
		
			[image: image]

		

	
		
			[image: image]

			[image: image]

		

	
		
			CONTENTS

			PRAISE FOR THE BODY HAS A MIND OF ITS OWN

			TITLE PAGE

			COPYRIGHT

			EPIGRAPH

			INTRODUCTION The Embodied Brain

			CHAPTER 1 The Body Mandala 
or, Maps, Maps, Everywhere

			CHAPTER 2 The Little Man in the Brain 
or, Why Your Genitals Are Even Smaller Than You Think

			CHAPTER 3 Dueling Body Maps 
or, Why You Still Feel Fat After Losing Weight

			CHAPTER 4 The Homunculus in the Game 
or, When Thinking Is as Good as Doing

			CHAPTER 5 Plasticity Gone Awry 
or, When Body Maps Go Blurry

			CHAPTER 6 Broken Body Maps 
or, Why Dr. Strangelove Couldn’t Keep His Hand Down

			CHAPTER 7 The Bubble Around the Body 
or, Why You Seek Elbow Room

			CHAPTER 8 Sticks and Stones and Cyberbones 
or, The End of the Body as We Know It?

			CHAPTER 9 Mirror, Mirror 
or, Why Yawning Is Contagious

			CHAPTER 10 Heart of the Mandala 
or, My Insula Made Me Do It

			

			AFTERWORD The You-ness of You

			DEDICATION

			ACKNOWLEDGMENTS

			GLOSSARY

			ILLUSTRATION CREDITS

			ABOUT THE AUTHORS

		

	
		
			When a reporter asked the famous biologist J.B.S. Haldane what his biological studies had taught him about God, Haldane replied, “The creator, if he exists, must have an inordinate fondness for beetles,” since there are more species of beetle than any other group of living creatures. By the same token, a neurologist might conclude that God is a cartographer. He must have an inordinate fondness for maps, for everywhere you look in the brain maps abound.

			—V. S. Ramachandran

		

	
		
			INTRODUCTION

			THE EMBODIED BRAIN
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			Stand up and reach out your arms, fingers extended. Wave them up, down, and sideways. Make great big circles from over your head down past your thighs. Swing each leg out as far as you can, and with the tips of your toes trace arcs on the ground around you. Swivel and tilt your head as if you were craning out your neck to butt something with your forehead or touch it with your lips and tongue. This invisible volume of space around your body out to arm’s length—what neuroscientists call peripersonal space—is part of you.

			This is not a metaphor, but a recently discovered physiological fact. Through a special mapping procedure, your brain annexes this space to your limbs and body, clothing you in it like an extended, ghostly skin. The maps that encode your physical body are connected directly, immediately, personally to a map of every point in that space and also map out your potential to perform actions in that space. Your self does not end where your flesh ends, but suffuses and blends with the world, including other beings. Thus when you ride a horse with confidence and skill, your body maps and the horse’s body maps are blended in shared space. When you make love, your body maps and your lover’s body maps commingle in mutual passion.

			Your brain also faithfully maps the space beyond your body when you enter it using tools. Take hold of a long stick and tap it on the ground. As far as your brain is concerned, your hand now extends to the tip of that stick. Its length has been incorporated into your personal space. If you were blind, you could feel your way down the street using that stick.

			Moreover, this annexed peripersonal space is not static, like an aura. It is elastic. Like an amoeba, it expands and contracts to suit your goals and makes you master of your world. It morphs every time you put on or take off clothes, wear skis or scuba gear, or wield any tool. When Babe Ruth held a baseball bat, as far as his brain was concerned his peripersonal space extended out to the end of the bat, as if it were a natural part of his arms. When you drive a car your peripersonal space expands to include it, from fender to fender, from door to door, and from tire to roof. As you drive you can feel the road’s texture as intimately as you would through sandals. As you enter a parking garage with a low ceiling you can “feel” the nearness of your car’s roof to the height barrier as if it were your own scalp. This is why you instinctively duck when you pass under the barrier. When someone hits your car you get upset—not just because of the bills and the hassle ahead, but because that person has violated your peripersonal space, no less than a careless elbow in your rib.

			When you eat with a knife and fork, your peripersonal space grows to envelop them. Brain cells that normally represent space no farther out than your fingertips expand their fields of awareness outward, along the length of each utensil, making them part of you. This is why you can directly experience the texture and shape of the food you are manipulating, even though in reality you are touching nothing but several inches of lifeless metal. The same thing happens for surgeons controlling microrobotic tools using a joystick. It happens for NASA technicians controlling robotic arms in orbit. If you learned to operate a crane, your peripersonal space map would extend out to the tip of the crane’s hook.

			This book presents the emerging scientific answer to the age-old mystery of how mind and body intertwine to create your embodied, feeling self. In doing so, it provides clues and answers to a host of fascinating questions that, until now, seemed unrelated.

			Questions like: Why do you still feel fat after losing weight? Why do you automatically duck your head when you pass through a doorway while wearing, say, a cowboy hat? Why do your kids get sucked into video games with total abandon?

			Or these: How do you sense discomfort, such as heat, cold, pain, itching? How do you sense an emotion such as sadness? Do you get a lump in your throat? Do you feel dread in the pit of your stomach? Were you born with emotions or did you have to learn them? Where do they reside in your body and how do they arise?

			What happens in your own brain when you observe other people moving around or expressing emotion? Why do you feel a frisson of fear when you see a tarantula walk on the pillow next to James Bond’s head? Why do you wince and double over when you see someone else get walloped between the legs in a blooper reel?

			Answers can be found in a new understanding of how your brain maps your body, the space around your body, and the social world. The discovery of peripersonal space mapping is but one of these fast-evolving areas of insight. Every point on your body, each internal organ and every point in space out to the end of your fingertips, is mapped inside your brain. Your ability to sense, move, and act in the physical world arises from a rich network of flexible body maps distributed throughout your brain—maps that grow, shrink, and morph to suit your needs.

			The science of body maps has far-reaching applications. It can help people lose weight and make peace with their bodies, improve their ability to play a sport or influence people, and recover from a stroke. It points the way to new treatments for anorexia, phantom limbs, musician’s cramp, and a condition among golfers called the yips. It helps explain out-of-body experiences, auras, placebos, and healing touch. It reveals why video games and virtual reality literally capture both your mind and body. It provides a new way to understand human emotions, from love to hate, lust to disgust, pride to humiliation.

			So here it is, the untold story of your body maps and how you can apply this understanding to yourself in your life’s many facets—you the athlete, you the dieter, the equestrian, the parent, the actor…the list goes on.

			None of this is to imply that the science of body maps adds up to a Grand Unifying Theory of neuroscience. But it is a widely underappreciated piece of the puzzle. Body maps provide a valuable lens for examining ourselves as a species and as individuals. They provide a fresh and illuminating thread for telling the story of humanity’s past, present, and future—with you at center stage.

		

	
		
			CHAPTER 1

			THE BODY MANDALA

			or, Maps, Maps, Everywhere
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			If you were asked, “Does your hand belong to you?” you would naturally say, “Of course.”

			But ask neuroscientists the same question and they will turn the question back on you: How do you know it’s your own hand? In fact, how do you know that you have a body? What makes you think you own it? How do you know where your body begins and ends? How do you keep track of its position in space?

			Try this little exercise: Imagine there is a straight line running down the middle of your body, dividing it into a left half and a right half. Using your right hand, pat different parts of your body on the right side—cheek, shoulder, hip, thigh, knee, foot. With your finger, trace a line over your right eyebrow and over the right portions of your upper and lower lips.

			You are able to tell these body parts from one another because each is faithfully mapped in a two-dimensional swath of neural tissue in your left brain that specializes in touch. The same thing goes for the left side of your body: All its parts are mapped in a similar region of your right brain. Your brain maintains a complete map of your body’s surface, with patches devoted to each finger, hand, cheek, lip, eyebrow, shoulder, hip, knee, and all the rest.

			A map can be defined as any scheme that spells out one-to-one correspondences between two different things. In a road map, any given point on the map corresponds to some location in the larger world, and each adjacent point on the map represents an adjacent real-world location. The same holds broadly true for the body maps in your brain. Aspects of the outside world and the body’s anatomy are systematically mapped onto brain tissue. Thus the topology, or spatial relationships, of your body’s surface is preserved in your touch map to a high degree: The foot map is next to the shin map, which is next to the thigh map, which is next to the hip map. Whenever someone claps you on the shoulder, nerve cells in the shoulder region in this map are activated. When you kick a soccer ball, the corresponding part of your foot map is activated. When you scratch your elbow, both your elbow region and fingertip regions are activated. This map is your primary physical window on the world around you, the entry point for all the raw touch information streaming moment by moment into your brain.

			This touch information is collected by special receptors throughout your body, funneled into your spinal cord, and sent up to your brain along two major pathways. The more ancient of these pathways carries pain, temperature, itch, tickle, sexual sensation, crude touch—sufficient, say, to know that you bumped your knee and not your shin, but not acute enough to tell a penny from a dime—and sensual touch, which includes the gentle maternal caresses that were vital for your body map development as a baby.

			

			

			THE FLESH-BOUND SENSES

			The flesh-bound, or somatic, senses stand apart from the other senses at a deep level. In medicine, sight, hearing, smell, and taste are known as the special senses, while the somatic senses form a category all their own. Within that category there are several distinct senses, each brought to you by a separate population of receptor cells that suffuse your body’s skin and inner tissues. Here is a quick run-through:

			

			Touch. Touch receptors send your brain information about pressure. There are several kinds of touch receptor—for example, gentle pressure, deep pressure, sustained pressure, hair follicle bending, and vibration. In your daily life, touch is by far the most prominent of the somatic senses in your conscious mind.

			

			Thermoception. When you feel the hot sun beating down on the back of your neck, or when you swish an ice cube around inside your mouth, you are making use of your skin’s thermoreceptors. These receptor cells come in two types: one for warm, one for cold. When something is dangerously hot or cold, your sensation of scalding or freezing is created by pain receptors (see below) kicking in. Your deep tissues and organs are suffused with an entirely different type of thermoreceptor that lets your brain keep track of core body temperature.

			

			Nociception. Pain is one of life’s starkest and most dreaded experiences. The raw material for pain perceptions comes from your body’s nociceptors (noci-is Latin for injury or trauma). As with touch receptors, there are several types: for example, piercing pain, heat pain, chemical pain, joint pain, deep tissue pain, tickle, and itch.

			

			Proprioception. This is your inherent sense of your body’s position and motion in space. This sense is what allows you to touch your index fingers together with your eyes closed, for example. There are two main kinds of proprioceptor cells. One kind is embedded in your muscles and tendons and measures stretch. Your brain uses this information to infer limb location. The other kind is embedded in the cartilage between your skeletal joints and keeps track of load and rate of slippage in each joint. Your brain uses this to infer limb speed and direction.

			

			Balance. Unlike the other somatic senses, your sense of up-versus-down doesn’t come from a population of receptor cells distributed all around your body, but from a pair of special balance organs in your inner ears. For this reason, it may seem strange that balance—aka your vestibular sense—is classified as one of the somatic senses. But as you’ll see, it is an indispensable ingredient in your ability to operate your body in the world. The vestibular sense also belongs in the family of somatic senses by virtue of its sheer ancientness: The inner ear balance organ is a marvel of microengineering that is shared by all vertebrates (animals with backbones), a lineage that goes back more than half a billion years. Through that whole time it has remained virtually unchanged in its design.

			


			The evolutionarily newer pathway carries fine touch information—the kind you need in order to thread a needle or leaf through a book—and position-and-location information from receptors embedded in your joints, bones, and muscles.

			Once these many channels of sensory information reach your brain, they are combined to create complex, composite sensations such as wetness, hairiness, fleshiness, and rubberiness. The same goes for the many varieties of pain. Through a combination of pain-and touch-related signals, you have access to the rich diversity of unpleasant experience that includes the smarting pain of a sunburn, the shooting pain of carpal tunnel syndrome, the piercing pain of a stab wound, the dull throbbing pain of an abused knee, the itchy pain of healing, and so on.

			You also have a primary motor map in your brain for making movements. Instead of receiving inputs from your skin, this map sends output signals to your muscles. Just like the touch map, this movement map is also found in both sides of the brain. It is vital to your ability to guide your body parts to make fine-tuned movements and assume complex positions in space—like doing the hokey-pokey, playing hockey, or assuming a poker face in a high stakes card game. When you wiggle all your toes, the toe and foot regions of your motor map are active. When you stick out your tongue, the map’s tongue and jaw regions are active. Thanks to this map, all the low-level, mostly unconscious tasks of coordinated movement unfold smoothly without a glitch.

			

			

			BRAIN 101

			The cerebral cortex, where most of your body maps are located, is folded and crumpled around the much older structures of a more primitive brain. The cortex is divided into four lobes (main sections separated by deep folds):
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			The brain’s gross anatomy in profile.

			Occipital Lobe. Mainly dedicated to vision. In sighted people, the occipital lobe sends visual information to the parietal lobe, which contributes to vision-based body maps.

			

			Parietal Lobe. Mainly deals in physical sensation, the space on and around the body, and spatial relations in three dimensions. Rife with important body maps.

			

			Frontal Lobe. The orchestrator of voluntary and skilled movements, the conductor of planning and foresight, and the seat of several of the mind’s most cherished functions such as moral reasoning, self-control, and some aspects of language. Rife with important body maps.

			

			Temporal Lobe. Processes auditory input from the ears, has important linguistic and emotional functions, and participates in high-level vision.

			


			Elsewhere in your brain you also have a very different but no less critical body map of all your body’s innards. This is your primary visceral map, a patchwork of small neural swatches that represent your heart, lungs, liver, colon, rectum, stomach, and all your various other giblets. This map is uniquely super-developed in the human species, and it gives you a level of access to the ebb and flow of your internal sensations unequaled anywhere else in the animal kingdom. You feel lust, disgust, sadness, joy, shame, and humiliation as a result of this body mapping. These visceral inputs to the psyche are the wellspring of the rich and vivid emotional awareness that few other creatures even come close to enjoying. The activity in this map is the voice of your conscience, the thrill of music, the foundation of the emotionally nuanced and morally sensitive self.

			The Embodied Self

			The idea that your brain maps chart not only your body but the space around your body, that these maps expand and contract to include everyday objects, and even that these maps can be shaped by the culture you grow up in, is very new to science. Research now shows that your brain is teeming with body maps—maps of your body’s surface, its musculature, its intentions, its potential for action, even a map that automatically tracks and emulates the actions and intentions of other people around you.

			These body-centered maps are profoundly plastic—capable of significant reorganization in response to damage, experience, or practice. Formed early in life, they mature with experience and then continue to change, albeit less rapidly, for the rest of your life. Yet despite how central these body maps are to your being, you are only glancingly aware of your own embodiment most of the time, let alone the fact that its parameters are constantly changing and adapting, minute by minute and year after year. You may not truly appreciate the immense amount of work that goes on behind the scenes of your conscious mind that makes the experience of embodiment seem so natural. The constant activity of your body maps is so seamless, so automatic, so fluid and ingrained, that you don’t even recognize it is happening, much less that it poses an absorbing scientific puzzle that is spawning fascinating insights into human nature, health, learning, our evolutionary past, and our cybernetically enhanced future.

			Your body is not just a vehicle for your brain to cruise around in. The relationship is perfectly reciprocal: Your body and your brain exist for each other. A body that can be moved or stilled, touched or evaded, scalded or warmed, frozen or cooled, strained or rested, starved, devoured, or nourished, is the raison d’être of the senses. And the sensations from your skin and body—touch, temperature, pain, and a few others you will learn about—are your mind’s true foundation. All your other senses are merely added-on conveniences in comparison. After all, human beings can get by just fine in life without vision or hearing. Even people like Helen Keller who lack both these senses can thrive both mentally and physically. The brains of people born deaf don’t develop auditory maps, and the brains of congenitally blind people never form visual maps, but even deaf-blind people have body maps. In contrast, vision or hearing without a body to relate sights and sounds to would be nothing but psychically empty patterns of information. Meaning is rooted in agency (the ability to act and choose), and agency depends on embodiment. In fact, this all is a hard-won lesson that the artificial intelligence community has finally begun to grasp after decades of frustration: Nothing truly intelligent is going to develop in a bodiless mainframe. In real life there is no such thing as a disembodied consciousness.

			The sum total of your numerous, flexible, morphable body maps gives rise to the solid-feeling subjective sense of “me-ness” and to your ability to comprehend and navigate the world around you. You can think of the maps as a mandala whose overall pattern creates your embodied, feeling self. All your other mental faculties—vision, hearing, language, memory—hang supported in the matrix of this body mandala like organs on a skeleton. Developmentally speaking, it would be impossible to become a thinking, self-aware person without them.

			If some of this sounds a little overheated, consider this. If you were to carry around a young mammal such as a kitten during its critical early months of brain development, allowing it to see everything in its environment but never permitting it to move around on its own, the unlucky creature would turn out effectively blind for life. While it would still be able to perceive levels of light, color, and shadow—the most basic, hardwired abilities of the visual system—its depth perception and object recognition would be abysmal. Its eyes and optic nerves would be perfectly normal and intact, yet its higher visual system would be next to useless.

			

			

			WHAT IS A MANDALA?

			In Hinduism and Buddhism, a mandala is a geometric pattern of images that symbolically maps out the universe from a human perspective. Mandalas are often used as a focus for the mind during meditation or for theological instruction. There is typically a central figure surrounded by other scenes and figures in a concentric arrangement.
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			A mandala is both an appealing metaphor and a convenient shorthand for referring to your brain’s far-flung yet tightly integrated network of body maps. Following this analogy, the peripheral figures of the body mandala are your many cortical body maps, the large and the small, all intricately interconnected. The central figure is their composite product: the seamless sense of a whole, indivisible, embodied self.

			


			How can this be? If an animal grows up seeing, shouldn’t its brain’s network of visual maps develop along normal lines? Shouldn’t full exposure to visual information about form, shading, motion, color, parallax, size, and distance be enough to compensate for a lack of self-mobility? The surprising answer is no. Another ingredient is needed: The ability to use one’s body freely to explore the world, even if it’s only a small corner of it. As a young mammal in its formative stages moves around, feedback from its own bodily movements provides meaning to what it sees. Each step forward, each pause in its tracks, each quickening of its pace sends critical sensory information streaming up through its network of body maps, which in turn feeds its developing visual system the information it needs to make sense of all the otherwise meaningless blobs, colors, and shadows streaming in through the eyes. If an animal is exposed to high-quality visual information but only as a passive observer, its brain will never learn what any of that visual information is supposed to mean.

			From this you can begin to appreciate how vision is indeed a hanger-on, a humble symbiote, within the body mandala. The same goes for all the “special” senses: The body mandala is their central integrator, the mind’s ultimate frame of reference, the underlying metric system of perception. Sensation doesn’t make sense except in reference to your embodied self.

			Now that you’ve gotten a sense of the big picture, it’s time to rein in the scope and look at the basics—the primary sensory and motor maps that prop up the rest of the body mandala like a foundation. So let’s get started. When you were moving your hands over your body to get a feel for your body maps based on touch, did you brush against any really interesting spots? If you’re a woman who likes to shake her booty at men, where is your rump in your brain? If you’re a guy, where is your penis in your brain? Does it have a permanent location in your gray matter? If so, who discovered that fact—and how?

		

	
		
			CHAPTER 2

			THE LITTLE MAN IN THE BRAIN

			or, Why Your Genitals Are Even Smaller Than You Think
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			Tall, with ramrod posture, piercing blue eyes, and buzz-cut blond hair, Wilder Penfield was the sort of doctor who inspired fanatical trust in his patients. For good reason.

			In the 1930s, Penfield, a surgeon at the Montreal Neurological Institute, pioneered an operation in which he sawed through his awake patients’ skulls, pulling away half of each brain casing like the flap on a Fabergé egg. Then, using an electrode, he probed their brains for hours at a time looking for abnormal tissue, such as a tumor, that might be causing their epilepsy. This entire procedure was a prelude to the actual surgery, which involved cutting out the abnormality.

			A black-and-white film of an operation that took place in the late 1940s records one of these sessions. Penfield strides into the cavernous, shadowy operating room at his hospital. Spotlights fall directly on the assistant surgeons and nurses, who wear heavy white cotton gowns. Their faces and heads are mummy-wrapped in white gauze with only nerdy black glasses perched over bandaged noses.

			A patient—let’s call her Mary—is wheeled in, her head already shaved and marked with black ink. She lies on her left side and her head is secured in a metal frame, exposing the right side of her head to the surgical team. Nurses drape her with sterilized sheets. For the next twelve hours she’ll remain in this little tent world, talking and joking with Penfield, who works above her, on the other side of the sheets.

			Penfield reasons that if he can find the focal point of Mary’s seizures, he can cut the offending tissue out of her brain. But first he must make certain he won’t remove healthy tissue that would result in paralysis, or lack of speech, or damage to her memory or personality, or some other horrible loss. He has to be patient and he has to be careful. In his day, relatively little is known about the functional organization of the brain.

			Since the brain has no pain receptors, all Mary needs is a local anesthetic. This is a good thing, because it is vital that she stay lucid throughout the procedure so she can report to Penfield exactly what happens in her mind while he explores her naked brain with his electrode. A surgeon’s assistant administers the anesthetic, then starts cutting the skin. She peels and clips it back with what look like a dozen giant roach clips.

			Next, using a special saw, Penfield removes a circular panel of bone, about the width of an orange, from Mary’s head. He puts it aside. Three more protective layers of tissue between skull and brain are cut and fastened back with more clips, exposing the brain’s gray, cauliflowerish surface. Every so often a nurse spritzes a saline solution onto the glistening tissue to keep it moist.

			Penfield gets to work. Holding an electrode that looks like an electric toothbrush with a wire dangling from one end, he begins probing Mary’s brain. She has no way of knowing when he is touching her brain, because the electrode is silent. He zaps a spot less than an inch behind the great fissure that divides the front part of Mary’s brain from the back and says, “What do you feel now?”

			Mary says she feels a tingling on her left hand. She does not believe that someone is touching her there; she just notices the sensation.

			Penfield puts a small numbered ticket—like a tiny Post-it note—on the spot. He also dictates the result to a secretary who sits outside the operating room, watching through the glass. If Mary reports no sensation in a particular spot, that too is recorded.

			Penfield tries another spot a short distance from the first. This time Mary feels the tingling on her left wrist. Another. She feels it on her left forearm. Another. She feels it on her left elbow. And so he goes, like the man in the cell phone ad—“Can you hear me now?”—only he says, “Feel anything now?” Penfield zaps dozens of points in this area of Mary’s brain, and each creates illusory sensations in one or a few parts of her body: cheek, back, side of her tongue, toes, throat, and so on. Some regions seem to overlap one another—notably the hand and face regions—but overall these neural representations of all Mary’s different body parts are remarkably discrete.

			Over the next twenty years, Penfield described similar reactions from scores of patients as he probed the same strip of brain tissue. He found spots for toes in ten patients. He found feet more often, but they tended to be mixed with a lower leg or heel. He found sensations “in the leg,” or spanning thigh to knee, or knee to ankle, and so on. Only four people felt stimulation on their hips. Heads, arms, shoulders, elbows, forearms, and wrists were felt in many combinations.

			A twenty-seven-year-old patient had areas of this body map that gave rise to a tingling in her left labium, left breast, and nipple. The labial sensation was also accompanied by a sensation in her left foot. Some male patients also reported sensations induced on one side or the other of their penis and often in association with foot sensations. Even stranger, Penfield found surprising discontinuities in the body maps. The representation of the penis and vagina are not located at the junction of the representations of the torso and thighs, but beyond the tip of the toes. This fact has been suggested as an explanation for the prevalence of foot fetishes. (One recent study claims that Penfield got it wrong, however, and argues that the map representations of the genitals are located between those of the legs and the trunk, just as they are in real bodies. The researchers suggest that Victorian mores may have led people to say they felt stimulation in the leg or trunk because they were embarrassed to mention genitals. But other evidence still supports Penfield’s original map. The jury is still out.) “Curiously enough,” wrote Penfield, “we have never produced erotic sensations of any sort by stimulation.”

			Meanwhile, the representation of the face is next to the hand, not the neck. Hands reacted vigorously to Penfield’s electrode. He induced scores of sensations in the little finger, ring finger, middle finger, index finger, and thumb. The nose and face were much less sensitive, but the lips responded tremendously. So did the teeth, gums, jaw, the roof of the mouth, and, above all, the tongue.

			From all this patiently collected data Penfield catalogued a complete brain map of the body’s surface. Penfield playfully nicknamed this map the “homunculus,” an obsolete term from medieval philosophy that means “little man” in Latin. This was the first-ever map of a human being’s primary touch map, or somatosensory cortex, which lies along a narrow strip less than an inch wide that runs from ear to ear across the crown of the head. You can see it on the left side of the illustration below.

			

			

			A HOMUNCULUS BY ANY OTHER NAME…

			Sometimes one philosopher will savage another by charging him with the “homunculus fallacy.” In philosophy, that’s a serious offense. Since Penfield’s use of the term is quite different, it’s worth a few words to clarify the distinction.

			The premodern idea of the homunculus was akin to the helmsman of a one-man submarine. Just as the helmsman senses the world outside through a periscope, sonar screen, and various gauges to inform him of fuel levels, external temperature and pressure, and so on, the homunculus is presented with sensory information from the eyes, ears, skin, and gut, which are piped into his bridge through neural fibers. And just as the helmsman has an array of buttons and levers that let him alter his vessel’s bearing, speed, depth, and so on, the homunculus has the power to send impulses out through the neural fibers of the brain’s motor system to make the body move in whatever ways it deems appropriate.

			Obviously, a literal reading of this idea leads straight to a paradox of infinite regress. It utterly fails to explain perception, understanding, and action: How does the homunculus perceive, understand, and act? The only way to “explain” the homunculus’s abilities is to posit another, smaller homunculus inside “him.” But then the same problem pops up, and you’re left with an endless series of Russian doll homunculi.

			No one who is serious about philosophical rigor subscribes to a straightforward homunculus model of intelligence anymore. But there are subtler forms of it. A philosopher (or a neuroscientist) commits the homunculus fallacy whenever he “explains” something important about how the mind works by sidestepping the real difficulties of the problem and shifting them to another, unspecified level of explanation—where it remains just as mysterious as ever.

			Similarly, the cartoonish overlays that are commonly used to depict the warped “anatomy” of a homunculus may tempt you to imagine “him” as a tiny impish pilot, sitting behind a control panel eating pizza and calling the shots. But it’s nothing like that. All the action takes place in cells and their interactions. Nevertheless, the cartoon figures are helpful because they remind you of the fact that even though there are some areas of overlap and some non-body-realistic discontinuities, these are the brain’s maps of your body.

			Penfield named his body maps “homunculi” as a term of art, not as a metaphysical statement. Penfield revived the archaic term because it was a cute and concise way to refer to the maps. In neuroscience the term is still used in this way—as shorthand for referring to a maplike representation of the body in the brain.

			In the modern neuroscientific view there is not one homunculus, but many. No single one of them is particularly smart or skillful.

			Our amazing physical intelligence springs not from any one of these dumb little homunculi, but from the web of interaction between them. There is no one “highest” homunculus among them, no one single node that could be destroyed to bring down the whole remainder of the network. No homunculus is at the “center” because there is no center. No body map could claim to be the “essence” of the embodied self because there are no such things as essences, at least not as far as science has been able to determine. The brain is highly interactive. Each part—each map—imprints its own unique stamp into the character of the mind’s psychic churnings of mental processing.
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			For a larger version of this image, click here: http://rhlink.com/9781588368126amain

			Penfield’s homunculi. At left, the primary somatosensory area, a body map based on touch and related sensations. At right, the primary motor area, your basic body map for voluntary movement. Shown here is the brain’s right hemisphere; the left hemisphere contains a near identical pair of the same maps.

			Penfield also explored his patients’ motor cortexes and found a similar body map. Electrical zaps to this sector of the brain engendered not sensations, but movements. When he touched one spot, a foot jerked. Another spot made a knee flex. Another arched an eyebrow. Patients sometimes moved their hips or their whole trunk. Fingers moved a lot, often together. And here again, the lips showed hair-trigger sensitivity. Penfield mused that the lips are the most important extremity in the brain’s map of body movements. He noted that the newborn baby’s sensorium (the world as experienced through its senses) is all mouth and lips, rooting for the mother’s nipple. Under the electrode, jaws moved. Tongues twitched. Necks turned. Penfield could make people swallow or gag. He found a spot that elicited highly practiced chewing motions. Often the head turned as if looking toward nonexistent sights or sounds. But he could not find a spot to produce an urge to pee or cry.

			Penfield found it notable that most of the movements he induced by stimulating this map were motorically primitive, unrefined, unpurposeful—the very kinds of movements newborns make. They are gross, he wrote, “like the sound of a piano when the keyboard is struck with the palm of the hand.”

			Eventually Penfield compiled a complete output map of the human musculature, which is shown on the right side of the illustration. When cells in this map fire, signals are sent down the spinal cord to particular muscles or groups of muscles. A foot moves, a hand clenches, the lips smack. There is substantially more overlap between neighboring regions in this primary motor map than in the primary touch map. It is somewhat “blurrier,” less crisply defined, a fact that reflects the greater complexity of coordinating contraction and relaxation in dozens of interrelated muscles. Nevertheless the degree of order is striking and fundamental to the grace and precision of your movements.

			After nearly two decades of exploration and surgery, Penfield was at last ready to compile his findings in a book, The Cerebral Cortex of Man, published in 1950 with his colleague Dr. Theodore Rasmussen. He also hired an illustrator, Mrs. H. P. Cantlie, to draw the cartoons pictured in the illustration on Chapter 2. These grotesque, rather bizarre-looking manikins were a hit with the public and quickly become iconic—the E = mc2 of neuroscience. They have been reprinted and redrawn countless times in textbooks and popular science writings through this day. They titillate the imagination. Many sculptors and other artists have been inspired by them as well, as shown in the photographs on Chapter 2.

			Penfield’s now-classic book includes data on more than 520 human brains, each marked by sticky notes as he explored many other cortical regions. For example, he found areas where movements are planned, and others where strong feelings—sinking, floating, nausea, choking, a racing heart—are aroused. Poking around just above the ears in forty of his patients, he found areas that conjured memories—voices from the past, scenes from childhood, a certain song, reveries. Penfield believed he had found the physical basis for what he called the “engram”—an enduring change in the brain that accounts for the persistence of memory. Ironically, while he thought his findings on memory were his crowning contribution to science, a few decades after his death they were overturned by a more sophisticated theory of memory. But Penfield’s homunculi live on.

			

			[image: image]

			It is also possible to render Mrs. Cantlie’s motor and sensory homunculi as three-dimensional sculptures. Both of these models are on display at the Natural History Museum in London. Top: the somatosensory homunculus. Bottom: the motor homunculus.

			[image: image]

			

			One of the most striking features of the Penfield maps is how comically misproportioned they seem: giant lips, tongues, and hands; tiny heads, arms, and trunks. It is a grotesque parody of the human form. Why should this be?

			The answer is straightforward. Take the primary touch map. The sensory receptors in your body are distributed unevenly. They are densely concentrated in the body parts where you need high acuity and dexterity, and sparse in parts where superior sensory resolution isn’t paramount. This is why your fingers can easily distinguish the individual nubs of velvet on an armchair, while your buttocks give you only general information about the chair’s firmness, temperature, texture, and the presence or absence of thumbtacks.

			But the situation up in your cortex is quite different. Here your brain cells are packed together at a uniform density, like a honeycomb. It is this simple fact that accounts for the homunculi’s ridiculous proportions. Your finger maps take up one hundred times as much cortical real estate as your torso map because there is a hundred-to-one ratio of touch receptors in your fingers compared to your torso. The actual surface area of your skin where the sensations originate is irrelevant in apportioning your homuncular map; all that matters is the incoming sensory bandwidth. Hence your huge lips and hands but scrawny arms and legs and disappointing rear end.

			The distortions of your primary motor homunculus exist for much the same reason. The muscle groups in your mouth and hands, which are used in fast-changing, highly coordinated ways, receive far richer projections from your motor cortex than do less dexterous muscle groups like those in your back, knees, and hips.

			Many people seeing the sensory homunculus for the first time comment on (even object to) how small the genitals are. They expect that these organs would merit an allotment of territory commensurate with their sensitivity and the disproportionate mindshare they command. The confusion comes from the multiple meanings of the word “sensitive.” Sensitive can refer to high acuity. Your fingers, lips, and tongue are sensitive in this sense: generously packed with somatic receptors of every type, able to make extremely fine discriminations. Your genitals are extremely sensitive in a different sense. A penis and a clitoris can tell the difference between one finger and two, but they can’t read Braille. Instead, the genitals are sensitive in the sense that just a little bit of stimulation marshals a huge share of your attention. The exquisite pleasure you get from having them stimulated by the right person in the right way is not a function of their acuity, but of the unique way they are wired up with your brain’s pleasure and reward circuitry.

			After Penfield

			Penfield explored all over the brain and found a handful of other, smaller body maps as well. Even before he zapped the brain of his first patient, he knew that he would find touch and motor maps, since his contemporaries had already found them in cats, dogs, monkeys, and other mammals. By the same token, Penfield also knew of a few other maps he should look for, and found them.

			For instance, he was able to locate a region known as the secondary somatosensory cortex, which performs a slightly higher level of shape, texture, and motion analysis than the primary touch map. Yet he found this secondary map much harder to explore and understand. For one thing, it is quite a bit smaller than the primary map, and its neurons have larger receptive fields that are wired to make more complex sensory discriminations. (Every neuron in a given body map receives information from a specific group of “downstream” neurons, known as that cell’s receptive field. Receptive fields in your primary touch map are made up of receptors in the skin itself. For cells in most other body maps, receptive field inputs come from other, lower-level body maps elsewhere in the cortex.) Penfield’s difficulties were compounded by the fact that the secondary touch map is difficult to access, half-buried where the parietal lobe plunges beneath the temporal lobe like a tucked-in bedsheet.

			Penfield had better luck in the frontal lobes. Just in front of the primary motor cortex he found a small, higher-order body map where action plans are made. It is imaginatively known as the premotor cortex. Penfield found that stimulation to this map produced far more complex movements than he could get out of the primary map. While stimulating the hand region of the primary map causes random jerking of the fingers and wrist, stimulating the premotor hand area brings forth more complex and fluid action fragments, such as moving the hand smoothly up to the mouth. To extend Penfield’s piano metaphor, if zaps to the primary motor map are like the discordant din of notes from a palm striking a keyboard, then zaps to the premotor homunculus reel off simple melodies like musical scales or “Chopsticks.”

			Higher-order motor maps like those in your premotor cortex also afforded one of the earliest glimpses into the neural mechanisms behind intentionality and free will. Penfield’s patients reported that the movements induced through the primary motor cortex felt involuntary—like something that had been done to them. But the actions produced by stimulation to the premotor cortex were accompanied by an inkling of intention—like something being done by them. Or sometimes Penfield would stimulate a spot and no movement would be produced, but the patient would report a sudden desire to perform some simple gesture or action.

			

			

			OTHER BODY MAPS: THE CEREBELLUM

			Most of this book is about the body maps of the cortex—the newest, and in humans the largest, part of the brain and the seat of intelligent perception and thought. But there are also body maps outside the cortex, which play just as vital a role as cortical body maps in creating your embodied sense of self and your physical intelligence.

			A prime example can be found in the cerebellum, an extremely ancient structure that sits at the bottom rear of the brain attached to the brain stem. Originally it served as the brain’s chief
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