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			For my brother, Jaime: one of the smartest, and happiest, brains I know.

			—JC

			For my wife Marcia, my son Lucas, and my daughter Samantha—my life.

			—DWG
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			A neuroscientist and a cartoonist walk into a sandwich shop.
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			There’s no punch line—we were just hungry. That happened fifteen years ago, and from this meeting sprang a fun and productive collaboration with a simple proposition: “Can we explain the most complex object in the known universe (the brain) using some of the simplest storytelling tools ever created (comics and cartoons)?”

			We had no idea whether this could be done. For the brain, we had the intuition that visual storytelling could explain how neurons communicate, how memories are formed and retrieved, and how different parts of the brain are responsible for different functions. We figured comics and cartoons could let us show, as well as tell, how the brain works.

			Jorge isn’t just a cartoonist—for a generation of academics he is THE cartoonist who captured the unique angst and uncertainty of postgraduate life with his PHD Comics series (www.phdcomics.com). Dwayne is a neuroscientist whose research over the last thirty-five years has ranged from molecules to people, and currently focuses on addiction and how soldiers are affected by brain trauma and post-traumatic stress. As it happens, Dwayne is also a big comic book fan. At that meeting, we bonded over our X-Men comics collections.

			Working together, we found that the brain offered endless possibilities for communicating scientific ideas with comics. We initially published them in the Stanford Design School’s magazine, Ambidextrous. One of these comics, on brain development, won the 2009 National Science Foundation Visualization Challenge (aka the Vizzies). From there, we caught the eye of Scientific American Mind, where we were regular contributors for many years. We took important topics in neuroscience and translated them into illustrated comics. This fun and stimulating relationship led to the book you now hold in your hands.

			We didn’t want to write a textbook, or something that seemed like a recitation of facts. We wanted to approach the brain the way we have approached science—with a curious mind. We decided to structure the book around some of the most common questions that people have about the brain.

			You’ll notice that in this book, we focus on very basic questions. What is love? What is hate? Is there free will? That’s because deep down, these are the questions we all ask ourselves at some point in our lives. And grappling with those kinds of questions is really at the heart of this book.

			There is a temptation with books like this one to portray science as an oracle capable of providing complete answers to important questions about the world. In our view, this approach is one of the reasons people have lost confidence in science over the last few years. It’s natural to look to science for answers, but it’s also important to understand that science is more than a set of answers: it is a process. It’s a means of thinking and using experiments to get as close as you can to the truth.

			You see, the story of the brain is the story of modern science brought to bear on ourselves: a quest to understand who we are and why we do the things that we do. It’s a story that lives at the interface of biology, chemistry, physics, psychology, philosophy, history, and medicine like no other field of study. It’s a story about people. You’ll learn about historical figures like patient H.M., an amazing man who lived most of his life without the ability to make new memories. And scientists like Brenda Milner, who studied H.M. and from that work was able to tell apart the different types of memory we all have. And Phineas Gage, perhaps the most famous brain trauma patient who has ever lived. His tragic accident revealed the complexities of the brain’s frontal lobes, and how they have a profound influence on our behavior.

			And underneath this story is a simple premise: that the answers to who we are and why we do the things we do lie inside our heads. It’s not out there in the cosmos or written in the stars. Who you are comes from “out of your mind.”

			Each chapter approaches a different question about the brain with this point of view. We don’t always have the answers, but we show you how scientists and scholars over the last few hundred years have tried to understand how our thoughts and actions come from that gelatinous mass in our heads.

			You also have to be a little out of your mind to try to explain a subject as complicated as the brain in a popular science book. While each chapter is rigorously researched with the most up-to-date information available, it’s possible we missed some things. It’s important to know that we don’t believe the answers provided here are the final answers to any of the big questions—but they are what we consider our current best knowledge.

			Our highest hope is that this book somehow changes you. It’s certainly changed us. It’s hard to take a deep dive into subjects like love, happiness, and death without some major reflection on our own lives. At the very least, we hope it makes you think about how your thoughts, actions, and feelings are tied together, and how they shape and guide your life.

			And who knows, perhaps this book will inspire some of you to be a more informed brain user, or even to be part of the next generation of brain explorers who seek a deeper understanding of how the brain works.

			The next great insight into our amazing brains might even come out of your mind.

			—Jorge Cham & Dwayne Godwin
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			Where are you, right now? Maybe you’re at home, at a particular street address. Or maybe you’re on vacation, lounging on a nice sunny beach. Perhaps you’re commuting, listening to this on your way to work. If you look around, you probably feel pretty confident you know where you are.
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			But a more interesting question to ask is “Where is the real YOU?” Not your body, but the You that you identify as yourself—your mind. The combination of your hopes and dreams and thoughts and memories and best and worst qualities. The sum total of your hang-ups, tastes, convictions, emotions, and instincts. Where does the concept of you as a person, the thing that makes you a human being, reside within the boundaries of your body?

			The answer, at first, seems pretty simple: it’s mostly in your head.

			If there’s one thing that science has figured out, it’s that the brain is the epicenter of your conscious being. It is the command module, the director, the vault that processes and stores, at least temporarily, every waking moment of your life.

			You might think that containing something as complex and profound as a Person (with a capital P) would be hard to do in a mere three pounds of gelatinous goop. By volume, your brain is about the same size as a one-liter bottle of soda. It would seem impossible to fit everything that makes up a human inside such a relatively small thing. After all, it is what the brain holds that has allowed humans to surpass all other species on the planet, decipher many of the mathematical laws of the universe, and peer to the very edge of the universe. How can something that is mostly water (75%) contain such power?
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			But the brain is a mighty machine. It almost defies comprehension in its complexity. Though it’s not much to look at, it contains over 86 billion tiny processing units, called neurons, each one talking to tens of thousands of other neurons through intricate and ever-changing connections that adapt and learn as information from the outside world rushes in every day. It is simultaneously the most complex thing we have ever encountered and the very tool that we are using to figure out how it works.

			So, how does it work? How do all those connections give us our personalities and our experience of the world around us? From where in this dense storm of wiring and electrical signals does your unique self emerge? How exactly does the brain encode You?

			You might be surprised to learn that it took thousands of years of navel-gazing (figuratively speaking) for humans to start figuring out the answer to this question. Scientists had to learn a lot about how the brain is organized, and also a lot at the cellular and molecular level about how the cells in your brain activate and talk to each other. And even then, there are still big holes in our understanding of how it all comes together, and strong debate about the definition of what you might call a mind. It’s a story that begins in ancient civilizations and continues today at the forefront of technology. The quest to find the mind within our bodies is as old and as human as our most distant memories.

			Aristotle’s Heart

			The question of where You are in your body is not a new one. In the fourth century BCE, Aristotle thought that what defined a person’s thoughts and actions could be found in the heart. He looked at the human body and reasoned that the heart was the center of one’s being, and that the other organs were there mostly just to nurture and support it.
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			To him, the jelly-like organ inside your skull functioned like a weird kind of radiator, simply there to dissipate heat and keep the body and heart cooled. Perhaps Aristotle saw a brain once and, observing its twisty and bumpy nature and many blood vessels, reasoned that its corrugated form was a hint about its function. His thinking wasn’t completely off: the human brain has evolved to maximize its surface area, but mostly to have more brain cells and make their connections more efficient, not to give off heat more easily.

			Before you judge Aristotle too harshly, though, think about it for a second. Wouldn’t it have made more sense to put the brain inside our chests? Imagine that you were designing a human being from scratch; would you really put the most important organ, the one making all the decisions, at the end of a stalk on top of the body? Wouldn’t it be more practical to put the center of control in the middle of your body, protected by muscles, a rib cage, and nestled between two cushiony lungs? Perhaps Aristotle’s reasoning wasn’t that illogical.

			
				
					[image: ]
				

			

			And even today we ascribe many of our feelings to our beating hearts. Do you remember the last time you felt a strong emotion, like elation, surprise, or sorrow? Did you automatically clutch your chest, or get a sinking feeling in your sternum? It would make sense to think of our hearts as the core of our being.

			Unfortunately, while Aristotle was by most accounts very smart, his notion of the mind and consciousness makes a very basic error in reasoning. His conclusions were based largely on thinking about where the self should be, instead of observing where it actually is.

			Even though they lived over a thousand years before Aristotle, the ancient Egyptians had a better sense of how to go about it. There is evidence that suggests they understood some things about the brain that even the Greeks didn’t. Around the time that the pyramids were being built in the ancient world, the use of heavy cutting tools and the movement of massive blocks of stone led to numerous accidents, and Egyptian laborers found out the hard way that injuries to the head could be debilitating. We know this because the physicians of the time actually kept records.
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			One such record is the Edwin Smith Surgical Papyrus. Edwin Smith didn’t write it—the papyrus was named for a dude who bought the scroll from another dude. While it’s known to date from around 1700 BCE (and possibly earlier), it’s not exactly clear who wrote it. What is clear, though, is that it was someone who used a scientific approach to the observation, diagnosis, and treatment of injuries. Its hieroglyphs describe forty-eight different cases of injuries to the skull and upper body, including observed symptoms and possible treatments. (The papyrus ends abruptly midline, suggesting the author meant to catalog injuries to the rest of the body as well.)

			It’s one of the most significant documents in the history of medicine: by linking injuries to symptoms, it’s the earliest example of humans observing and documenting things as a way to improve their understanding of them.

			
			
				
					[image: ]
				

			

			Most important to our discussion, this papyrus is special because it has the first known reference to the brain. One set of symbols is thought to be the oldest word in human language for that organ inside your head:
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			Of the forty-eight cases described in the papyrus, twenty-seven of them deal with head wounds. One case in particular, case #20, talks about a patient that had suffered brain trauma and was unable to speak. Though the document doesn’t prescribe a cure or a treatment for this condition, it points to an understanding by the Egyptians that messing with the brain directly affects our ability to think and communicate.

			Newton’s Elastic Spirits

			Once we understood that the brain was important to thinking, the next step was to figure out how it works. This was not an easy task. For example, if someone plopped an organ in your hands, say a liver or a kidney, and told you that inside it were incredible biological secrets, would you know how to figure them out? Where would you begin? Though we may have realized that the brain was key to our cognition, how it functioned still remained a mystery.

			Interestingly, one of the earliest clues for answering this question came from someone we don’t typically associate with brain science: Sir Isaac Newton. Though of course we know he had a remarkable brain that kick-started the discipline of physics, he also had some of the first guesses about how the brain might work.

			In 1713, Newton wrote about the brain in his famous Philosophiæ Naturalis Principia Mathematica, the work that established his monumental laws of motion and law of universal gravitation. In that work, nestled among mathematical equations, Newton guessed that “electric and elastic spirits” transmitted along nerves were the ticket to understanding the brain:
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				All sensation is excited, and the members of animal bodies move at the command of the will, namely, by the vibrations of this spirit, mutually propagated along the solid filaments of the nerves, from the outward organs of sense to the brain and from the brain into the muscles.

			

			It seems he understood that he was getting a little off topic, so he added:

			
				But these are things that cannot be explained in few words, nor are we furnished with that sufficiency of experiments which is required to an accurate determination and demonstration of the laws by which this electric and elastic spirit operates.

			

			In any case, Newton’s words reflect an understanding, perhaps increasingly common in his time, that the nervous system was a sort of electromechanical device wired together with things called nerves. And that maybe the brain’s secrets were in the signals coursing through it and flowing to and from the different parts of the body.

			Decades later, in the 1790s, an Italian named Luigi Galvani provided more evidence of the electric nature of the brain. Galvani was a doctor who studied anatomy, and he had a particular interest in frogs. Using machines that could make static electricity, he showed that applying sparks to the frog’s nerves would make its muscles move. This confirmed that the system that operates our nerves and thinking could be activated with electricity.

			Luigi Galvani conducted more such experiments and concluded that the brain must be the primary source of this “animal electricity.” Some believe his experiments directly inspired a popular public spectacle at the time, in which showmen would use electricity to make human corpses move. These macabre demonstrations of “galvanism” sparked the curiosity of a young author named Mary Shelley, who mentions it as an influence in the preface of her famous cautionary tale, Frankenstein; or, The Modern Prometheus.
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			Mapping the Brain Machine

			At this point, it was clear that the brain somehow controlled our movements and our thoughts, and that it did so using some kind of electrical signaling. It’s no coincidence that in the mid-nineteenth century, electricity was in the air. The wired telegraph was invented by 1840, connecting countries across Europe with Morse-coded messages sent via electrical signals. Nikola Tesla would soon be born, and novels like Frankenstein alluded to the potential (and danger) of man capturing and channeling this animating power. More important, it was in the first half of this century that the idea of a thinking machine first came about.

			Charles Babbage was a mathematician and one of the first to realize that calculations could be automated. In 1823 he designed, though he never finished building, the Difference Engine, a mechanical calculator that could add numbers and even store digits for later computations.

			It’s in this context that humans continued their quest to understand the origin of their own cognition. Was the brain like a calculating machine, powered by electrical signals? Could it somehow be reduced to the equivalent of gears, motors, and wires? There was only one way to find out. It was time to take the brain apart.
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			Progress in brain science around this time came along two fronts: studying people with brain injuries (and later dissecting their brains), and zapping brains to test what the different parts did.

			If the brain is like a puzzle box, then one way to figure out how it works is to study brains that don’t quite work the way they are supposed to. In 1861, a French scientist named Paul Broca became interested in patients with language difficulties. In particular, Broca reported observations about a patient named Louis Leborgne who couldn’t speak normally. He was nicknamed “Tan” because that was apparently the only word he could say, though it was clear that he understood language in general because he could follow commands. This condition, later called aphasia, describes an inability to talk even when the speaking parts of your body (lips, tongue, and throat) are intact.

			Broca was able to study Leborgne and assess his symptoms before Leborgne died suddenly of infection and gangrene. Broca performed the autopsy and dissected Leborgne’s brain, where he found something peculiar. He observed that a small patch on the left-front side of the outer layer of the brain was destroyed.

			It turned out that Leborgne had experienced a stroke sometime in the past. A stroke is when either a bit of clotted blood plugs one of the arteries of the brain, or an artery in the brain bursts, stopping blood from carrying oxygen to those cells and essentially choking them.

			Broca connected Tan’s inability to say words to the destruction of that part of the brain. Kill that patch of cells and you kill the ability to say words, even if you can do other things normally.
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			In other words, Broca had pinpointed our ability to create language to the part of the brain we now call the inferior frontal gyrus. If you’ve ever tapped your finger on your left temple as if to say “I thought so,” then this is the area you were pointing at. And Broca didn’t stop with one patient—he confirmed this observation in more patients with symptoms similar to Leborgne’s.

			Broca’s results supported what at the time was a new theory about the brain: that it’s divided into regions, each responsible for a different part of your ability to think. Initially, this theory wasn’t very scientific. If you search online for “phrenology diagram,” you’ll see drawings of the human head from this time with areas dedicated to things like “beauty,” “dignity,” and “friendship.” But Broca had finally added scientific evidence to this general idea, showing that, at least when it comes to making language, there was direct cause and effect with a specific part of the brain.

			
				
					[image: ]
				

			

			Hearing about Broca’s work, the German neurologist Carl Wernicke realized that some of his own patients were suffering from the reverse of what was afflicting Broca’s famous patients. Unlike Leborgne, who could understand language but couldn’t speak it, Wernicke’s patients could speak words but couldn’t understand how to use them meaningfully. They would put together sentences that had correct grammar, but they didn’t make any sense. They might say things like “I laughed an ostrich bulldozer after the balloon.” Or they might recognize words, but wouldn’t know what they meant. This type of disability is called sensory or receptive aphasia.

			Wernicke found that the brains of these patients were also damaged, but in a completely different region from Broca’s patients: on the back side behind the left ear. It seems that if you damage this part of the brain, you reduce the brain’s ability to understand words.

			So, there are two areas of the brain dedicated to language, but they are specialized for different things. Broca’s area is involved in generating language, while Wernicke’s area is important for decoding language. Today we know that these two areas are connected by a special bundle of fibers (called the arcuate fasciculus) that allows them to coordinate with each other to process language.
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			Both of these cases provide important clues about how the brain works. The brain is not a homogeneous mass out of which our personalities and intelligence arise. It has areas that are dedicated to tackling different aspects of our ability to think, and these areas communicate with each other to coordinate the business of being you.

			This picture came even more into focus when scientists in the nineteenth century started zapping brains with electricity.

			The Brain Zappers

			Warning: Reading some of the original papers on brain science from the late nineteenth century can be…cringey. Nowadays, research labs, particularly those involved in animal research, are governed by strict rules and conditions under which experiments of this type are done. But standards were much laxer back then. Still, it’s important that we acknowledge that some of what we know today about brains is built on experiments like these.

			For example, in 1874 David Ferrier, a Scottish doctor, published a book with the auspicious title The Functions of the Brain, which reported details of electrical stimulation experiments on the brains of several types of animals, including monkeys.

			This sort of electrical probing is typically done in patients during neurosurgery for the treatment of epilepsy or brain tumors. It’s performed by making a hole in the skull (called a craniotomy) and then cutting through the overlying tissue that covers the brain. After the brain is exposed under general anesthesia and a local anesthetic is applied to the skin around the hole, the patient is allowed to wake back up, which is okay because the brain doesn’t have pain sensors and feels nothing.

			What Ferrier found when zapping the surface of the monkey brain was that it was like pushing a button. Zapping certain parts of the brain made the monkey’s body move, and the part of the body that moved depended on the area of the brain being zapped. Zap the brain in one area and an arm moved. Zap it in another area and a leg moved. As Ferrier tested his probe on different subjects, this mapping between brain and body movement was regular and consistent.
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			Neurosurgeons and scientists took notice of this observation and thought it might be useful in surgeries with human patients. They were interested in seeing whether this controlled way of zapping the brain might help them find important areas to target or to avoid.

			In one set of interesting operations, a neurosurgeon named Harvey Cushing and others found that zapping the brain in a different area called the postcentral gyrus (roughly located about where you might wear a hairband) actually produced sensations in the body. That is, the patients would say they felt as if something was touching them. And just like different movements, these sensations could be mapped to different places in the brain. Zap the brain in one spot and the patient would say that an arm was being touched. Zap the brain in another spot, and they would say it was a leg.
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			Cushing and other neurosurgeons, most notably Wilder Penfield, made detailed maps that connected these basic sensing and movement functions to the brain areas that seemed to generate them. Penfield in particular did something no other neurosurgeon had thought to do—he hired an artist to illustrate these areas. This collaboration resulted in a famous drawing that represents how much brain real estate is devoted to the sensing and movement of different body parts. The drawing looks like a little goblin-like man called a homunculus, because certain parts, like the face, have a disproportionate amount of brain area dedicated to them. This picture is still referred to as an example of early brain maps.

			More clues about where we are in the brain came from the well-known case of Phineas Gage and his fateful encounter with a one-meter-long iron rod.
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			For nearly twenty years, knowledge of Phineas Gage’s profound personality change was not widely known. Because of this, most people thought he had survived the accident totally unscathed since his behavior seemed normal, and his case was initially used as evidence against the idea that the brain is organized by regions. Later it was also used as negative evidence in the medical debates about aphasia and the role of the front part of the brain. After all, if Phineas Gage could live normally with a large chunk of the front of his brain missing, it couldn’t have been that important. But eventually details of his personality change came to light. Probably because changes in “executive control” and “impulsiveness” aren’t as easy to detect as changes in movement and sensation, it took a few years to figure out what exactly had happened to Gage.

			Gage’s story tells us that even something like personality can be mapped in the brain. In this case, it seemed to be partly located in the frontal lobes of the brain, which is the area behind and between your eyeballs. Take that part out, and you hobble your ability to control your impulses or make plans.

			You Are Here

			Experiments and cases like the ones described above have led to our current understanding of the brain, which appears to be organized by region, with each region responsible for a specific part of our thinking. There are even specific areas dedicated to memory, with each sub-area specializing in storing a different kind of memory (short-term, long-term, motor memory, etc.).

			Today, our maps of the brain allow us to know with millimeter precision which areas are linked to everything from perception, memory, and emotions to judgment, logic, and even humor. Using functional magnetic resonance imaging (fMRI), we can even see these areas activate as you’re doing (or thinking about doing) a specific task (with certain areas activating for more than one task). In some cases, scientists can see how networks of these areas coordinate their activity to produce complex feelings and behaviors. Using this information, neuroscientists can literally look inside your brain and guess whether you are afraid of something, if you’re lying, or whether you prefer to have hamburgers or pizza for dinner.
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			So, to go back to the question “Where are You?” the answer seems to be: You are a little bit everywhere. The part of you that understands words and knows how to put them together is in one area of the brain. The part of you that senses the world and moves your body is in another part. Take out any of these parts, and You wouldn’t be quite the same. Of course, you might argue that You are not your ability to move or to speak, and that only things like your personality, or your memories or preferences, really capture who you are. But think about it: If you didn’t have your ability to walk, or to speak, or to hear music, would you be the same person you are right now? Or would your personality be different? If your Mind is the sum total of every way you process information and interact with the world, then anything that affects any part of your brain will change you, even if only a little.

			And what about uniqueness? Where is the You that makes you different from other people? After all, most human beings have the same brain functions in roughly the same areas. Pick any two humans from opposite ends of the earth, and you’ll find they have a very similar brain anatomy and will respond to brain zapping in basically the same way. As impossible as it sometimes seems, the brain of a Republican voter looks pretty similar to the brain of a Democrat.
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			That’s because your uniqueness is inside your brain areas. It’s in the internal wiring that connects each of those areas’ neurons. My left frontal lobe is not wired in the exact same way as yours or anyone else’s. That means it doesn’t react in the same way. What makes the wiring different? Part of it is shaped by your genes but a large part is also shaped by experience. When you’re developing, your neurons grow to seek out connections with other neurons. Anything that affects that growth will affect those connections. And even after you stop growing, those connections are constantly being reinforced or abandoned depending on how often, or how important, those connections are. That’s how we learn and remember things. Our brains are preprogrammed to change in response to the outside world. This is why identical twins can still have very different personalities.

			Some scientists even argue that your You-ness extends beyond the brain and should include the rest of your nervous system and even other organs. For example, you might also wonder whether you would still be the same person if you lost a lung, or an arm or a leg. There is even evidence that the bacteria in your gut (your “gut biome”) can directly affect your mood and your personality through the vagus nerve that connects your brain to your intestines.

			Studies have found that the amount and kind of bacteria that live in your lower intestine can directly influence your behavior and affect things like your stress and anxiety levels—even depression. In other words, a definition of You might also need to include…your poop?
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			Of course, there are still things we don’t know. Namely, we don’t know how You are encoded in each of these brain regions. Brain tissue remains an impenetrable mass of complicated connections we have yet to completely decipher. We have technology that can track the signals from single neurons in the brain (using tiny little wires inserted in the brain), but it’s rare for this information to be useful. Without asking you or observing how you behave, we still have no way to predict what your likes and preferences are.

			But the main lesson here is that You are not just in one place. The thing that is You is modular. It’s made up of parts that are in different places that are connected to each other. And it’s in these connections and how they interact that your sense of self arises. In many ways, You are the different parts, and You are also the storm of information that bounces around between them. It’s in the center of that maelstrom that your being resides. Unlike Aristotle, perhaps we should look to your proverbial heart, not your actual heart, to find your true self.
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				Love looks not with the eyes but with the mind,

				and therefore is winged Cupid painted blind.

				—W. Shakespeare, A Midsummer Night’s Dream

			

			William Shakespeare may not have been a neuroscientist, but he certainly knew a lot about human emotion. His plays tell stories of human love in its many forms: young, irrational love (Romeo and Juliet), the love between parents and their children (King Lear), and even love of country (Julius Caesar).
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			To many, love may seem like the quintessential human emotion. But actually, humans are not alone in showing signs of love. In the case of romantic love, about 4 percent of mammals pair up in lifelong, monogamous couples (we share that distinction with prairie voles and beavers, among a few others), and up to 95 percent of birds do.

			The majority of complex animals on the planet exhibit some form of care and devotion to their young. Paleontologists have even found fossils of dinosaur mothers that seemingly died while protecting their nest of eggs.

			At the same time, the human experience of love appears to be more vexing and complex than mere instinct. At the very least, it seems to be more dramatic. After all, how many beavers or birds have written sonnets or entire operas detailing the impossible situations that love puts us in?
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			If you ask around, most people will tell you that love is a feeling. It’s what you feel when you look at your spouse, or your child, or your parents, or the
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			The Love Scales
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			Scanning for Love
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			Love Has Its Rewards
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			1. It can be hacked.
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			2. It can be triggered by a range of things to different degrees.
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			The Bonds of Love
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			Who Doesn’t Love a Good Ending?
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