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To Grace, my love and life










INTRODUCTION



THE BORDERLAND


In the fall of 1904, the Cavendish Laboratory was full of curious experiments. Clouds of mercury shuddered with flashes of blue light. Lead cylinders pirouetted on copper disks. The ivy-covered building on Free School Lane, nestled in the heart of Cambridge, was the most exciting place for physicists to be, not just in England but in the entire world, a place where they could toy with the fundamental pieces of the universe. Amidst this forest of magnets and vacuums and batteries, it would have been easy to overlook one small experiment sitting forlornly by itself. It consisted of little more than a glass tube capped with cotton, half-filled with a few spoonfuls of brown broth.


But something was coming into being in that tube. In a few months the world would collectively gasp at it. Newspapers would celebrate the experiment as one of the most remarkable achievements in the history of science. One reporter would describe what lurked in the tube as “the most primitive form of life—the ‘missing link’ between the inorganic and organic worlds.”


This most primitive life was the creation of a thirty-one-year-old physicist named John Butler Burke. In photographs from around the time of the experiment, Burke’s boyish face has a melancholy cast. He was born in Manila to a Filipino mother and an Irish father. As a boy he traveled to Dublin for schooling and ended up at Trinity College, where he studied X-rays, dynamos, and the mysterious sparks released by sugar. Trinity awarded Burke a gold medal in physics and chemistry. One professor described him as “a man who is gifted with the power of exciting in others the enthusiasm which he brings to bear upon his own lines of investigation.” After finishing his studies, Burke moved from Dublin to England to teach at a series of universities. His father soon died and his mother—“an old lady of very large means,” as Burke later called her—supported him with a generous allowance. In 1898, Burke joined the Cavendish.


Nowhere on Earth had physicists learned so much in so little time about matter and energy. Their most recent triumph, courtesy of the lab’s director, Joseph John Thomson, was the discovery of the electron. In his first few years at the Cavendish, Burke followed up on Thomson’s work by running experiments of his own on the mysterious charged particles, investigating how electrons could light up clouds of gas. But then a new mystery lured him away. Like many other young physicists at the Cavendish, Burke started experimenting with a glowing new element called radium.


A few years beforehand, in 1896, a French physicist named Henri Becquerel had discovered the first evidence that ordinary matter could cast off a strange form of energy. When he wrapped uranium salts in a black cloth, they created a ghostly image on a photographic plate nearby. It soon became clear that the uranium was steadily releasing some kind of potent particle. To follow up on Becquerel’s work, Marie and Pierre Curie extracted uranium from an ore called pitchblende. In the process, they discovered that some of the energy was coming from a second element. They named it radium and christened its new form of energy “radioactivity.”


Radium unleashed so much energy that it could keep itself warm. If scientists set a piece atop a block of ice, it could melt its own weight in water. When the Curies mixed radium with phosphorus, the particles unleashed by the radium made the phosphorus glow in the dark. As news of this rare, exotic substance spread, it became a sensation. In New York, dancers put on radium-coated outfits to perform in darkened casinos. People wondered if radium would become a mainstay of civilization. “Are we about to realize the chimerical dream of the alchemists—lamps giving light perpetually without the consumption of oil?” one chemist mused. Radium also seemed to have a vitalizing power. Gardeners sprinkled it on their flowers, convinced it could make them grow bigger. Some people drank “liquid sunshine” to cure all manner of ills, including even cancer.


It was cancer that would eventually claim Marie Curie’s life in 1934, probably because of the radium and other radioactive elements she worked with on a daily basis. Now that we understand the deadly risk posed by radioactivity, it’s hard to imagine how anyone could think that radium could have vitalizing powers. But in the early 1900s scientists knew surprisingly little about the nature of life. The best they could say was that its essence lurked in the jellylike substance in cells, a material they called protoplasm. It somehow organized cells into living things and was passed down from one generation to the next. Beyond that, little was certain and all manner of ideas were viable.


To Burke, life and radioactivity displayed a profound similarity. Like a caterpillar becoming a moth, a radium atom could undergo a transformation that seemed to come from within. “It changes its substance—in a limited sense it lives—and yet it is ever the same,” Burke declared in a 1903 magazine article. “The distinction, apparently insuperable, that the biologist holds to exist between living and so-called dead matter, should thus pass away as a false distinction . . . All matter is alive—that is my thesis.”


Burke said all this as a scientist, not a mystic. “We must be careful lest our imagination should carry us away, and lead us into regions of pure fancy, to a height beyond the support of experimental facts,” he warned. To prove his thesis, Burke designed an experiment: he would use radium to create life from lifeless matter.


To carry out this act of creation, Burke prepared some bouillon, cooking chunks of beef in water and sprinkling in salt and gelatine. Once the ingredients had turned to a broth, he poured some into a test tube and put it over a flame. The heat destroyed any cow cells or microbes that might be lurking in the liquid. All that was left was a sterile bouillon made up of loose, lifeless molecules.


Burke put a pinch of radium salt in a tiny sealed vial, which was suspended over the broth. A platinum wire wrapped around the vial and snaked out a side port. To launch the experiment, Burke pulled the free end of the wire until the vial cracked. The radium tumbled into the broth below.


After he let the radioactive broth stew overnight, Burke saw that it had changed: a cloudy layer had formed on its surface. Burke drew off a little to see if it was made of contaminating bacteria. He spread it over a petri dish loaded with food for microbes. If the cloudy layer had any bacteria in it, they would feast until they grew into visible colonies.


But no colonies formed. Burke concluded the layer must have been formed by something else. Taking another sample of the cloudy layer, he spread it on a glass slide and put it under a microscope. Now he could see that it contained a scattering of specks far smaller than bacteria. A few hours later, when he checked again, the specks had vanished. But the next day they returned, and Burke began drawing them, documenting how they grew in size and changed in shape. Over the course of the next few days they turned into spheres, with inner cores and outer rinds. They stretched into dumbbells. They bulged and pinched into miniature flowers. They divided. And then, after two weeks, they fell apart. Some might say they died.


As Burke sketched these changing shapes, he could tell they were not bacteria. It wasn’t just that they were too small. When Burke put some of them in water, they dissolved away—a fate that bacteria did not suffer. Yet Burke was convinced these radium-laced blobs were not crystals or any other familiar forms of lifeless matter. “They are entitled to be classed among living things,” Burke concluded. He had created “artificial life,” as he called it—creatures that existed at the far edges of life’s territory. And to these things he gave a name that commemorated the element that gave birth to them: radiobes.


Burke could only guess at how he had created his radiobes. When he dropped the radium into the broth, the element must have given the molecules the powers of growth, organization, and reproduction. “The constituents of protoplasm are in the bouillon,” he later wrote, “but the vital flux is in the radium.”


That December the scientists of the Cavendish Laboratory celebrated Burke’s discovery at their annual dinner in a back room at a Cambridge restaurant. Dressed in black tie, they read lyrics written by a physicist named Frank Horton. They belted out “The Radium Atom” to the tune of an old music hall song:




Oh, I am a radium atom,


In pitchblende I first saw the day,


But soon I shall turn into helium:


My energy’s wasting away.





The physicists sang about the gamma rays and beta rays that radium unleashed, and then they turned to Burke’s experiment:




Through me they say life was created


And animals formed out of clay,


With bouillon I’m told I was mated


And started the life of today.





Five months later, on May 25, 1905, Burke published his first report on radiobes in the journal Nature. He adorned his account of his experiment with three blurry sketches of “highly organized bodies.” Burke ended his report by christening the bodies as radiobes, thus “indicating their resemblance to microbes, as well as their distinct nature and origin,” he said.


When the reporters came calling, Burke at first shied away from claiming too much for his discovery. But they gnawed at his resolve like termites in old wood. Pointing out that radioactive minerals were turning out to be surprisingly widespread, Burke speculated that radiobes existed across the entire planet. “Life may have originated on earth in that way,” he told one reporter.


The public lapped it up. “Has Radium Revealed the Secret of Life?” the New York Times asked. Burke’s radiobes, they marveled, seem to “tremble between the inertia of inanimate existence and the strange throb of incipient vitality.”


The news made Burke as famous as his radiobes. “John Butler Burke has suddenly become the most talked about man of science in the United Kingdom,” the New York Tribune reported. The Times of London anointed him “one of the most brilliant of our younger physicists,” who had carried out “one of the supremely great achievements of all time.” Another British writer judged that “Mr. Burke attained suddenly to a notoriety which, in this country, is usually reserved for prominent athletes.” Letters full of questions about the radiobes arrived “from the remotest corners of the Earth,” Burke later recalled.


Burke enjoyed his fame. Instead of running more experiments at the Cavendish, he traveled from lecture hall to lecture hall showing off his lantern slides. Magazines paid him handsomely for his words. The World’s Work went so far as to compare Burke to Darwin. Radiobes “provoked more discussion, perhaps, than any event in the history of science since the publication of the Origin of Species,” they declared. In 1859, Charles Darwin had laid out a theory of how life evolved. Now, almost a half century later, Burke was wrestling with an even greater mystery: life itself. Chapman and Hall, one of London’s leading publishers, gave Burke a contract to write a book about his theory. The Origin of Life: Its Physical Basis and Definition came out in 1906.


Whatever caution Burke originally had was now gone. In his book, he held forth on the properties of living matter, on the “borderland between mineral and vegetable kingdoms,” on enzymes and nuclei, on his own electric theory of matter, and on something he called “mind-stuff.” Burke unhelpfully described mind-stuff as “perception in the universal mind which constitutes the ‘great ocean of thought’ in which we live and move and have our being.”


And with those words Burke reached his Icarus peak. Soon a wave of brutal reviews of The Origin of Life came out, scoffing at Burke’s hubris. Here was a physicist holding forth on the nature of life when he didn’t even know the difference between chlorophyll and chromatin. “Biology is decidedly not his forte,” one reviewer sniffed.


An even more devastating verdict soon came from a fellow scientist. W. A. Douglas Rudge, who had also worked at the Cavendish for a few years, decided to run Burke’s radiobe experiments for himself. He recognized ways to make them more rigorous—running separate trials with tap water and distilled water, for example. Instead of Burke’s “mere drawing,” as Rudge called it, he documented his results with photographs. When Rudge cooked his broth with distilled water, he discovered, the radium produced nothing. In tap water, Rudge found some odd shapes, but no sign of the lifelike radiobes Burke had drawn.


Burke tried to smear Rudge as an amateur, but other scientists saw his report to the Royal Society as the final word on radiobes. “Mr. Rudge has carried out the experiments that Mr. Burke should have made long ago,” declared Norman Robert Campbell, a physicist at the Cavendish. “Mr. Rudge has produced convincing evidence that the ‘cells,’ or radiobes, are nothing but little bubbles of water produced in the gelatin by the action of the salts upon it.”


In September 1906, Campbell published a vicious attack on Burke. It was ostensibly a review of The Origin of Life, but it read more like a character assassination. “Mr. Burke was not educated at Cambridge; he had been at two universities before he came thither as an advanced student,” Campbell scoffed. “It is misleading to say, in connection with his recent publications, that Mr. Burke is ‘of the Cavendish Laboratory.’ He did some physical research there a few years ago: during his investigations of the biological properties of his radiobes he merely stored in the room in which he had done his former work some of the test-tubes in which those bodies were ‘incubating.’”


It was around this time that Burke stopped working at the Cavendish. Whether he quit or was barred, no one can say. In December 1906 the lab gathered again for another end-of-the-year dinner. They had cause to celebrate: Thomson had just won the Nobel Prize. But the song for 1906 was not an ode to the electron. Instead, the mathematician Alfred Arthur Robb wrote a song set to the tune of “The Amorous Goldfish” from the 1896 musical The Geisha.


It was entitled “The Radiobe.”




A radiobe swam in a bowl of soup


As dear little radiobes do,


And Butler Burke gave a wild war whoop


As he over his microscope did stoop,


And it came in the field of view.


He said: “This radiobe clearly shows


How all the forms of life arose;


And further plainly shows,” said he,


“What a very great man is J.B.B.!”





In the years that followed, Burke took a long fall—one that only ended with his death forty years later in 1946. After he left the Cavendish, no one offered him a plum professorship. Magazines lost interest in his ideas. He wrote two sprawling manuscripts but struggled for years to find a publisher. His income from lectures and writing dried up at the same time that his mother slashed his allowance. During World War I, Burke managed to support himself with a job inspecting airplanes, but after a few months poor health forced him to quit. In 1916 he begged the Royal Literary Fund for a loan to save him from “the dreaded event of bankruptcy.” They turned him down.


As a young man, Burke had seemed on the verge of defining life, of charting its borders. But life got the better of him. In 1931, a quarter century after his brief fame, he published a dubious magnum opus, The Emergence of Life. It was a rambling mess. “Burke had gone right off the deep end,” the historian Luis Campos later wrote. In the book, Burke flirted with levitation and other psychic phenomena. He remained fiercely loyal to his radiobes, which the world had long forgotten. He argued that life emerged from what he called “time-waves” that flowed between units of mind that make up the universe.


The more Burke thought about life, the less he understood it. At one point in The Emergence of Life, he offered a definition of life, but it sounded more like a cry for help: “Life is what IS.”
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I never learned about Burke when I was growing up. I was taught the standard pantheon of biologists, which is mostly made up of scientists with ideas that turned out to be right: Darwin and his tree of life, Mendel and his genetic peas, Louis Pasteur and his disease-causing germs. It’s easier that way: to leapfrog from one designated hero to the next—to ignore the mirages along the way, the failures, the fame that curdled.


When I started writing about biology, I still didn’t learn about Burke. I have had the good fortune to get to know many forms of life and many of the scientists who study them. I’ve hauled hagfish out of the North Atlantic, hiked into North Carolina longleaf pine forests to find Venus flytraps in the wild, and spotted orangutans lounging high in the canopies of Sumatran jungles. Scientists have shared with me what they’ve learned about the marvelous slime that hagfish make, the insect-destroying enzymes in carnivorous plants, the tools orangutans fashion out of sticks.


The beams of their scientific flashlights are bright, but only because they are narrow. Someone who spends her life tracking orangutans doesn’t have enough time to become an expert on Venus flytraps. Venus flytraps and orangutans have something profoundly important in common—they are alive—and yet asking biologists about what it means for something to be alive makes for an awkward conversation. They’ll demur, stammer, or offer a flimsy notion that crumbles under even a little scrutiny. It’s just not something that most biologists give much thought to in their day-to-day work.


This reluctance has long mystified me, because the question of what it means to be alive has flowed through four centuries of scientific history like an underground river. When natural philosophers began contemplating a world made of matter in motion, they asked what set life apart from the rest of the universe. The question led scientists to many discoveries but also many blunders. Burke was hardly alone. For a brief time in the 1870s, for example, many scientists came to believe that the entire ocean floor was carpeted with a layer of throbbing protoplasm. More than 150 years later, despite all that biologists have learned about living things, they still cannot agree on the definition of life.


Puzzled, I set out on a trip. I started out in the heart of life’s territory: in the confidence that each of us has that we are alive, that we have a life that is bounded by birth on one side and by death on the other. Yet we feel our own life more strongly than we understand it. We know that other things are alive, too, like snakes and trees, even if we can’t ask them. Instead, we rely on the hallmarks that all living things seem to have. I took a tour of these hallmarks, getting to know creatures that display them in their most impressive, most extreme forms. Eventually my travels took me out to life’s edge, to the foggy borderland between the living and the nonliving, where I encountered peculiar things with some of life’s hallmarks but not others. It was here, at last, that I first encountered John Butler Burke and came to appreciate that he deserves a place in our memory. It was here that I met his scientific descendants who still grope their way around life’s edge, trying to figure out how life began or how weird it might get on other worlds.


Someday humanity may draw a map that will make this journey easier. In a few centuries, people may look back at our understanding of life and wonder how we could have been so blinkered. Life today is like the night sky four centuries ago. People gazed up at mysterious lights that wandered, streaked, and flared across the dark. Some astronomers at the time were getting the first inklings of why the lights traced their particular paths, but many of the explanations of the day would turn out to be wrong. Later generations would look up and instead see planets, comets, and red giant stars, all governed by the same laws of physics, all manifestations of the same underlying theory. We don’t know when a theory of life might arrive, but we can hope, at least, that our own lives last long enough to let us see it.










PART ONE THE QUICKENING











THE WAY THE SPIRIT COMES TO THE BONES


As I made my way down the hairpin road, a sage brush–studded wall of sand to my right, I felt keenly aware of my own life. I could feel the steep slope in my legs. After a series of tight turns, the wall swung away, revealing a long, desolate beach. It ran northward, a sash of coast between high, slumping cliffs and the Pacific. Out over the sea, the sun hid behind clouds, a sky-wide bank of white. Earlier that day, in my hotel room, my phone had informed me the sky was cloudy and the temperature was in the low seventies. My brain responded to that information by choosing a light, long-sleeved shirt for my walk to the beach. And now my brain was updating its decision without cc’ing my conscious self.


Nerves sprinkled throughout my skin sensed the humidity and temperature of the layer of air encasing my body. Voltage spikes traveled from the nerve endings along long branches known as dendrites until they reached the cores of the nerves, called the somas. From there, new signals raced onward along long, cable-shaped extensions called axons. The axons reached my spine and traveled up toward my head. From neuron to neuron, the signals from the outside world made their way into my brain and finally to a nub of neurons deep inside my skull.


Those neurons combined the Morse code readout from across my body to generate new, different signals. They carried commands instead of sensations. The new voltage spikes left my brain along outward-bound axons, through my brain stem and down my spinal cord, until they reached millions of glands in my skin. There, they created electric charges in twisted tubes that wrung water out of the surrounding cells. Sweat ran down my back.


My conscious self was annoyed with the brain that generated it. One of the few shirts I had brought with me was now drenched in salt water. I could not actually sense the trill of voltage spikes that shuttled information from skin to brain. I didn’t feel a surge of blood in the center of my head as the heat-regulating part of my brain swung into action. In the moment, by the sea, I simply felt myself sweating. I felt annoyed. I felt alive.


As I felt aware of my own life, I also recognized other lives on the beach. A man walked lazily south, carrying a white-and-blue surfboard. Far to the north, a paraglider launched off from the top of the cliffs. The corkscrewing of the yellow paraglider wing spoke of intentions that arose in some human’s brain and produced signals to hands gripping brake handles.


Along with human life, I could see feathered life as well. Sandpipers skittered along the surf. Their seed-sized brains sensed the flash of incoming waves and the cold foam around their legs, contracting muscles to keep their bodies upright, to scuttle to higher ground, to poke the sand for buried snails. The snails didn’t quite have brains but rather fretworks of nerves that produced signals of their own for slowly, relentlessly burying their bodies into the earth. I contemplated the thousands of other subterranean nervous systems inside the mud dragons and the Pismo clams and other creatures buried below my feet. Out in the ocean, down the underwater canyon, other brains were swimming, carried along inside the buoyant bodies of leopard sharks and stingrays while the nerve nets of jellyfish drifted by.


After a few minutes of walking along the water, I stopped and looked down. A gigantic neuron, six feet long, lay on the sand. Most of it was made up of a glistening, caramel-colored axon. It curved gently like a heavily insulated electric cable. At one end it swelled into a bulb-shaped soma, which was crowned in turn by branches of dendrites. It could have been all that survived from a kraken that died in a battle with a pod of killer whales somewhere between here and Hawaii.


This fantastical neuron was, in fact, a stalk of elk kelp. It had washed up from an underwater forest a mile out to sea. What I had imagined to be an axon was the kelp’s stipe, a trunk that not long ago anchored the organism to the ocean floor. What looked like a neuron’s soma was in reality a gas-bloated bladder that kept the kelp upright in the ocean currents. The branching dendrites were the elk kelp’s antlers, on which long blades had once grown. And the blades acted like the leaves of plants, catching what little sunlight filtered down through the seawater and fueling the growth of the elk kelp to heights that rivaled the palm trees that crowned the cliffs behind me.


The kelp had the kind of complexity that marks living things. But as I looked down at it, I could not say whether this particular kelp was still alive. I couldn’t ask it how its day was going. It had no heartbeat I could check, no lungs to lift and lower a chest. But the kelp still glistened, its surfaces intact. Even if it could no longer capture sunlight, its cells might still be carrying on, using up its remaining fuel to repair its genes and membranes. At some point, maybe today or next week, its death would become certain.


But along the way, it would also become a part of life on land. Microbes would feast on its tough cuticles. Beach hoppers and kelp flies would follow, nibbling on its tender tissues. These wrack-feasting creatures would themselves become food for the sandpipers and terns. Plants would be fertilized by the kelp’s nitrogen soaking into the ground. And a sweaty human being, his brain packed with thoughts of brains on this beach, would carry away in his neurons a memory of the kelp’s neuron-like body.
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The next morning I walked along the tops of the cliffs. North Torrey Pines Road cut north through La Jolla, California, alongside groves of looming tower cranes. With a stream of rush-hour traffic flowing by me, it was hard to remember the ribbon of wild coast tucked away close by. I crossed a eucalyptus-lined parking lot to get to the Sanford Consortium for Regenerative Medicine, a complex of glassed-in labs and offices. Once inside, I found my way to a third-floor laboratory, and there I met a scientist named Cleber Trujillo—Brazilian-born, with a close-cropped beard. Together we suited up in blue gloves and smocks.


Trujillo led me to a windowless room banked with refrigerators, incubators, and microscopes. He extended his blue hands to either side and nearly touched the walls. “This is where we spend half our day,” he said.


In that room Trujillo and a team of graduate students raised a special kind of life. He opened an incubator and picked out a clear plastic box. Raising it above his head, he had me look up at it through its base. Inside the box were six circular wells, each the width of a cookie and filled with what looked like watered-down grape juice. In each well a hundred pale globes floated, each the size of a housefly head.


Every globe was made up of hundreds of thousands of human neurons. Each had developed from a single progenitor cell. Now these globes did many of the things that our own brains do. They took up nutrients in the grape-juice-colored medium to generate fuel. They kept their molecules in good repair. They fired electrical signals in wavelike unison, keeping in sync by exchanging neurotransmitters. Each of the globes—which scientists call organoids—was a distinct living thing, its cells woven together into a collective.


“They like to stay close to each other,” Trujillo said as he looked at the undersides of the wells. He sounded fond of his creations.


The lab where Trujillo worked was led by another scientist from Brazil named Alysson Muotri. After Muotri immigrated to the United States and became a professor at the University of California at San Diego, he learned how to grow neurons. He took bits of skin from people and gave them chemicals that transformed them into embryo-like cells. Dousing them with another set of chemicals, he steered them to develop into full-blown neurons. They could form flat sheets covering the bottom of petri dishes, where they could crackle with voltage spikes and trade neurotransmitters.


Muotri realized that he could use these neurons to study brain disorders that arose from mutations. Instead of carving out a piece of gray matter from people’s heads, he could take skin samples and reprogram them into neurons. For his first study, he grew neurons from people with a hereditary form of autism called Rett syndrome. Its symptoms include intellectual disability and the loss of motor control. Muotri’s neurons spread their kelp-like branches across petri dishes and made contact with each other. He compared them to the neurons he grew from skin samples taken from people without Rett syndrome. Some differences leaped out. Most noticeably, the Rett neurons grew fewer connections. It’s possible that the key to Rett syndrome is a sparse neural network, which changes the way signals travel around the brain.


But Muotri knew very well that a flat sheet of neurons is a far cry from a brain. The three pounds of thinking matter in our heads are a kind of living cathedral, if a cathedral were built by its own stones. Brains arise from a few progenitor cells that crawl into what will become an embryo’s head. They gather together to form a pocket-shaped mass and then multiply. As the mass grows, it extends long, cable-like growths out in all directions, toward the forming walls of the skull. Other cells emerge from the progenitor mass and climb up these cables. Different cells stop at different points along the way and begin growing outward. They become organized into a stack of layers, known as the cerebral cortex.


This outer rind of the human brain is where we carry out much of the thinking that makes us uniquely human—where we make sense of words, read inner lives on people’s faces, draw on the past, and plan for the distant future. All the cells that we use for these thoughts arise in a particular three-dimensional space in our heads, awash in a complex sea of signals.


Fortunately for Muotri, scientists came up with new recipes to coax reprogrammed cells to multiply into miniature organs. They made lung organoids, liver organoids, heart organoids, and—in 2013—brain organoids. Researchers coaxed reprogrammed cells to become the progenitor cells for brains. Provided with the right signals, those cells then multiplied into thousands of neurons. Muotri recognized that brain organoids would profoundly change his research. A disease like Rett syndrome starts reworking the cerebral cortex from the earliest stages in the brain’s development. For scientists like Muotri, those changes happened inside a black box. Now he could grow brain organoids in plain view.


Together, Muotri and Trujillo followed the recipes that other scientists laid down for making organoids. Then they began creating recipes of their own to make a cerebral cortex. It was a struggle to find the blend of chemicals that could coax the brain cells onto the right developmental path. The cells often died along the way, tearing open and spilling out their molecular guts. Eventually the scientists found the correct balance. They discovered to their surprise that once the cells set off in the right direction, they took over their own development.


No longer did the researchers have to patiently coax the organoids to grow. The clumps of cells spontaneously pulled away from each other to form a hollow tube. They sprouted cables that branched out from the tube, and other cells traveled along the cables to form layers. The organoids even grew folds on their outer surface, an echo of our own wrinkled brains. Muotri and Trujillo could now make cortex organoids that would grow to hundreds of thousands of cells. Their creations stayed alive for weeks, then months, then years.


“The most incredible thing is that they build themselves,” Muotri told me.


On the day I visited Muotri’s lab, he was checking in on some organoids he had sent into space. He sat in his office, a glass box perched out on a balcony next to the lab. Muotri had a gentle, relaxed manner, as if he might at any moment take off early from work, scoop up the scarred surfboard leaning against the wall by his desk, and head for the water. But today he was focused on the most extravagant of his many experiments. Outside his window, the paragliders were taking flight in the distance. He paid them no mind. Aboard the International Space Station, 250 miles above Muotri’s head, hundreds of his brain organoids were sitting inside a metal box. He wanted to know how they were faring.


For years astronauts aboard the space station had run experiments to see how cells grow in low Earth orbit. As they free-fell around the planet, the cells no longer experienced the same tug of gravity that has pulled on all life on Earth for the past 4 billion years. Strange things happen in microgravity, it turned out. In some experiments, the cells grew faster than they would on the ground. They sometimes became bigger. Muotri was curious to see if his organoids would grow into larger clusters in space and perhaps become more like our own brains.


When they won approval from NASA, Muotri, Trujillo, and their colleagues began collaborating with engineers to build a home for organoids in space. They designed an incubator that could nurture the organoids, keeping the conditions right for their development. A few weeks before I visited the lab, Muotri had poured a fresh batch of miniature brains into a vial, which he put in a backpack. Standing in the security line at San Diego International Airport, he had no idea what he’d say if anyone asked what was in the tube. These are a thousand miniature brains I’ve grown in my lab, and I’m about to send them into space.


Apparently, organoids don’t grab that kind of attention. Muotri managed to board his flight without getting questioned. When he got to Florida, he handed the tube over to the engineers for a flight aboard a supply rocket. A few days later Muotri watched the SpaceX Falcon 9 rise from the earth.


When the payload arrived at the space station, the astronauts grabbed the box loaded with organoids and plugged it into a bay. There it sat for a month. When the experiment was over, the astronauts would dunk the organoids in alcohol. They would die, but their lives would be frozen at the moment of death. Once they fell back into the Pacific, were fished out, and were delivered to Muotri’s lab, he’d be able to inspect their cells and see which genes they had used in space.


The entire effort depended on the organoids surviving till their appointed end, and Muotri didn’t know whether they’d make it. To keep track of the organoids during their month in space, he had arranged for miniature cameras to spy on them, taking pictures every thirty minutes. The space station transmitted the photos down to Earth, and eventually Muotri could log into a remote server to grab them.


When he downloaded the first batch of images from early in the mission, they turned out to be a mess. Air bubbles blocked his view. For three weeks he had no idea how his organoids were doing. Now I watched Muotri connect to the server once more. He found a new image from the space station to download. The massive file decompressed and the picture appeared, stripe by stripe, on his screen.


“Oh!” Muotri called out. He laughed in disbelief. “I can actually see them!”


He moved his face close to the screen to inspect the image. Half a dozen gray spheres floated on a beige background.


“Yeah, they all look quite good,” he said. “They’re rounded, and they more or less have the same size. You don’t see them fusing or clustering together.” He rolled his chair back from his computer. “So this is all good news. I’m happy. This is fantastic.”


Even in space, Muotri could tell his organoids were alive.


In late 2015, Muotri and Trujillo got their first chance to use their organoids to learn something about brains. In Brazil, doctors were struggling to understand why the brains of thousands of babies were drastically deformed. Their cerebral cortices were practically missing. It turned out that their mothers had been infected by a mosquito-borne virus called Zika, which had never before been found in the Americas. Muotri and Trujillo got a supply of Zika viruses and began infecting brain organoids. They wondered if they’d see a change.


“It was night and day,” Muotri told me.


The Zika viruses immediately destroyed progenitor cells in young organoids. Without those cells, an organoid could not sprout cables to build a cortex. The experiments revealed that Zika viruses do not kill the cerebral cortex, so much as prevent it from growing in the first place. Once the scientists figured out how Zika viruses wreak their havoc, they were able to discover drugs that could block them. Those drugs then went into tests on animals to see if they could help prevent brain damage.


Word spread that Muotri was growing brain mimics by the thousands. Graduate students and postdoctoral researchers wanted in. When they joined his lab, they first had to train with Trujillo for months, learning the fine art of making organoids. I asked a graduate student named Cedric Snethlage to describe his education. Making a brain organoid wasn’t just a matter of reading temperatures and pH levels off a protocol, he explained. Snethlage had to learn how to carry out each step by intuition—how far, for example, to tilt the wells to keep the organoids from sticking to the bottom. I told Snethlage that he sounded like he had just gone through cooking school.


“It’s more like making a soufflé than making chili,” he said.


Snethlage wanted to learn how to grow organoids to study neurological disorders. Other graduate students had come to Muotri’s lab to discover how to make organoids more brain-like. Brain cells need nutrients and lots of oxygen to thrive, and the ones at the center of an organoid can starve. So some of Muotri’s students were adding new cells to organoids that could develop into artery-like tubes. Others were adding immune cells to see if they might sculpt the branches of the neurons into more natural shapes.


Meanwhile, Cleber Trujillo’s wife, Priscilla Negraes, began listening to the chatter going on between the organoid cells.


When a brain organoid reaches a few weeks in age, its neurons become mature enough to generate spikes of voltage. Those spikes can travel down an axon and trigger neighboring neurons to fire as well. Negraes and her colleagues created an eavesdropping device that could pick up the crackle. At the bottom of miniature wells, they placed eight-by-eight grids of electrodes. They filled the wells with broth and rested an organoid atop each array.


On her computer, the readout from the electrodes formed a grid of sixty-four circles. Whenever one of the electrodes detected a firing neuron, its circle swelled, turning from yellow to red. Week after week the circles reddened and swelled more often, but there was no pattern Negraes could see to the bursts. The cells in the organoids spontaneously fired on their own from time to time, creating neurological static.


But as the organoids got more mature, Negraes thought she saw some order emerge. Sometimes a few of the circles would all suddenly swell red together. Eventually all sixty-four electrodes registered signals at once. And then Negraes began to see them turn on and off in what looked like waves.


Was Negraes seeing actual brain waves developing in the organoids? She wished that she could compare the patterns she was seeing in her wells with the developing brains of human fetuses. But scientists had yet to figure out how to detect their electrical activity in the womb. The closest that anyone had managed was to study babies born premature, putting miniature EEG caps on their orange-sized heads.


Negraes and her colleagues enlisted a University of California, San Diego, neuroscientist named Bradley Voytek and his graduate student Richard Gao to compare organoids to premature babies. The earliest-born babies, with the least developed brains, produced sparse bursts of brain waves separated by long spells of disorganized firing. The babies that were born closer to term had shorter lulls, their bursts of brain waves growing longer and more organized. Organoids displayed some of the same trends as they got older. When a young organoid first began making waves, they came in sparse bursts. But as the organoid developed over months, they grew longer and better organized, their lulls growing smaller.


This unsettling discovery did not mean that Negraes and her colleagues had created baby brains. For one thing, a human infant’s brain is a hundred thousand times bigger than the biggest organoids. For another, the scientists only mimicked one part of the brain—the cerebral cortex. A working human brain has many other parts: a cerebellum, a thalamus, a substantia nigra, and on and on. Some of its parts take in smells. Others handle sight. Still others make sense of different kinds of input. Some parts of the brain encode memories; some jolt it with fear or joy.


Still, the scientists were unsettled. And they had every reason to suspect that, with more research, brain organoids might become more brain-like. A blood supply might let them grow bigger. Researchers might connect a cerebral cortex organoid to a retinal organoid that could sense light. They might link it to motor neurons that could send signals to muscle cells. Muotri even dabbled with the idea of linking an organoid to a robot.


What might happen then? When Muotri started growing organoids, he assumed they could never become conscious. “Now I’m more unsure,” he confessed.


So were bioethicists and philosophers. They began gathering to talk about brain organoids and how to think about them. I called one—a Harvard researcher named Jeantine Lunshof—to get her opinion.


Lunshof wasn’t too worried about Muotri accidentally creating conscious creatures in a dish. Brain organoids were so small and simple that they still fell far below that threshold. What concerned her was a simple question: What on earth are these things?


“In order to say what you should do with it, you first have to say, ‘What is it?’” Lunshof explained to me. “We’re making things that were not known ten years ago. They were not in the catalog of philosophers.”


In La Jolla, Lunshof’s question came to my mind as Trujillo showed me his latest batch of organoids.


“This is just a mass of cells,” he said, pointing to one of his wells. “It does not get close to a human brain. But we have the tools to make a more complex mini-brain.”


“So you feel okay with this,” I said, groping for the right words, “because obviously it’s not a human brain—”


“Human cells!” Trujillo clarified.


“So they’re alive,” I half said, half asked.


“Yes,” Trujillo replied. “And they’re human.”


“But they’re not a human being?”


“Yes,” he said.


“But where would you start to approach that line?” I asked.


Trujillo had me imagine an organoid rigged up to an electrode. “You can do a pattern of electrical shocks,” he said.


Trujillo was sitting in front of a microscope as we talked. He extended two of his fingers and rapped them on the counter, producing galloping beats.


Ba-bap, ba-bap, ba-bap.


He suspended his hand over the counter. “And then we stop.”


After a few seconds Trujillo brought down his fingers again. Ba-bap, ba-bap, ba-bap.


“And then the thing fires,” he said. In response to the incoming signal, the organoid uses its neurons to create a matching signal of its own. “That’s a bit more concerning. It’s learning something.”


We are badly equipped to make sense of these crackling spheres. Our problem is not simply that brain organoids are new. If you get a new smartphone for your birthday, it may take you a little while to figure out how to unlock it, but it doesn’t cause a philosophical crisis. Brain organoids are troubling because we feel in our bones that making sense of life should be easy. These clusters of neurons prove that it’s not.


To decide whether brain organoids are alive or not, we compare them to the life we know best, the benchmark against which we judge all other possible kinds of life: our own. If someone asks you if you’re alive, you don’t need to check your pulse or prove to yourself that your cells are breaking down carbohydrates before answering yes. It’s just a deeply experienced fact.


“We know what it feels like to be alive,” the biologist J. B. S. Haldane observed in 1947, “just as we know what redness, or pain, or effort are.” These chunks of knowledge seem powerfully obvious. And yet, Haldane observed, “we cannot describe them in terms of anything else.”


People can lose this sense of what it feels like to be alive without actually dying. To the contrary, they insist they are dead. The condition is rare, but people suffer from it often enough that it has earned a name: Cotard’s syndrome.


In 1874 the French physician Jules Cotard examined a woman who had been admitted to a hospital after becoming suicidal. He wrote in his note that she “affirms she has no brain, no nerves, no chest, no stomach, no intestines; there’s only skin and bones of a decomposing body.” The fact that she could express this conviction in fully formed sentences did not sway her from it.


In the generations since, more accounts of Cotard’s syndrome have surfaced. In Belgium a woman became convinced her whole body was a translucent husk. She refused to bathe for fear that she would dissolve and vanish down the drain. A man in Germany informed his doctors that he had drowned in a lake the year before. The only reason he could explain his condition to them was that radiation from cell phones had turned him into a zombie.


Because Cotard’s syndrome is so rare, neuroscientists have managed to study only a few of the brains of people who experience it. In 2015, Indian doctors described the case of a woman who told her family that cancer had rotted her brain and then claimed her life. An MRI revealed that her skull still contained a working brain. But the doctors noticed that a region a few inches behind her eyes was damaged.


This region, known as the insular cortex, receives signals from across our body. It then generates a conscious awareness of our internal sensations. The insular cortex becomes active when we’re thirsty, experience an orgasm, or have an uncomfortably full bladder.


The signals that flow into the insular cortex may be crucial to our intuitive sense of being alive. If it gets damaged, that intuition may abruptly vanish, producing Cotard’s syndrome. Our brains constantly update their picture of reality to suit the signals they process. When people no longer get information about their internal state, they update reality to make sense of the change. The only explanation that makes sense is that they’re dead.


We don’t just know what it feels like to be alive, however; we also recognize life beyond our own skin. For our brains, recognizing other living things is a bigger challenge, since our nerves don’t reach into their bodies. We have to bridge the gap with the signals we take in with our sensory neurons—in other words, what we see, hear, smell, taste, and touch.


To speed up this recognition, we use unconscious shortcuts. We take advantage of the fact that living things can direct their own motion toward their own goals. As wolves run down a hillside in pursuit of a moose, they dodge trees and look for ways to cut off their prey. A boulder tumbling down that same hill falls predictably and passively. Our brains are tuned to these differences, recognizing whether an object is showing biological or physical motion in a fraction of a second.


Scientists have found that we can perceive living things so quickly because we only need a tiny amount of information to trigger biological circuits in our brains. In one series of experiments, psychologists filmed people walking, running, and dancing and marked their joints in each video frame with ten dots. They showed movies of these moving dots to people, interspersed with movies of ten dots moving independently of each other. People could quickly tell the difference.


Our perceptions are not the only feature of our brain tuned to life. Our memories are as well. As we build up information about things, we file it in our brains according to whether they are alive or not. Brain damage can expose our filing system. People with damage to certain regions struggle to name living things such as insects and fruits. And yet they have no trouble with toys or tools.


Psychologists have long wondered to what extent we’re born making these distinctions and how much we learn them as we grow up. After all, you can immediately recognize the words in this sentence, but that doesn’t mean you were born with that skill. Experiments on children suggest that their intuitions about life are present from the start. Infants prefer to look at dots that move in biological patterns rather than random ones. They will look longer at geometrical shapes that seem to be self-propelled than ones that seem to move passively. Children also have a bias toward life in the way they learn: they can learn about animals faster than inanimate objects, and they hold on to the memories of what they learn longer. Our knowledge of life, in other words, arises long before we can tell ourselves what we know.


“If we carve the human mind at its joints,” the psychologist James Nairne and his colleagues have written, “the distinction between living and nonliving things forms a natural place to cut.”


Our sense of living things is far older than our species. Experiments on animals have revealed they can make some of the same distinctions between the living and the nonliving that we do. In 2006, Giorgio Vallortigara and Lucia Regolin, two Italian psychologists, made a dot movie of their own, but they filmed chickens rather than humans and then showed their movies to newly hatched chicks. If the hen-shaped dots faced the left, the chicks tended to turn that way as well; they tended to turn right if the hen was facing that way. Vallortigara and Regolin didn’t observe this behavior when they showed the chicks movies of random dots or if they turned the hen-shaped dots upside down.


Studies such as these suggest that animals have used visual shortcuts for millions of years to recognize other living things. This strategy allowed predators to quickly spot prey. It was good for the prey, too, because it provided crucial information for making a safe escape. Evading a wolf and evading a falling boulder call for two very different—and very quick—reactions.


About 70 million years ago our earliest primate ancestors inherited this ancient instinct for life. But in their subsequent evolution they gained new ways to recognize living things. Their descendants evolved powerful eyes and big brains, with complex networks of neurons that merged their vision with other senses. Along the way, some species of primates became intensely social, often living in large groups. To thrive in a society, they had to become keenly sensitive to the faces of other primates, reading expressions and tracking gazes.


Our ape ancestors arose about 30 million years ago. They evolved even bigger brains, along with a deeper understanding of their fellow apes. Our closest living ape relatives, the chimpanzees and bonobos, can use subtle cues in faces and voices to infer what others are feeling and what they know. They do not have a language to put these inferences into words. Ask a chimpanzee to define life, and you’ll be sorely disappointed. Yet an ape still has a deep sense of its fellow apes as living things—the same sense we inherited when our ancestors split off into their own lineage 7 million years ago.


The brain continued to grow in the human lineage; our species has the biggest brain in the animal kingdom relative to our body size. Our ancestors also evolved the capacity for language and an even more powerful ability to get into the heads of other humans. But all these features evolved on top of the foundation we inherited from earlier primates. And that deep foundation may account for our overweening confidence that we know what it means to be alive, even when we don’t.
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When a new member of our species was born, our ancestors could use their biology-sensing brain circuits to recognize another living human. But they had not evolved any intuition about how that new human life had come about. Instead, people came up with explanations.


In Ecclesiastes, for example, we read about “how the spirit comes to the bones in the womb of a woman with child.” Jewish scholars would later teach that the embryo is “mere water” until the fortieth day. Christian theologians combined the Bible with Greek philosophy to create a different explanation. In the thirteenth century, Thomas Aquinas described a process of “ensoulment.” He argued that human embryos first gained a vegetative soul, with the same faculties for growth as plants. The vegetative soul was later replaced by a sentient soul like that of an animal. And later the sentient soul was finally replaced in turn by a rational soul.


Other cultures created their own explanations. The Beng, a group of rural villagers in the Ivory Coast, see the beginning of life as the journey from another world. Babies are spirits from wrugbe, a settlement occupied by the dead. Only a few days after birth, when the umbilical cord stump falls off, does a newborn truly belong to this world. If it should die before then, the Beng give it no funeral. There is no death to observe.


Beliefs about how living things get their start gave rise to customs and laws around pregnancy. For ancient Romans a human life began with its first breath. Roman doctors and healers regularly induced abortions in pregnant women by giving them herbs. But a woman had no say in whether she could get an abortion; the decision lay entirely with the patriarch of her family. In medieval Europe, Christian theologians held that fetuses had souls, which meant that abortion was a crime. Yet they debated about exactly what that rule meant for actual pregnancies. Aquinas’s followers argued that a distinction had to be made between the early and late stages of pregnancy. In 1315 a theologian named John of Naples gave physicians guidance for cases in which a pregnancy threatened a woman’s life. If the fetus was not yet ensouled, the physician should provide the abortion. “Although he impedes the ensoulment of a future fetus, he will not be the cause of death of any man,” John declared.


If a fetus had already gained a rational soul, on the other hand, a physician should not try to save the mother’s life with an abortion. When “one cannot help one without hurting the other,” John wrote, “it is more appropriate to help neither.”


The trouble with this kind of guidance was that no one had any idea of exactly when a fetus became ensouled. Some theologians believed the best way for physicians to deal with this uncertainty was to never perform an abortion. Others left the matter up to a physician’s conscience. In the sixteenth century, judges in Italy set the threshold for ensoulment at forty days after conception. And in 1765 the British judge William Blackstone came up with a new standard: the quickening.


“Life is the immediate gift of God, a right inherent by nature in every individual,” Blackstone wrote, “and it begins in the contemplation of law as soon as an infant is able to stir in the mother’s womb.”


The American colonies adopted quickening as their standard, too. And for generations abortions were a quiet fact of American life. Pregnant women who sought out abortions suffered little penalty. Housewives medicated themselves with abortion-inducing plants they grew in their gardens. Later, in the industrial revolution, women flocked from farms to cities, where they tried to induce abortions with “female monthly pills” advertised in newspapers. These crude abortion-inducing drugs often failed, forcing the women to find doctors who would surgically carry out the procedure in secret.


Over the course of the nineteenth century, the opposition to abortion grew more organized. Pope Pius IX declared abortion a mortal sin—even before the quickening. In the United States, anti-vice crusaders warned that access to abortions tempted women into sinful lives. The American Medical Association agreed, and prominent doctors gave speeches about the dangers that abortions posed to fetuses and to pregnant women alike. In 1882 a Massachusetts doctor named Charles A. Peabody delivered one such attack, calling on his fellow physicians to resist the pleas of pregnant women for abortions.


“It is a sin against God—a crime of the deepest dye,” Peabody warned.


For a doctor like Peabody, educated in late nineteenth-century medicine, the terms of battle over pregnancy were profoundly different from those in earlier centuries. Medieval scholars had little idea of what happened inside a uterus. They relied on the Bible, Aristotle, and a few fetal kicks. Peabody lived at a time when scientists studied sperm, eggs, and fertilization. They tracked the development of embryos. In the late 1800s many scientists still thought of life in terms of a mysterious vital force, the fundamental role of genes and chromosomes still decades away from discovery. Those vital forces were unleashed at the moment of conception.


“When does life begin?” Peabody asked. “Science returns but one answer: no other is possible. Life begins at the beginning, with the first moving of the vital principle, with the first coordination of its forces.”


According to this line of reasoning, the law could not use quickening as a line for legal abortions. “No!” Peabody thundered. “Life begins at the beginning, and along the way of his natural journey a human being has a right to his life.”


By the time Peabody delivered this attack in 1882, many American states had already passed strict laws banning abortions. Yet loopholes allowed doctors to keep carrying out the procedure as they saw fit. Sometimes they performed abortions for the health of the mothers. Depression, suicide, or extreme poverty could be justification enough. Many doctors were willing to perform abortions for victims of rape. Only rarely did these abortions come to light. And rarer still did a doctor get arrested.


This invisible, semilegal system lumbered along for decades in the United States until a new push against abortions in the 1940s suddenly eliminated many of the safer avenues pregnant women could take. Many got botched abortions, often self-administered, and showed up in hospitals in droves. Hundreds died every year.


Reformers called for a change to the laws. A massive outbreak of measles in the early 1960s produced a wave of devastating birth defects, leading to demands from women for access to safe abortions. States responded by making abortions legal under certain circumstances. In the 1973 case Roe v. Wade, the Supreme Court ruled that criminalizing abortion violated a woman’s right to privacy. States could restrict abortions only after the first trimester, they ruled, once a fetus became viable to survive outside of the womb.


In their decision, the court addressed the start of life—only to say they did not have to address it. “We need not resolve the difficult question of when life begins,” the court declared. “When those trained in the respective disciplines of medicine, philosophy and theology are unable to arrive at any consensus, the judiciary, at this point in the development of man’s knowledge, is not in a position to speculate as to the answer.”


Antiabortion groups responded to the court’s ruling by searching for a way to block abortions that didn’t clash with the decision. They boycotted companies that did research into abortion drugs. They lobbied for laws making it hard for abortion clinics to do their work. To win over voters, they invoked new scientific research—or at least a carefully selected version of it.


They claimed that studies on fetuses pushed back the time at which they began to feel pain. Some antiabortion legislators introduced “fetal heartbeat” bills. They skipped over the fact that hearts do not yet exist when cardiac cells start to contract. The bills didn’t have anything to do with actual hearts anyway, since their purpose was to effectively ban most abortions after just six weeks.


Beyond these half measures, many antiabortion groups wanted to overturn Roe altogether. The only way to do that was to address the question of when life begins—or, to be legally precise, to decide when an embryo becomes a person, with all the rights that come with personhood. A so-called personhood movement arose, claiming that these rights extend back to fertilized eggs. If they did, those rights would make any abortion illegal.


Some leaders of the personhood movement acknowledged that certain forms of contraception would also have to be banned, because they blocked pregnancies by preventing newly formed embryos from implanting in the uterus. And to justify this legal case, they invoked science in much the same way Charles Peabody had over a century earlier.


“Life begins at conception,” the conservative pundit Ben Shapiro declared in 2017. “That’s not religious belief. That’s science.”


Shapiro, it should be pointed out, was not a scientist. He had a law degree and a podcast. And when he made this claim, he did not offer scientific evidence to back it. Scientists, on the other hand, have been pushing against these sharp, all-or-nothing claims about life ever since the molecular underpinnings of life became clear. In 1967, in the pre-Roe battles over abortion, the Nobel Prize–winning biologist Joshua Lederberg addressed the controversy with a piece called “The Legal Start of Life” in the Washington Post.


“There is no single, simple answer to ‘When does life begin?’” Lederberg wrote. “In contemporary experience, life in fact never begins.”


A fertilized egg is alive, Lederberg explained, but in the way cells are alive, not people. Some organisms, like bacteria, spend their entire existence as single cells, thriving happily in the ocean or the soil, but the cells that make up our bodies are not so rugged. If you prick your finger and dab a drop of blood on a table, your cells will not crawl off to seek their fortune. They will dry out and die. For cells, death means that their proteins malfunction, their interiors are thrown off chemical balance, and their membranes tear open. Inside a body, a cell can thrive. It can feed on the nutrients that wash over it, keep its proteins in good working order, and get rid of its waste. If it gets the right signals, it can grow and divide. One cell becomes two, as the so-called mother cell splits up all its molecular legacy between a pair of new daughter cells. At no point during cell division does the mother cell die. At no point do the daughter cells come to life. What gives life flows from the former to the latter.


Some types of cells can run this movie backwards. Instead of dividing, they fuse together. When we exercise, for instance, we stimulate muscle cells to multiply and then merge in order to create new fibers. In our bones, immune cells fuse into giant blobs called osteoclasts, which nibble away at old bone so that it can be replaced with new tissue. Each muscle cell and osteoclast can hold many nuclei, each packed with its own DNA. The independent cells that came together to form them did not die. They simply mixed their molecules together into a new form of life.


This is the cellular universe in which a fertilized egg exists. It is certainly alive, but it does not snap into life thanks to the assembly of lifeless molecules. Instead, it emerges from the fusion of two living cells. But the mother’s egg and the father’s sperm from which it arose did not jump into existence, either. The egg arose from cells that divided when the mother was still an embryo. A man makes hundreds of millions of sperm each day, but ultimately they all descend from the fertilized egg that gave rise to his entire body. The flow of life arrives unbroken from the previous generation, and from generations back through the ages. You’d have to canoe up life’s river for billions of years before reaching its headwaters.


“Life begins at conception” is a simple slogan, easy to remember, easy to shout. Taken literally, though, it’s false on its face. The personhood movement’s politics have always made it plain that the slogan wasn’t supposed to be taken literally anyway. It’s not life that they’re talking about starting at conception but a life. And not just any life—not the life of an armadillo or a petunia—but a human life, with all the legal protections it is due, including—to close the circle—the right to life.


“A distinct, living human individual comes to be with the fertilization of the oocyte by the spermatozoan,” Patrick Lee and Robert George, two abortion opponents, wrote in 2001. What makes it distinct, they argued, is that it has a unique set of DNA, combined from its two parents, that can guide its development. It might be invisible to the naked eye, but Lee and George argued that the fertilized egg already has the potential for reasoning and all the other capacities that make us human.


The actual course of human development makes it impossible to pin one instant as marking the origin of a new human individual. It certainly can’t be the moment that a sperm fuses with an egg. Cells typically carry forty-six chromosomes—twenty-three from our mother and twenty-three from our father. But at the moment of fertilization, the combination of a father’s and mother’s DNA actually produces sixty-nine chromosomes. That’s because an unfertilized egg is a cell like any other cell in a woman’s body, with forty-six chromosomes arranged in twenty-three pairs.


A cell with sixty-nine chromosomes could never give rise to a healthy human being. Its genes would be wildly out of balance. To avoid this catastrophe, an egg responds to the arrival of a sperm by pinching off a tiny bubble. Inside that bubble, the egg stows away twenty-three of its chromosomes. The egg is now left with the other twenty-three—a perfect counterpart to the father’s DNA.


Even now, however, the fertilized egg has not gained a single new genome we can call its own. Its mother’s and father’s chromosomes still remain separate, swaddled in their own membranes, in which they undergo separate changes. It’s better to think of the early fertilized egg as a coworking space, a place in which the male and female genomes busy themselves on their own.


The fertilized egg then divides into two cells, each of which inherits the chromosomes of both the father and the mother. It takes a day after fertilization to reach this milestone. And only then do the chromosomes abandon their separate containers. Only in the two-cell embryo do the two sets of DNA join together.


And yet even at this point the new embryo does not have its molecular independence. Virtually all the proteins in the cells come from the mother, encoded by her genes. In this important respect, the embryo still behaves as if it were a cluster of the mother’s cells. A distinct, human individual is not yet taking hold of its own fate. Before the father’s chromosomes can wake up—before the new genome can take charge—there’s a lot of work yet to be done. Inside the egg are a special set of assassin proteins, made from the mother’s own genes. They roam the embryo’s cells, annihilating her other proteins. Another set of her proteins grabs hold of both her and the father’s chromosomes and prepares them for their new job. Now the cells make a fresh batch of proteins, rebuilt from the shredded remains of the mother’s molecules.


As these changes take place within an embryo, it floats out of the mother’s oviduct and down into her uterus. Along the way it may break in two. The two clusters of cells continue to divide, each becoming an ordinary embryo. Ultimately, these two sets of cells can develop into identical twins. If we must believe that a fertilized egg immediately becomes a person, then we’re left to wonder where that person went when it became two people.


Fraternal twins develop in a different way. The mother releases two eggs at once, each of which is fertilized by a different sperm cell. Sometimes, when these twins are still tiny clumps of cells, they bump into each other and merge. Thanks to their flexibility, the cells reorganize themselves into a single embryo that continues to develop normally, even though some cells contain one genome and the other cells contain another.


Scientists call these mergings chimeras. Chimeras can grow into healthy adults who go through life made up of two populations of cells, each with their distinct genome. If every fertilized egg is a single person with all the rights that a single person is entitled to, does a chimera get to have two votes?


When we living humans look back at the development of an embryo, it’s tempting to see it as a gorgeously precise clockwork of chemistry that transforms a single cell into a 37-trillion-cell body. Textbooks illustrate every stage proceeding without a glitch. But development often ends in failure, with many pregnancies lost along the way. The biggest risk to the survival of an embryo is if it doesn’t end up with twenty-three pairs of chromosomes. Sometimes it ends up with a third copy of a chromosome. With three copies of each gene instead of two, an embryo may make too many proteins, poisoning itself. Embryos may end up with just one copy of a chromosome, leaving them unable to make all the proteins they need to survive.


Sometimes the imbalance arises in the egg. When the egg tries to get rid of its extra chromosomes in a bubble, one of them accidentally stays behind. Other times the trouble comes after fertilization, when the embryo starts to divide. As the cells split, they may fail to divide their chromosomes equally between their daughter cells. One cell may end up with too many chromosomes and the other with too few. As they divide, they pass down that imbalance to their descendants.


Biologists call this imbalance aneuploidy. It doesn’t necessarily spell doom for an embryo. If it contains balanced and unbalanced cells, the unbalanced ones may stop growing, while the balanced ones go on to make up the vast majority of the body. Even if an embryo is made up entirely of aneuploid cells, it may still have a chance of surviving. It depends on the nature of the imbalance. An embryo with an extra copy of chromosome 21 may be born as a child with Down syndrome. In most cases, however, aneuploid embryos fail. Sometimes they simply stop growing. Sometimes they fail to implant in the uterus and get flushed out.


Aneuploidy is not the only cause of lost pregnancies. Some women can’t make enough hormones needed to prepare their uterus to take in a new embryo. A badly timed infection may over-charge a woman’s immune system, which then treats embryos and placentas as foreign enemies to be attacked.


Scientists have come up with estimates for how many pregnancies are lost naturally, and they’re enormous. One study published in 2016 concluded that between 10 and 40 percent of embryos are lost before they can implant in the uterus. All told, from conception to birth, the researchers found that the figure may rise to 40 to 60 percent. If a country were to declare that life begins at conception, and that fertilized eggs have the legal rights that all persons are due, it would have to treat these losses as a medical catastrophe. Worldwide, it would mean the deaths of perhaps more than 100 million human beings every year, dwarfing the deaths from heart disease, cancer, and every other leading cause.


Yet this crisis hasn’t become an urgent priority for opponents of abortion. Just the opposite: some of them have questioned these estimates, suggesting the losses are somewhat smaller—as if tens of millions of deaths would somehow be easier to live with. Some claim that the causes of these lost pregnancies, such as aneuploidy, are unstoppable, so these lives couldn’t be saved anyway. But that’s not true. A great deal of research has gone into reducing pregnancy losses—not because researchers subscribe to the idea that life begins at conception, but because they want to help couples struggling to have children. Some women who have recurrent pregnancy losses can improve their odds of a successful birth by getting hormone injections. Other researchers are exploring new possibilities for saving embryos, from managing a mother’s immune system to editing the DNA of fetal cells.


Abortion opponents also undermine their own sweeping claims with illogical exceptions. In 2019, Alabama legislators introduced a bill that would charge doctors who carried out abortions with a felony. They would face a punishment of up to ninety-nine years in jail. But the bill’s authors made an exception for women who faced serious health risks from their pregnancy. When the bill attracted controversy, the Alabama Senate Judiciary Committee tacked on additional exceptions, for rape and incest.


One of the bill’s sponsors, state senator Clyde Chambliss, objected. “In the situations of rape and incest it is a very difficult, difficult situation following a horrendous act,” Chambliss told reporters. “But if we believe that life begins at conception, and I do, then life is lost.”


But Chambliss couldn’t follow his own rule to its logical end. When couples use in vitro fertilization to have children, fertility doctors routinely make a batch of embryos, not just one. They may pluck one cell from the embryo to closely examine its DNA to see how viable the embryo will be. Since all the cells in early embryos can become embryos of their own, this test should, by Chambliss’s logic, cause the loss of life. Once fertility doctors choose the best embryos for implantation, they may freeze or discard the others. If abortions are unjustifiable because embryos are persons, then it is unjustifiable to let embryos die as a result of in vitro fertilization. It doesn’t matter whether they are actively or passively killed.


Yet, during the debates over the Alabama bill, Chambliss declared his ban did not stop in vitro fertilization. When a fellow lawmaker challenged him on this inconsistency, he gave an inscrutable response.


“The egg in the lab doesn’t apply,” he declared. “It’s not in a woman. She’s not pregnant.”


The Alabama legislature went on to vote down the amendment to allow abortions in the case of rape and incest. The governor signed the bill.


[image: image]


In vitro fertilization complicated the question of life’s beginning, and now reprogrammed cells promise to complicate it even more. With the right combination of chemicals, a reprogrammed cell can start developing into an embryo. Scientists have turned the skin cells of adult mice into mouse embryos, which can grow into mouse pups. It may soon be possible to do the same with humans. When that happens, trillions of cells in each of our bodies will gain the potential to become a human being. According to the logic of the personhood movement, they will all be due the rights of a person. The dust in our homes is largely made up of the dead skin cells we slough off by the millions every day. Is each one a potential life lost?


None of these complications means that we can walk away from our moral obligations to our fellow humans. It just means there’s no easy way to figure them out. And as organoids become more complex, it may get especially hard to decide what our moral obligations are to them. Today’s brain organoids are alive, yes, and they are human, but they don’t experience the life that human beings do. That life has something to do with Haldane’s feeling of being alive. It’s conceivable that a bigger, more complicated organoid might make intricate brain waves, might even learn. Perhaps it might even gain a rudimentary sense of life.


How could we find out if it gained that sense? Christof Koch, the director of the Allen Institute for Brain Science in Seattle, has an idea. He thinks scientists could measure the complexity of an organoid’s experiences by eavesdropping on its signals. Koch’s proposal emerges out of work that he and other scientists have done on the nature of consciousness. They argue that consciousness is the integration of information across the brain. When we are conscious, information flows across our whole brain, giving us a coherent feeling of reality. When we fall asleep or go into a coma, the flow dwindles down. The regions of the brain remain active, but their information no longer adds up to a single, unified experience.


Koch and his colleagues believe that we can measure this integration by disturbing it, like tossing a rock into a pond to look for ripples. They’ve put magnets on the heads of volunteers and delivered harmless pulses. The pulses briefly disturb their brain waves. In people who are awake, the pulses produce flows of information traveling along complex paths through the brain. The same pattern arises when people dream. But when people go under anesthesia, the pulses trigger simple responses—like the ringing of a bell instead of a fugue played on a pipe organ.


Koch has suggested that scientists could apply the same magnetic pulses to brain organoids and see how they respond. What makes his proposal particularly intriguing is that he and his colleagues have invented a way to measure the integration in a brain with a single number. It’s like a thermometer for consciousness. We might agree that brain organoids should never rise above a certain number. And if we discovered that a particular batch of organoids managed to sneak past the threshold, we’d know that we have to decide how we’ll care for their lives.


“What would it mean for a cerebral organoid to suffer?” Koch asked at the end of a lecture he gave in 2019. “That’s not an obvious question to answer.”


In 1967, long before the dream of organoids even existed, Joshua Lederberg could see the trouble that lay ahead.


“The biologist, then, is not really very helpful to the law,” Lederberg said. “The question of when life begins is answered according to the purposes for which we ask it.”
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