons began to reach tentacles out to each other, establishing synapses—points of contact—at a rate of two million a second. Three months before she was born, Corina possessed more brain cells than she ever would again: an overwrought jungle of connections. There were far more than she needed as a fetus in the cognitively unchallenging womb—far more, even, than she would need as an adult.
Then, just weeks away from birth, the trend reversed. Groups of neurons competed with each other to recruit other neurons into expanding circuits with specific functions. Those that lost died off in a pruning process scientists call "neural Darwinism."
The circuits that survived were already partly tuned to the world beyond. At birth, she was already predisposed to the sound of her mother's voice over that of strangers; to the cadence of nursery rhymes she might have overheard in the womb; and perhaps to the tastes of her mother's Mexican cuisine, which she had sampled generously in the amniotic fluid. The last of her senses to develop fully was her vision. Even so, she clearly recognized her mother's face at just two days old.
For the next 18 months, Corina was a learning machine. While older brains need some sort of context for learning—a reason, such as a reward, to pay attention to one stimulus over another—baby brains soak up everything coming through their senses.
"They may look like they're just sitting there staring at things," says Mark Johnson of the Centre for Brain and Cognitive Development at Birkbeck, University of London. "But right from the start, babies are born to seek information." As Corina experienced her new world, neural circuits that received repeated stimulation developed stronger synaptic connections, while those that lay dormant atrophied. At birth, for instance, she was able to hear every sound of every language on Earth. As the syllables of Spanish (and later English) filled her ears, the language areas of her brain became more sensitive to just those sounds, while losing their responsiveness to the sounds of, say, Arabic or Swahili.
If there is one part of the brain where the "self" part of Corina's mind began, it would be in the prefrontal cortex—a region just behind her forehead that extends to about her ears. By the age of two or so, circuits here have started to develop. Before the prefrontal cortex comes on line, a child with a smudge on her cheek will try to wipe the spot off her reflection in a mirror, rather than understand that the image in the mirror is herself, and wipe her own cheek.
But as scientists are learning about all higher cognitive functions, they're discovering that a sense of self is not a discrete part of the mind that resides in a particular location, like the carburetor in a car, or that matures all at once, like a flower blooming. It may involve various regions and circuits in the brain, depending on what specific sense one is talking about, and the circuits may develop at different times.
So while Corina may have recognized herself in a mirror before she was three years old, it might have been another year before she understood that the self she saw in the mirror persists intact through time. In studies conducted by Daniel Povinelli and his colleagues at the University of Louisiana at Lafayette, young children were videotaped playing a game, during which an experimenter secretly put a large sticker in their hair. When shown the videotape a few minutes later, most children over the age of three reached up to their own hair to remove the sticker, demonstrating that they understood the self in the video was the same as the one in the present moment. Younger children did not make the connection.
If Corina had a sticker caught in her hair when she was three, she doesn't remember it. Her first memory is of the thrill of going to the store with her mother to pick out a special dress, pink and lacy. She was four years old. She does not recall anything earlier because her hippocampus, part of the limbic system deep in the brain that stores long-term memories, had not yet matured.
That doesn't mean earlier memories don't exist in Corina's mind. Because her father left when she was just two, she can't consciously remember how he got drunk sometimes and abused her mother. But the emotions associated with the memory might be stored in her amygdala, another structure in the brain's limbic system that may be functional as early as birth. While highly emotional memories etched in the amygdala may not be accessible to the conscious mind, they might still influence the way we act and feel beyond our awareness.
Different areas of the brain develop in various ways at different rates into early adulthood. Certainly the pruning and shaping of Corina's brain during her early months as a learning machine were critical. But according to recent imaging studies of children conducted over a period of years at UCLA and the National Institute of Mental Health in Bethesda, Maryland, a second growth spurt in gray matter occurs just before puberty.
Assuming she was a typical girl, Corina's cortex was thickest at the age of 11. (Boys peak about a year and a half later.) This wave of growth was followed by another thinning of gray matter that lasted throughout her teen years, and indeed has only recently been completed. The first areas of her brain to finish the process were those involved in basic functions, such as sensory processing and movement, in the extreme front and back of the brain. Next came regions governing spatial orientation and language in the parietal lobes on the sides of the brain.
The last area of the brain to reach maturity is the prefrontal cortex, where the so-called executive brain resides—where we make social judgments, weigh alternatives, plan for the future, and hold our behavior in check.
"The executive brain doesn't hit adult levels until the age of 25," says Jay Giedd of the National Institute of Mental Health, one of the lead scientists on the neuroimaging studies. "At puberty, you have adult passions, sex drive, energy, and emotion, but the reining in doesn't happen until much later." It is no wonder, perhaps, that teenagers seem to lack good judgment or the ability to restrain impulses. "We can vote at 18," says Giedd, "and drive a car. But you can't rent a car until you're 25. In terms of brain anatomy, the only ones who have it right are the car-rental people."
[bookmark: _GoBack]Comprehension Questions: answer these in either a long sentence or a short paragraph, whichever it takes.
1. Cartesian “dualism” basically means what?
2. In a concise sentence, what did Thomas Willis’ theory say?
3. Corina Alamillo’s surgeons are working on her speech centers. What two researchers (one French, one German) gave their names to the “areas” where speech comes from?
4. Why can the surgeons work on the surface of Alamillo’s brain without her being under anaesthesia?
5. What did Wilder Penfield discover, and how did he do it?
6. The cameras used by OIS track brain function by recording what on the surface of Alamillo’s brain?
7. Other than the brand-new OIS, what other technique do surgeons use to map the brain?
8. When the article uses the word “pruning,” what is it referring to?
9. What part of the brain takes the longest to mature?
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