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PREFACE

The Most Personal Science



 

There is a fact about you that I want to tell you before we go any further. It is not a comfortable fact. It is not the kind of thing you are likely to have heard stated plainly, without hedging or softening, in any classroom or doctor's office or popular article about the brain. But it is true, and it matters, and I believe that sitting with its strangeness is the most important first step you can take toward understanding everything that follows in this book.

The fact is this. Every memory you have ever made exists inside your skull as a pattern of electrical and chemical changes in biological tissue. Every person you have ever loved is represented in your brain as a configuration of synaptic weights, a particular arrangement of connection strengths between neurons that encodes something of what that person meant to you, who they were, how they made you feel. Every dream you have ever had was nothing more and nothing less than your brain generating electrical signals in the absence of sensory input, weaving those signals into narrative and imagery and emotion and then, when you woke, mostly dissolving them again like a sand mandala swept into the sea. Every moment of grief you have endured, every burst of joy, every flash of creative inspiration, every experience of beauty or terror or transcendence, each of these was, at the level of physics, a pattern of ions moving across membranes, of electrical potentials rising and falling, of neurotransmitters crossing synaptic gaps, of action potentials propagating along axons at speeds of up to 120 metres per second. There is nothing else. There is no additional substance. There is no ghost in the machine, no soul-stuff animating the biological hardware. There is the hardware. And then there is, somehow, astonishingly, irreducibly, you.

I want to be honest with you about something. When I first truly understood this, not just as an abstract proposition but as a biological reality that I could trace through the mechanisms and the measurements and the experiments, I found it deeply unsettling. Not because it diminished my sense of my own experience, though I feared it might. But because it raised a question so large and so strange that I could not look away from it, and once I could not look away from it, I found that it was in fact the most interesting question I had ever encountered in all my years of reading about science. The question is this: how does it happen? How does electricity become experience? How do the physical mechanisms of the firing neuron become the felt quality of a summer afternoon, or the specific ache of missing someone, or the way a piece of music can make you feel as though you are remembering something you have never actually experienced? How does the biological become the personal? How does matter become mind?

Nobody knows. That is the honest answer, and I will not dress it up. The question has a formal name in philosophy of mind. The philosopher David Chalmers, whose 1995 paper on the subject remains one of the most cited in all of academic philosophy, called it the Hard Problem of consciousness, and the name has stuck because it captures something important: there are many questions about the brain that are difficult but tractable, problems of mechanism and architecture and function that neuroscience is steadily answering. And then there is this one, which is different in kind, which resists the methods that work so well for everything else, which continues to defy resolution despite more than a century of increasingly sophisticated neuroscience and millennia of philosophical reflection before that.

But here is what I also want to tell you, what drove me to spend years researching and writing this book: the search for the answer has already produced discoveries so extraordinary, so beautiful, and so immediately consequential for human health and human freedom, that the journey is worth taking even without a guaranteed destination. In the course of trying to understand how electricity becomes experience, neuroscience has mapped the neural architecture of memory and emotion with stunning precision. It has identified the specific brain circuits that malfunction in depression, anxiety, epilepsy, Alzheimer's disease, Parkinson's disease, and schizophrenia. It has developed electrical and magnetic therapies that can heal those malfunctioning circuits in ways that decades of pharmacology could not. It has created devices that allow paralysed patients to control computers, robotic arms, and their own voices using nothing but their thoughts. It has developed systems that can reconstruct the words a person is thinking from the electrical activity of their brain alone. It has revealed that psychedelic compounds heal treatment-resistant depression not by adding new chemistry but by temporarily dissolving the brain's rigid electrical habits and allowing new patterns to form. And it is now on the verge of a technology that will merge human and machine intelligence in ways that will raise questions about identity, freedom, and what it means to be a person that no previous generation of human beings has ever had to confront.

This book is about all of that. But it is also, at every point, about something more personal than any technology or therapy or scientific finding. It is about you. About what you are made of, at the deepest level that science has yet reached. About why your memories work the way they do and sometimes fail the way they do. About why your emotions can feel so overwhelming and yet so beyond your conscious control. About why sleep matters more than almost anything else you can do for your brain. About what is actually happening in the brains of people who suffer from depression or anxiety or dementia, and why it matters enormously that we understand these conditions as disorders of biological machinery rather than failures of character or will. And about what the coming age of neural technology means for the future of your most intimate possession: the private electric universe inside your skull.

I should tell you something about how this book is written, because I have made a deliberate choice that I want to explain. Each chapter is written in a different style and a different voice, suited to the particular material it covers. The historical chapters are novelistic and character-driven, because history is nothing if not the story of particular people doing particular things in particular moments that changed everything. The science chapters are precise and metaphor-rich, because the best science writing I have ever read treats the reader as an intelligent adult who does not need the complexity removed but does need it illuminated. The chapters on brain disorders are compassionate and human, centering the experiences of patients, because the science of neurological disease is meaningless if it is not connected to the suffering that motivates it and the hope that it generates. And the final chapters are frankly philosophical and speculative, because the future of the electric brain is arriving so fast that speculation is not an indulgence but a necessity.

There will be moments in this book where the science is genuinely difficult, where the mechanisms are intricate and the terminology unavoidable. I have put a glossary at the back of the book, and I encourage you to use it freely, without embarrassment. There will also be moments where the science shades into territory that is uncertain, contested, or preliminary, and in those moments, I will tell you so clearly. I have no interest in presenting the current state of neuroscience as more complete or more certain than it is. The brain is the most complex object in the known universe, and the science of understanding it is still, in many of its most important domains, in its infancy. The honest acknowledgement of that fact is not a weakness. It is the only intellectually respectable position available.

One last thing, and then we begin. I want to ask you to do something as you read this book. I want to ask you to periodically put it down, not permanently, not in frustration, but deliberately, and to simply be aware of what is happening in your own mind as you do so. Notice the sensation of thinking. Notice the way attention moves, shifts, narrows, expands. Notice the emotional quality of different ideas as they arrive, the way some thoughts feel warm and others feel cold, the way memory intrudes unbidden into the stream of present experience. Notice the you that is noticing all of this. And then, when you pick the book up again, consider that everything you just experienced, the whole rich, intimate, irreducibly first-person texture of your conscious life, was and is and will always be electricity. Patterned, biological, ancient electricity, refined by hundreds of millions of years of evolution, operating at the intersection of chemistry and physics and information and life. And that this fact, far from reducing you to something small or mechanical, places you at the most astonishing frontier in all of science: the edge where the physical world looks at itself and wonders what it is.
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INTRODUCTION

The Universe Looking at Itself



 

Somewhere in your skull, right now, a storm is happening. Not a metaphorical storm. Not a poetic approximation of something that is really going on at another level of description. A genuine electrical storm: approximately 86 billion neurons firing action potentials at rates of up to several hundred times per second, each firing event a precisely timed voltage spike lasting about one millisecond, each spike propagating along an axon at speeds of up to 120 metres per second, each arrival at a synaptic terminal triggering the release of neurotransmitter molecules across a twenty-nanometre gap to the next neuron in the chain. There are, in your brain right now, approximately 100 trillion of these synaptic connections, each one capable of being strengthened or weakened by the pattern of electrical activity that passes through it, each one thereby constituting a kind of memory of every experience the brain has processed since the synapses first formed.

This electrical storm is you. Not a part of you, not the mechanism underneath you, not the substrate of something else that is really you. This storm, in its full complexity and its precise moment-by-moment configuration, is identical with everything that you are: your memories of your childhood and the faces of the people you love, your capacity for language and mathematics and music, your political opinions and your aesthetic preferences and the things that make you laugh, your fears and your desires and the specific quality of your character that makes you recognizable to the people who know you as yourself rather than anyone else. There is nothing additional. There is the electrical storm in the brain. And then there is, somehow, astonishingly, irreducibly, you. The storm is the self. This book is the attempt to understand how.

What This Book Is

The Electric Self is a popular science book about the neuroscience of brain electricity. That description is accurate but insufficient. It is also a book about consciousness and the deepest mystery in all of science. It is a book about memory and identity and what it means that the self is a biological construction rather than a metaphysical given. It is a book about the extraordinary range of neurological and psychiatric conditions that result when the brain's electrical machinery breaks down, and about the equally extraordinary range of electrical, chemical, and technological interventions that medicine and neuroscience have developed to repair it. And it is, in its final section, a book about the future: about the brain-computer interfaces that are already allowing paralyzed patients to type with their thoughts and speak with their minds, about the neural decoding technology that can reconstruct the semantic content of what a person is thinking from their brain activity alone, and about the governance questions this technology is raising that no previous generation of human beings has had to confront.

The book is organized into five parts, each corresponding to a distinct domain of the science. Part One, The Spark of Existence, tells the history of bioelectricity: the 244-year arc from Luigi Galvani's discovery that electricity animates living tissue to the Hodgkin-Huxley equations that gave science its first complete mathematical description of the action potential, the fundamental unit of neural computation. Part Two, The Electrical Architecture of the Mind, examines how electricity creates memory, emotion, sleep, and consciousness, exploring each of these domains through the lens of the neuroscience that has illuminated them and the deep questions that remain unanswered. Part Three, When the Electricity Goes Wrong, reframes the major neurological and psychiatric conditions, epilepsy, depression, anxiety, Alzheimer's disease, and Parkinson's disease, as disorders of the brain's electrical machinery rather than failures of character or will. Part Four, Rewiring the Brain, covers the technologies of electrical and chemical intervention: deep brain stimulation and transcranial magnetic stimulation, brain-computer interfaces and neural decoding, and the psychedelic medicines whose mechanism of action is now being understood in terms of what they do to the brain's electrical organization. And Part Five, The Electric Future, examines the coming age of neural augmentation and asks the governance questions that this age is making urgent: who owns neural data, who has the right to alter the electric self, and what protections human beings will need in a world where the most intimate facts about their inner lives are accessible to anyone with the right technology and the right access.

Each chapter is written in a different style and voice; chosen to suit the particular material it covers. The historical chapters of Part One are novelistic and character-driven, centered on the specific scientists whose discoveries shaped the field. The science explanations of Part Two are precise and metaphor-rich, written for the intelligent general reader who wants to understand the mechanisms without needing specialized training to follow the argument. The clinical chapters of Part Three are compassionate and human, centering the experiences of patients alongside the science of the conditions they live with. The technology chapters of Part Four are written with the urgency and pace of science journalism, because the developments they describe are happening now and their implications are immediate. And the final chapters of Part Five are frankly philosophical and essayistic, because the future they describe requires not just information but reflection. Science tells us what is possible. Philosophy, politics, and ethics determine what of the possible we choose to do.

Why Now

The science of the electric brain has been developing for 244 years, but it has never moved as fast as it is moving now, and the convergence of several simultaneous revolutions is making the current moment particularly consequential for anyone who wants to understand where neuroscience is taking us.

The first revolution is technological. The tools available for studying the brain, and for intervening in it, have improved more in the past twenty years than in the previous two centuries combined. Functional MRI now allows researchers to measure the activity of cubic-millimeter volumes of brain tissue in real time across the whole brain simultaneously. High-density electrocorticography, in which electrode arrays are placed directly on the brain's surface, records neural activity with millisecond temporal resolution and millimeter spatial resolution across large cortical areas. Calcium imaging allows researchers to track the activity of individual identified neurons in living animals across weeks and months of behavior. Single-cell RNA sequencing has revealed the full molecular diversity of the brain's cell types in unprecedented detail. And implanted brain-computer interfaces are now recording from thousands of neurons simultaneously in human patients, providing data of a quality and a richness that makes the earliest BCI experiments look, by comparison, like trying to understand an orchestra by listening to it through a wall.

The second revolution is computational. The machine learning algorithms that are transforming every other field of science and technology have arrived in neuroscience with particular force, because the brain's data is exactly the kind of high-dimensional, complex, temporally structured data that deep learning methods are designed to analyze. Neural decoding algorithms can now extract semantic content from fMRI recordings, reconstruct visual imagery from brain activity, and decode intended speech from cortical signals with accuracy that was unthinkable a decade ago. The combination of better brain measurement and better data analysis is producing discoveries at a rate that makes the field almost impossible to summarize without immediate obsolescence.

The third revolution is clinical. The first approved brain-computer interface devices are now in human patients. The first anti-amyloid antibody treatments for Alzheimer's disease have demonstrated, for the first time in the disease's history, that the progression of dementia can be measurably slowed by targeting its biological mechanisms. Psilocybin has received FDA Breakthrough Therapy designation for treatment-resistant depression and is in Phase 3 clinical trials. MDMA has demonstrated sixty-seven percent PTSD remission rates in Phase 3 trials. Deep brain stimulation is being actively investigated for conditions ranging from depression and OCD to anorexia nervosa and chronic pain. Transcranial magnetic stimulation is approved for an expanding list of indications and is increasingly accessible as a front-line rather than last-resort intervention. The neuroscience of the past decade is beginning to produce a clinical dividend that the neuroscience of the previous century largely promised but rarely delivered.

Together, these three revolutions are producing a moment of genuine transformation, one in which the understanding of the electric brain is advancing faster than our ability to fully process its implications. This book is an attempt to help with that processing: to make the science accessible, to make the history vivid, to make the clinical realities humanly present rather than abstractly statistical, and to make the governance questions concrete enough to be acted upon rather than merely worried about.

A Note on Certainty and Uncertainty

One of the most important commitments this book makes is to honesty about what is known and what is not. Neuroscience is a young science. For all the extraordinary progress of the past century, there is vastly more that is unknown than known about how the brain works, and the domains in which the unknowns are largest are, characteristically, the domains that matter most. We do not know how consciousness arises from neural activity. We do not have a complete understanding of the mechanisms of any major psychiatric or neurological disorder. We do not have effective treatments for most neurodegenerative diseases. We do not know whether any current theory of consciousness is correct. We do not know, with confidence, what the long-term consequences of implanting electronic devices in the human brain will be for the individuals who receive them.

This honest acknowledgement of uncertainty is not a weakness of the book or of the science. It is the only intellectually respectable position available. Science advances by acknowledging what it does not know and systematically working to find out. The premature certainty that popular science sometimes produces, the confident assertion that a single study has resolved a question that is in fact still deeply contested, does a disservice to both the science and the reader. Where the evidence is strong and the consensus is clear, this book says so. Where the evidence is preliminary, or the interpretation contested, or the question genuinely open, it says that too.

There is one domain in which the uncertainty is particularly important to acknowledge: the clinical chapters of Part Three describe conditions, depression, anxiety, Alzheimer's disease, epilepsy, that affect hundreds of millions of people and that carry enormous stigma, suffering, and social consequence. These chapters approach those conditions from a neuroscientific perspective that frames them as disorders of the brain's biological machinery. This framing is, in this author's view, both scientifically accurate and ethically necessary: it is the basis for reducing stigma, for developing better treatments, and for treating people with these conditions with the respect and the compassion that their suffering deserves. But framing a condition as biological does not mean reducing the person who has it to their biology, or suggesting that the lived experience of the condition is fully captured by any description of neurons and circuits and oscillations. The science and the humanity are not in competition. They are both required, and this book attempts to hold both simultaneously throughout.

How to Read This Book

The Electric Self is written to be read from beginning to end, as the chapters build on each other and the later sections draw on concepts established in the earlier ones. But each chapter is also designed to be substantially self-contained, and a reader who is primarily interested in a particular topic, memory, or sleep, or brain-computer interfaces, or psychedelics, can begin with that chapter and follow the cross-references to related material elsewhere in the book.

A glossary of key technical terms appears at the back of Volume Three, organized alphabetically. I encourage you to use it freely and without embarrassment: the terminology of neuroscience is dense and specific, and looking up a term in the glossary is not a sign of inadequate background but a sign of the kind of careful reading that the science deserves.

Each chapter opens with a specific human being: a scientist or a patient or a research subject who is connected to the material the chapter covers. This is a deliberate structural choice. Neuroscience is sometimes written in a way that treats the brain as an object of study divorced from the people who have brains and whose lives are shaped by the science. This book takes the opposite approach: the science is always, at some level, about someone. Galvani's observations changed how we understand what life is. Henry Molaison's tragedy illuminated the neural architecture of memory. Helen's deep brain stimulation surgery raised questions about identity that philosophy has not yet answered. Ann's restored speech after eighteen years of silence is both a technological achievement and a human story of loss and recovery. The science is richer and truer when it is connected to the human beings whose lives it has shaped and to whom its continued advance is dedicated.

Finally, I want to say something about what I hope this book produces in the reader, beyond information. I hope it produces a particular quality of attention to your own experience. The fact that everything you think and feel and remember is electrical does not make those thoughts and feelings and memories less real or less meaningful. It makes them more astonishing: it means that the universe has produced, through four billion years of biological evolution, an entity capable of sitting in a chair and wondering what it is. You are the universe doing that, right now. The mechanisms that make this possible are described in the pages that follow. The mystery of how those mechanisms produce the experience of being you is still, honestly, open. I find that open mystery to be the most beautiful fact about the current state of human knowledge. I hope, by the time you reach the final pages of this book, you will find it beautiful too.
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PART ONE

THE SPARK OF EXISTENCE



The Discovery of Bioelectricity and the Birth of a Science

 


Part Introduction

A Jolt That Changed Everything

The autumn of 1780 was not a particularly remarkable season in Bologna. The city moved through its customary rhythms: the university opened its doors to another cohort of students, the markets filled and emptied with the week, the air cooled toward evening in the way that Italian autumn evenings do, smelling of stone and wood smoke and the particular dustiness of old libraries. In a house near the university, a professor of anatomy named Luigi Galvani was working late, as he usually did, surrounded by the equipment of his investigations: copper wire, brass hooks, glass vials, and the dissected remains of frogs, which were his preferred experimental subject because their large sciatic nerve and the powerful muscles of their hind legs made visible even the smallest electrical effects.

What happened next, on an evening that Galvani himself could not have imagined would matter to anyone beyond his immediate circle of colleagues, was one of those accidents that science periodically requires to break through the walls of its own assumptions. An assistant, whose name history has not preserved, was working at a nearby table. He touched a metal scalpel to the exposed sciatic nerve of a dead frog. At the same moment, elsewhere in the room, another member of Galvani's household drew a spark from an electrical machine, a device used to generate static electricity for various experiments. The frog's leg kicked. It was dead. It had been dead for hours. And it kicked.

Galvani





