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Introduction



What Is Life?
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Little Fly,


Thy summer’s play


My thoughtless hand


Has brushed away.


Am not I


A fly like thee?


Or art not thou


A man like me?


For I dance


And drink, and sing,


Till some blind hand


Shall brush my wing . . .


—WILLIAM BLAKE


That crude matter should have originally formed itself according to mechanical laws, that life should have sprung from the nature of what is lifeless, that matter should have been able to dispose itself into the form of a self-maintaining purposiveness—that [is] contradictory to reason.


—IMMANUEL KANT
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A BLACK SPECK WHIZZES IN FRONT OF MY EYES. Absentmindedly, I swat at it, only to find I have killed a fruit fly. I probably should not be upset, but I have destroyed a living being, an autonomous, moving thing that makes its own decisions, flies around, finds its own food, and knows how to make more copies of itself. I have destroyed a marvelous machine created far beyond the capabilities of our best scientists and engineers. Now, as I look at the dead creature, I wonder: What made this motionless mass of water and organic molecules so happily alive just a moment ago? What does it mean when we say something is “alive”?


I am a physicist, not a biologist. To be honest, my formal biology studies ended when I was in eleventh grade, and I never took a single university-level class in the subject. Why write this book? When I was in high school, I loved science and mathematics, but I could never get too excited about biology. It seemed like a lot of tedious memorization and ad hoc theories and appeared to lack the coherence, clarity, and universality of physics. This remained my opinion for many years while I finished my undergraduate studies in Germany and took off for graduate school in the United States. For a while I was your typical arrogant physicist, getting a good chuckle out of Ernest Rutherford’s quote: “Physics is the only science; all else is stamp collecting.”


My conversion started when I was a doctoral student in materials science at Johns Hopkins University. My Ph.D. advisor, Peter Searson, was fascinated with a new, powerful instrument invented just eight years earlier: the atomic force microscope (AFM). Since he was not familiar with the AFM’s operation, he put me and my friend Arun Natarajan in charge of figuring out how it worked. An AFM is a thousand times more powerful than the best optical microscope. Unlike conventional microscopes, AFMs do not use light to obtain images but rather visualize samples by touch: A tiny, sharp tip is moved across a sample, and the minute forces pushing on the tip are used to create an image. Tips are very sharp, only a few nanometers across, which allows for very small objects to be imaged.


One day, a fellow student brought in samples to image. He had deposited DNA molecules on a flat substrate and was wondering if our AFM could make them visible. We were blown away when we saw little wormlike strands appear on the computer screen—each a single DNA molecule, only two nanometers in diameter. We had touched the molecule of life.


Life took a few more turns before I finally converted to the wonders of biology. After a stint as a research fellow at Oxford University, I arrived at Wayne State University in Detroit as a fresh-faced assistant professor. Initially, I concentrated on what I knew: using AFM to look at atoms and molecules on surfaces and measuring forces between them. Two subjects fascinated me: the preponderance of randomness at the scale of atoms and the connections between the microscopic world of atoms and our macroscopic world. At the tiny scale of atoms and molecules, chaos reigns, yet at the scale of humans, order prevails (at least for the most part). How does this order arise? This is the subject of statistical mechanics, and in my research, I probed the transition from “noise” to “order” (and thus the limits of statistical mechanics) as I measured forces in small clusters of atoms and molecules.


As it happens often in life, new opportunities arise quite by chance. Another AFM researcher, Heinrich Hoerber, joined Wayne State University. Hoerber, a pioneer in new nanotechnology techniques applied to molecular biology, had been a postdoc with Gerd Binnig, the Nobel Prize–winning co-inventor of the AFM. I was fascinated with Hoerber’s work, and when he subsequently left to take a position at University of Bristol in the United Kingdom, I inherited his Wayne State collaboration: to measure the motions of particular molecular machines implicated in the spread of cancer. Here was an opportunity to combine my interest in statistical mechanics and the tools of nanotechnology with something new: molecular biology. At the same time, I had the opportunity to contribute to a cure for cancer. So I beefed up on biology and started a new research direction. As I learned more about molecular biology, I discovered the fascinating science of molecular machines. I realized that life is the result of noise and chaos, filtered through the structures of highly sophisticated molecular machines that have evolved over billions of years. I realized, then, there can be no more fascinating goal than to understand how these machines work—how they turn chaos into life. This is the story I will share in this book.


What is life? Scientists have tried to answer this question for as long as science has existed. For Aristotle, the body was matter, but a soul was needed to give the body life. Even today, such views are common in the general public. Books like The Secret tell us we have vast untapped reserves of “life energy” that can help us attract riches and happiness. Yet, a special life force has never been detected. If we look at the balance sheet of energy intake (food) and output (motion, heat) of any living organism, there is no missing energy or untapped energy source.
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FIGURE 0.1. The first living cells observed and recorded. From Robert Hooke’s Micrographia, 1665.


At the other extreme we have the view of living creatures as complicated and intricate machines. The French philosopher René Descartes believed animals (but not humans) to be machines without souls. According to his view, animals did not feel pain. To explore animals’ internal machinery, he promoted vivisection, a practice we find barbaric today.


Beginning in the seventeenth century, with the invention of the microscope, scientists searched for the secret of life at ever smaller scales. Biological cells were first described in Robert Hooke’s Micrographia in 1665 (Figure 0.1). It took until 1902 for chromosomes to be identified as carriers of inheritance. The structure of DNA was deciphered in 1953, and the first atomic-scale protein structure was obtained in 1959. Yet, even while scientists dissected life into smaller and smaller pieces, the mystery of life remained elusive.


Is this reductionist approach doomed to fail? Many people, including many eminent biologists, think so. But I believe they are wrong. To be sure, reductionism is not enough: Many unexpected and important phenomena emerge only from the complex interaction of many parts. These emergent phenomena cannot be explained by looking at the parts alone. Holism (the understanding that the whole is more than its parts) is part and parcel of any explanation of life.


Nevertheless, the reductionist approach of looking at smaller and smaller pieces of living organisms has been a story of continued success. And it may finally be claiming a very big prize—one of the great mysteries of life: What creates “purposeful motion” in living beings? This was one of the original mysteries of life, formulated by Aristotle more than two thousand years ago. Aristotle assigned this motion to purpose. But today, having penetrated into the realm of molecules, we do not find purpose. Instead, we find random motion. Today, this great question has morphed into another question: How can molecules create the “purposeful” action that characterizes cells and bacteria? How do we go from assemblies of mere atoms to the organized complex motions in a cell?


In this book, we will find answers to these questions that have plagued science and philosophy for thousands of years. What kept us so long from solving this mystery? What we lacked were the right tools and concepts to study life at sufficiently small scales. How small is small enough? The secret of life’s activity is found at the scale of a nanometer—a billionth of a meter.


Thanks to the advances of nanotechnology, we can now see the smallest parts of life at work: autonomously moving molecules performing specific tasks like tiny robots. Our cells are cities full of molecular-sized worker bees, who, like magic, built themselves, go where they are needed, do what they need to do and are recycled again. How can mere molecules move in specific ways to perform specific tasks? Are these amazing molecular robots imbued with a special life force? Are they controlled by a higher consciousness? Astoundingly, the force that drives life at the smallest scale is not a mysterious, supernatural force, but it is a surprising one nevertheless. The force that drives life is chaos.


As a newcomer to molecular biology and with the unique perspective of a physicist, I feel well suited to tell the story of the new discoveries of life at the nanoscale. I have not been in the field long enough to take anything for granted—everything is new and exciting, and I want to share this excitement with my readers. Yet, I owe this story to the wonderful researchers who have come before me: The biologists who painstakingly figured out the detailed pathways of cellular activity, the biochemists who identified the chemical nature of the molecular machines of our cells, and most recently, the physicists who are trying to find the general principles behind the hustle and bustle of our cells. The fundamental goal of this book is to follow the discoveries of these scientists and to find out what it takes to turn a molecule into a machine; and many molecular machines into a living cell.


When we follow the path of reductionism to understand life, the starting point of our quest must be the molecular scale. Deep down, life is a complex dance of molecules which can be understood in the context of physics. In 1945, the Nobel Prize–winning physicist Erwin Schrödinger predicted that genetic information, the blueprint to make a human, is coded in the structure of molecules. In his book What Is Life? he envisioned the genetic code to be contained in chemical “letters” as part of an aperiodic crystal (today we call it a polymer), and the size of each letter in the genetic code to be a few nanometers in size. These physics-based predictions inspired a young Francis Crick to decipher the mystery of DNA just thirteen years later. Crick and his coworker James Watson found Schrödinger’s predictions to be quite accurate. Everything we have learned about life at the molecular scale has conformed to known physical principles. In this book, I follow the path Schrödinger first walked on and look at life from the point of view of a physicist.


Yet, even at the molecular scale, life is incredibly complex; without this complexity, life could not function. In 1970, another Nobel winner, the French biochemist Jacques Monod, concluded, in Chance and Necessity, that the complex machinery of our cells must be the result of an unbelievably lucky cosmic accident: “The universe was not pregnant with life nor the biosphere with man. Our number came up in the Monte Carlo game. Is it any wonder if, like the person who has just made a million at the casino, we feel strange and a little unreal?” Many scientists have embraced Monod’s support for chance over necessity. They are concerned about opening the scientific floodgates to vitalism (the idea that life requires special forces) and religion. Necessity implies there is an external reason for life to exist. If there is such a reason, there must be a driving force outside physics or biology.


Other scientists saw things differently. In 1917, D’Arcy Wentworth Thompson, a British biologist and mathematician, published a unique book, On Growth and Form. Thompson showed how shapes of living plants and animals have analogues in the nonliving physical world. He argued that the shapes of our bodies are not due to chance, but are the necessary result of physical forces and geometrical constraint. Thompson found a way to favor necessity over chance without implying religion or vitalism. For him, the structure of the living organism was the necessary result of mathematics and physics.


As we enter the microscopic world of life’s molecules, we find that chaos, randomness, chance, and noise are our allies. Without the shaking and rattling of the atoms, life’s molecules would be frozen in place, unable to move. Yet, if there were only chaos, there would be no direction, no purpose, to all of this shaking. To make the molecular storm a useful force for life, it needs to be harnessed and tamed by physical laws and sophisticated structures—it must be tamed by molecular machines.


The fruitful interaction of chance and necessity also explains how these chaos-harvesting machines were “designed” by evolution. Chance and necessity may even explain how our minds work, how we have new insights, and why we have intuition. This book is a vindication for randomness, a much maligned force. Without randomness, there would be no universe, no life, no humans, and no thought.


Where does chaos come from? Why are atoms in perpetual random motion? The random motions of the atoms in our bodies are an afterglow of the creation of the universe, the big bang. The big bang created a universe full of energy, and, eventually, it created stars like our sun. With the sun as intermediary, the energy of the big bang shakes the atoms of our cells—making life on Earth possible.


Like it or not (and I hope you will like the idea by the time you have read this book), chaos is the life force. Tempered by physical law, which adds a dash of necessity, chance becomes the creative force, the mover and shaker of our universe. All the beauty we see around us, from galaxies to sunflowers, is the result of this creative collaboration between chaos and necessity. The potential for life was already written into the book of our universe as soon as physical law met the violent motions of elementary particles. For me, this insight makes the story of life a beautiful, even spiritual story.


Understanding life is not an easy task. The fundamental nature of life is one of the most enduring hard questions of science. Scientific literature is replete with articles that attempt to explain various aspects of life—yet much is still conjecture; much controversial. The public rarely hears about the exciting developments in science, because understanding requires advanced knowledge of biology, chemistry, and physics. To make matters worse, scientific literature is written in a language that makes it difficult even for scientists to understand each other. In this book, I will cut through the fog of scientific hieroglyphics and make the latest theories of life accessible to the intelligent reader. I do not have all the answers, and some things I write in this book will turn out to be wrong. But science is not an old, dusty book of settled facts. It is a living, breathing story of discovery, a true adventure of the human mind.


Let the adventure begin.
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The Life Force
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The human body is a machine that winds itself, a living picture of perpetual motion.


—JULIEN OFFRAY DE LA METTRIE


Come, said my soul, Such verses for my Body let us write, (for we are one).


—WALT WHITMAN, LEAVES OF GRASS
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LIFE IS THE DANCE OF A BEE AND THE ROAR OF A LION. IT IS the tangle of a rain forest and the mortal battle between bacteria and host. Life is amoeba and elephant, evolution and extinction, and the power to transform a planet. The complexity and variety of life is staggering, but for physicists, life begins at a more basic level. All life started as a circle dance of molecules billions of years ago. The lion and the bee, the humble yeast and the mighty blue whale all share the same jittering molecules in their cells; we are all cousins.


But while life is based on molecules and energy, it seems to defy a purely physical explanation. When we look at a living being, we immediately recognize it as alive, as fundamentally different from a rock or a cloud. Yet, when we try to define life, we run into difficulties. There seems to be something indefinable, some special ingredient that separates inanimate matter from living flesh. When a loved one dies, we despair at not being able to recreate life. It is as though a special ingredient, a “life force,” has left the body. Life seems forever beyond our powers and understanding.


And yet, we know that modern science has the power to manipulate life. From genetic engineering to brain imaging, science has penetrated living matter to its very core. The dichotomy between our everyday experience of the purposefulness and magic of life, and the fact that when we go looking for the magic ingredient, we only find matter and mechanism, has occupied human minds for thousands of years. It has led to a drawn-out battle between those who see purpose and those who see mechanism. In this battle, sometimes one side gained the upper hand, sometimes the other. Has the battle finally been decided? And if yes, who won?


The Secret


If I had to vote for the most abused scientific terms, energy, power, and force would be on the short list. According to the motivational speaker Bob Proctor, human beings are an incredible source of power and could use the “power in their body” to illuminate “a whole city for nearly a week.”*


Since Proctor is so precise (“nearly a week”—why not a whole week?), it may be worth double-checking his calculations. It turns out that it is quite easy to calculate the power rating of a human being. Power, in physics, measures how fast energy is transformed from one form to another, and not the amount of available energy. Proctor is confusing power with energy. But I don’t want to quibble about that. Let’s pretend he means that the power rating of one human is equivalent to the hundreds of thousands of light bulbs that illuminate a city.


Humans transform energy from food into motion, heat, and thought. Energy is conserved. The energy we expend during a day comes from the food we eat. A typical energy intake from food is 2,500 food calories per day. One food calorie is equal to 4,184 joules of energy. A human consuming 2,500 food calories takes in approximately 10.5 million joules (2,500 calories × 4,148 joules) in energy from food a day. This sounds like a lot. However, a day has 86,400 seconds, and therefore the rate at which our bodies transform this energy is 10.5 million joules divided by 86,400 seconds, or about 120 watts (where 1 watt = 1 joule per second). Far from illuminating a whole city, a human being has about the same power rating as one light bulb.


Humans talk, write, walk, and love using the same amount of energy per second as a light bulb, a device that does nothing but shine light and get hot. This amazing fact, far from denigrating humans, is a testament to how efficient a human body is. But even more importantly, it is a testament to the wondrous complexity of our bodies, which can do so much with so little.


Humans and other living beings are not sources of energy. We are consumers of energy, taking high-grade energy in the form of food and releasing it in the form of low-grade heat into the environment. When we stop eating, we starve and die. This simple truth is nothing new, yet books like Rhonda Byrne’s The Secret (which claims that “human beings manage their own magnetizing energy”) sell millions of copies, making us believe that there are untapped sources of energy within us.* Why is this idea so persuasive? Where did this notion of life force or energy come from?


The idea that life is infused with special energies or forces is as ancient as humanity itself. When people today are attracted to books like The Secret, it may be because the idea of a life force is deeply engrained in our psyche. For at least a hundred thousand years, humans have tried to bridge the gulf between life and death by placing flowers, food, or tools in burials with their departed. For our ancestors, death was an unnatural state, as all of nature seemed to be ever changing, moving, and alive.


Nature’s powers of motion and change were associated with anima, the soul. Animism, the belief that all of nature was alive and governed by spiritual forces, survived the centuries and was part of respectable European philosophizing well into the twentieth century.* The use of “magic” crystals and magnets for healing is still part of some people’s beliefs today, as they believe that these items have special energies that affect life and health. In animism, not only animals, but also rocks, the wind, the river, were alive. In such a belief system, the concept of dying did not make much sense. The ancients believed that when a person died, he or she was not really dead, but instead the person’s spirit had moved somewhere else. It was important to supply the dead person with tools and gifts for this new existence. Our now familiar distinction between living beings and lifeless matter evolved much later. Once this happened, most things—rocks, water, air—were recognized as lifeless, and living became a mystery in need of explanation. Living matter was now seen as being substantially different from all other matter and had to be endowed with extraordinary forces or a soul. We call such a belief vitalism.


Vitalism began with the Greeks, most notably with the philosopher and scientist Aristotle (384–322 BCE). For Aristotle, life was different from inanimate matter because it had “soul”; it was “animated.” It is not a coincidence that we identify the word animated with being in motion. Purposeful motion, which includes locomotion, growth, and internal motion of the organism, was for Aristotle (and still is today) the most conspicuous attribute of life.


Aristotle spent a lot of time thinking about the soul, as recorded in his book De Anima. He identified several problems with defining soul: Is the soul a whole, or is it made of parts? Are there different types of souls for horses, dogs, and people? What is the soul’s relationship to the body? Aristotle realized there was a problem distinguishing the soul from the body: “Are all affectations of the complex of body and soul, or is there any among them peculiar to the soul itself ? . . . there seems to be no case in which the soul can act or be acted upon without involving the body.” But despite raising this issue, Aristotle never addressed the question about the necessity of the soul. In fact, he would have found such a question absurd—for him and his fellow Greeks, the existence of a soul was self-evident: “Knowledge of the soul . . . contributes greatly to the advance of truth in general, and, above all, to our understanding of Nature, for the soul is . . . the principle of . . . life.”


[image: FIGURE 1.1. Democritus—typically shown as the bearded, laughing...]


FIGURE 1.1. Democritus—typically shown as the bearded, laughing philosopher. In the history of science, he certainly had the last laugh. After all, he was (mostly) right about atoms.


Atomism


When I learned about Greek philosophy in high school, I first noticed all the things the Greeks got wrong. To my teenage self, it seemed naive to think of earth or fire as elements. In truth, the Greeks made enormous progress, from their belief in Olympian gods Zeus and Hera to their model of nature using four elements. The Greeks were also the first people to base ideas on scientific observations. The philosopher Anaximenes of Miletus (585–529 BCE) determined that air was the fundamental element, because it could be rarefied or condensed. He based this idea on his observations of evaporation, condensation, drying, and wetting. Other observations that guided Greek philosophy included the growth of seeds (Anaximander), breathing (Anaximenes), fossils in rock (Xenophanes), the necessity of water for life and buoyancy (Thales), and the random motion of suspended dust (Democritus; Figure 1.1).


Aristotle was, without a doubt, the most prolific (and most scientific) of all Greek philosophers. In De Anima, he provided a comprehensive overview of what his predecessors thought of the mystery of the soul. Based on meager experimental evidence, ancient philosophers ventured surprisingly close to modern ideas: According to Aristotle, the philosopher Democritus imagined the soul as a fire consisting of myriads of jostling particles, which Democritus called “atoms.” Democritus got the idea for the incessant motion of atoms from observing the random movements of dust grains in beams of sunlight. As we will see, the ceaseless motion of atoms and molecules plays a central role in our modern understanding of life—a motion we can rightly call a molecular storm.


Unfortunately, Aristotle found the ideas of Democritus and Pythagoras absurd. For him, movement is the result of thought and will, not the random motion of atoms: “Democritus says that . . . atoms . . . owing to their ceaseless movements draw the . . . body after them and so produce its movements. . . . we may object that it is not in this way that the soul appears to originate motion in animals—it is through intention or process of thinking.”


Thus, from the Greek philosophers to the early-nineteenth-century biologists, there were three possible solutions to the problem of explaining life: Assume an overarching, universal principle that determines the purpose of the entire universe (animism); assume a special life force that distinguishes life from matter, thus reserving purpose for life alone (vitalism); or deny purpose altogether (mechanism, atomism). All of these approaches had their problems. Animism erased the clear distinction of the inanimate and the alive, vitalism gratuitously introduced an unseen force and raised the additional question of how this force interacted with the body, and atomism seemed impotent to account for those of life’s activities that seemed to show clear purposefulness, such as growth and reproduction.


Atomism made a brief resurgence with the philosopher Epicurus (341–270 BCE) and was later revived by the Roman philosopher Lucretius (99–55 BCE) in his famous poem De rerum natura. Explaining the universe as the result of atomic motion, Epicurus invented the “swerve”—the sudden, random swerving of atoms that otherwise would move on straight, predictable paths. The swerve explained how atoms clumped together or bounced off each other. It explained creation, spontaneity, chance, and free will. While the idea of the swerve seems gratuitous, Epicurus understood that an atomistic explanation of the universe needed a mixture of necessity and chance.


However, the difficulty of reconciling the random motion of atoms with the obvious purposefulness of life doomed atomism for many centuries and has cast a long shadow on our understanding of life until today. The battle of soul versus the atom continued to be central to understanding life, even though the terms changed and biological knowledge became more refined.


For the most part, the ancients vacillated between vitalism and animism. Aristotle clearly understood that life was special and did not postulate souls for rocks and mountains. He did, however, think of motion as due to a purpose. A rock “wanted” to fall down, because it was made of the element earth and wanted to go back to the earth. On the other hand, the Stoics (a school of philosophy founded by Zeno of Citium circa 300 BCE) believed in a more animistic world, where a mysterious ordering force, the pneuma (“breath”) gave rise to all existence. The pneuma was like an ancient version of “the force” in Star Wars, the fictional energy field created by all living things.


With the rise of Christianity, both the atomism of Epicurus and the animism of the Stoics became discredited. For the early Christians, Plato’s philosophy, which was based on the transcendent world of ideas and not our material reality, was much more palatable. Plato’s universe was the result of reason, not chance. Steeped in Platonic philosophy, the evangelist John wrote: “In the beginning was the Word, and the Word was with God, and the Word was God.” Following John, the early Church, and especially St. Augustine, equated this “Word” or reason with God, and the world of ideas with heaven. The material world was relegated to a corrupted reflection of the spiritual world, which contained the real truth, the truth of God.


Many writings of Aristotle, lost in the West for nearly a thousand years, were saved by the Muslims. In the twelfth century, his works reentered Western philosophy. The early schools of theology in Paris, Oxford, Toledo, and Cologne, which later became universities, were stunned when they encountered the comprehensive knowledge contained in Aristotle’s numerous writings, from logic to physics, statecraft to biology. Unlike Plato, Aristotle saw the material world as primary, and ideas as mere generalizations of observed objects and phenomena. In this, he was quite close to what scientists believe today.


While Aristotle’s ideas threatened the established neoplatonic theology of the time, he could not be ignored. His philosophy was too comprehensive and too well reasoned to be dismissed. A new philosophy, scholasticism, was born to reconcile Aristotle’s philosophy and science with Christian theology. Not everything in Aristotle’s books was counter to Christian beliefs. For example, he clearly dismissed atomism and the accompanying idea of chance as an important player in the universe. For Aristotle, the most important force was purpose. Motion also required an explanation and could not be attributed to the unexplained random motion of atoms. Instead, Aristotle postulated a first mover—which St. Thomas Aquinas, the most famous of the twelfth-century scholastic philosophers, equated with God. In living beings, the soul was the prime mover. According to Aristotle, “[the soul] acts and [the body] is acted upon, and the [body] is moved and the [soul] moves.”


Aristotle’s concept of the soul has survived until today, and is evident in the catechism of the Catholic Church: “‘Soul’ also refers to the innermost aspect of man, that which is of greatest value in him, that by which he is most especially in God’s image: ‘soul’ signifies the spiritual principle in man. . . . The unity of soul and body is so profound that one has to consider the soul to be the ‘form’ of the body: i.e., it is because of its spiritual soul that the body made of matter becomes a living, human body; spirit and matter, in man, are not two natures united, but rather their union forms a single nature.” This idea of the soul as the form of the body, which renders it alive, comes from Aristotle. The Catholic catechism contains two meanings to the word soul: Aristotle’s life-giving “form” and a “spiritual principle.” Even though these two meanings are often conflated, they are radically different concepts.


Modern physics, chemistry, and evolution can explain what makes a cell or an organism alive and what gives it “form.” Bodies are complex assemblies of interacting cells, operating according to an evolved program written in the cell’s DNA. A soul is not needed as the source of form, locomotion, nutrition, or reproduction (in contrast to what Aristotle thought). The concept of soul may make sense in the second meaning—as a noncorporeal, unique essence of a human being; as a shorthand to aspects of a living being that encompasses personality, dignity, intelligence, mind, and the connection to others.


The Christian adoption of Aristotelian ideas, while at first quite radical, put a straightjacket on science for many centuries. The Greek philosophers welcomed debate, and it is reasonable to assume that Aristotle would have been horrified to learn that his musings were now taken as gospel.


Medicine and Magic


The vitalistic ideas of the Greek philosophers, as well as their early penchant for scientific observation, profoundly influenced the practical science of life: medicine. Originally based on magic and faith-healing, medicine was put on a more rational footing by Hippocrates and other Hippocratic thinkers around the time of Aristotle. Medicine became a rational science, based on an understanding of the universe. Greek (and, later, Roman) medicine culminated in the ideas of Galen (129–217 AD), whose books dominated Western medicine for fourteen hundred years. As late as 1559, a member of the London College of Physicians had to publicly rescind his comments when he dared to criticize Galen in front of his colleagues.


Galen’s medicine, based on Aristotle’s philosophy and Stoic ideas, was heavily vitalistic: It was loosely based on the four Greek elements, which he called the body’s vital fluids (or “humors”). Galen believed that the pneuma, the “life spirit” that circulated in the air, entered the body through the lungs. In the heart, the pneuma mixed with blood (one of the four humors) and produced the “vital spirits,” which were responsible for movement. As part of the soul, these vital spirits were associated with heat, which, according to Galen, was generated in the heart when blood mixed with air. The connections between air, heat, and soul were a recurring theme from ancient Greece to the dawn of the scientific age. And as we will see, thinking of heat as the “living power” is not so far from reality as you might think.


Ancient medicine combined observations (in Galen’s case, mostly by dissecting animals) with a philosophical understanding of the universe. For the ancient physicians, life was associated with heat, and heat was generated by fire (one of the four traditional elements), which must be nourished by air (another of the elements). This kind of reasoning sometimes came close to the right answers, but ultimately, the ancients were victims of their own philosophical predilections. Without the methods of modern science—controlled experiments, the testing of hypotheses and quantitative arguments—medicine remained in a rut for more than fourteen hundred years.


In the Renaissance, when the study of human nature took center stage, medicine, astronomy, and physics finally broke out of the cage of Aristotelian and Galenic thought. The Renaissance was a time of rediscovery and reassessment, during which scholars combed the globe for ancient manuscripts. It was not the discovery of modern scientific methods that allowed Renaissance physicians to break with Galen and Aristotle; it was the discovery of ancient magical manuscripts. The arguments of the ancient magicians were based on the correspondence between the human body and the universe as a whole, and they led to the development of alchemical medicine. For example, in his book Of Natural and Supernatural Things, the Benedictine monk and alchemist Basilius Vesalius provides a recipe for “Spirit of Mercury . . . which cures all diseases, be it dropsie, consumption, gout, stone, falling sickness, apoplexy, leprosy, or howsoever called in general”—a recipe, surely, that would be more likely to cause apoplexy than to cure it.


The main proponent of this new medicine was the Swiss physician Paracelsus (1493–1541), born Phillippus Aureolus Theophrastus Bombastus von Hohenheim. (While apparently the word bombastic is not based on Hohenheim’s middle name, he certainly was that: “Let me tell you this: every little hair on my neck knows more than you and all your scribes, and my shoe buckles are more learned than your Galen and Avicenna, and my beard has more experience than all your high colleges.”) Even though Paracelsus’s alchemical medicine was often no better than the old Greek medicine, his decisive break with the ancient Greek tradition and his emphasis on using chemistry were an important step forward. At times, Paracelsus sounded amazingly modern: “Medicine is not only a science; it is also an art. It does not consist of compounding pills and plasters; it deals with the very processes of life, which must be understood before they may be guided.”


The various approaches to medicine—traditional and herbal medicines, Galenic medicine based on the balance of humors, and the new alchemical medicine of Paracelsus—coexisted and were vigorously debated, often on what appears to us today as dubious grounds. Yet, that they were debated ushered in the era of modern critical science.



The Mechanical Philosophy


The battle between ancient and alchemical medicine was raging when a new idea emerged: the idea that human bodies were merely machines and that the body’s function could be understood as the workings of discrete parts. An inadvertent hero of the mechanical view of life was the English physician William Harvey (1578–1657), a thoroughgoing vitalist who still believed in Galen’s vital spirits. Yet Harvey was the first to understand the true function of the heart. According to Galenic medicine, the heart was the source of heat in the blood and the place where blood mixed with air to create “vital spirits.” Galen believed that the arteries originated in the heart, and the veins in the liver. The arteries and the veins were separate systems, connected only through the porous septum in the heart.


Although little evidence supported the porous nature of the septum, few physicians were brave enough to criticize Galen’s theories. The famous physician Andreas Vesalius (1514–1564), who published some of the most influential and detailed books on human anatomy, could not find any porosity in the heart; nevertheless, in the first edition of his De fabrica he accommodated Galen: “The septum is formed from the very densest substance of the heart. It abounds on both sides with pits. Of these none, as the senses can perceive, penetrate from the right to the left ventricle. We wonder at the art of the Creator which causes blood to pass . . . through invisible pores.” But by the second edition of his book, Vesalius had to admit, with some regret, that there was simply no way that Galen’s theory could be correct.


The path was now clear for Harvey, who, like Vesalius before him, had studied at the University of Padua. The way Harvey disproved Galen was enormously influential: Going beyond dissections and observations, Harvey used a simple quantitative argument, which was unprecedented and powerful. If the heart was the source of blood, the total amount of blood generated in the heart could easily be estimated by multiplying the volume of the heart with the rate of pumping. This would result in 540 pounds of blood every hour—a giant amount. Where would it all go? The only reasonable explanation was that a limited amount of blood circulated through the body; and whatever the heart pumped out, came back to the heart a short time later. Harvey’s mathematical reasoning had an enormous impact on the subsequent history of the life sciences: Life, like the rest of nature, could yield to quantitative analysis and, with it, careful experimentation.


Despite Harvey’s modern scientific methods, his work drew praise from the Paracelsian physician Robert Fludd (1574–1637). Fludd saw in the circulation of blood a confirmation of his alchemist views that the macroscopic world of the stars was reflected in the microscopic world of the human body: As the planets go around the sun, so the blood circulates around the heart. But Harvey’s findings also received nods from more modern scientists and philosophers, especially René Descartes (1596–1650), who in The Description of the Human Body vigorously championed Harvey and argued that the body was a machine.


Descartes’s philosophical ideas were an important step toward a mechanical view of life. Performing (sometimes gruesome) experiments on animals, he discerned that the body acted like a machine with pumps and pipes. He was one of the first natural philosophers to argue for the investigation of the body from a mechanical perspective, devoid of any mysterious forces. These ideas landed Descartes in hot water with the Catholic Church, despite his being a devout churchgoer. Descartes tried his best to reconcile what he saw in nature with Catholic theology. His solution was to divorce “mind” from the mechanical worldview he espoused. The mind or spirit was to be the realm of the soul and the divine, while the body was pure machine. The soul, which once explained everything, from the growth of plants to the human mind, had now been confined to mind alone. Everything else was matter in motion.


The first modern atomists, after the almost complete suppression of atomism during the Middle Ages, were Isaac Beeckman (1588–1637), a Dutch philosopher and scientist, and Pierre Gassendi (1592–1655), a French Jesuit priest. Beeckman, Descartes’s teacher and friend, was considered one of most educated men of Europe at the time. Gassendi followed Beeckman in arguing for a revival of atomism and strived to make Epicurean atomism palatable for the Catholic Church. Gassendi had a different approach from that of Descartes: Whereas Descartes created dualism, the separate realms of matter and soul, Gassendi animated his atoms with the power of God, returning to an animistic view of the universe. If atoms were responsible for life, the necessary intelligence had to be built into them. And who endowed the atoms with this intelligence? God, of course.


This idea was later adopted by the German philosopher Gottfried Leibniz (1646–1716), who replaced atoms by “monads,” atomic units of thought. Later materialist philosophers, however, would discard God altogether and instead endow atoms with uncreated purpose, an idea that during the Enlightenment, the French philosopher Voltaire (1694–1778) found laughable. According to Voltaire, the idea of some kind of uncreated intelligence inherent in atoms was ridiculous. Wasn’t it simpler to just believe in God? After two thousand years of debate, it seemed that philosophers had not advanced much beyond Aristotle and Democritus.


But this would be unfair: The mechanical worldview, the revival of atomism, and the combination of rational examination and experiment were the foundation for one of the most influential periods in the history of science, the scientific revolution, which lasted from the late sixteenth to the eighteenth century. During this period, modern science was born and natural philosophers began to distinguish science from mysticism. The towering figures of this period were Galileo Galilei (1564–1642) and Isaac Newton (1642–1726). Both Galileo and Newton were atomists and believed in using experiment and reason to find new truths about nature. Newton had a Lucretian idea of how atoms form macroscopic matter; he thought of matter as made of small, hard particles that stick together to make larger particles. This idea explained how materials can break apart, as they break “not in the midst of solid particles, but where those particles are laid together, and only touch in a few points.”


Newton stood at the threshold between Renaissance mysticism and modern science, and much has been made of his interest in alchemy and obscure theological pursuits. Yet his alchemy led him to value experimental approaches and validated his atomism. Newton appeared to know the difference between mysticism and science and kept his alchemy and theology neatly separated from his scientific and mathematical writings. He even went so far as to defend his scientific findings from those who thought that he was advocating new occult forces: “These Principles I consider, not as occult Qualities, supposed to result from the specifick Forms of Things, but as general Laws of Nature, by which the Things themselves are form’d; their Truth appearing to us by Phænomena, though their Causes be not yet discover’d.”


The mechanical philosophy and the new atomism compelled scientists during the scientific revolution to look ever more closely at the living world, and advances in optics provided new instruments for the search of the “atoms” of nature. The microscope was invented in the late 1500s in the Netherlands by two Dutch spectacle makers, Zacharias Janssen and his son Hans. Improvements to the microscope were completed by Galileo (1609) and Cornelius Drebbel (1619). In 1614, Galileo observed that flies had “fur.” Others observed mites and studied the structure of a fly’s eye. The most famous early book on microscopic observations was Hooke’s Micrographia of 1665. Robert Hooke (1635–1703), a master experimenter, used his homebuilt microscope to look at everything from flees to “gravel” in urine. The early microscopists discovered what Hooke called “small machines of nature,” from the legs of flees to single-celled animals. Hooke was the first to see cells in cork. The first animal cells, red blood cells, were discovered shortly thereafter by Antonie Philips van Leeuwenhoek (1632–1723), but neither he nor Hooke realized that these cells were the smallest units of all living beings.


Hooke and his contemporaries discovered that life was a wondrous menagerie of mechanisms, from the smallest “animalcules” to the body of a human. The search for smaller and smaller units continued for over two hundred years, leading to the cell theory in the mid-1800s. For Hooke and his fellow microscopists, the mechanical philosophy compelled them to look carefully at the components of living beings. What they saw confirmed their mechanical view of life. Observing the growth of mold, Hooke noted: “I must conclude, that as far as I have been able to look into the nature of this Primary kind of life and vegetation, I cannot find the least probable argument to perswade me there is any other concurrent cause then such as is purely Mechanical.”


L’homme machine


Some people just don’t know when to shut up.


Julien Offray de La Mettrie (1709–1751), Brittany native, medical doctor, and radical Enlightenment philosopher, certainly didn’t (Figure 1.2). When his first venture into philosophy, A Natural History of the Soul (1745), was burned in Paris for its impiety, he followed with an attack on the less-than-competent physicians of France. Having thoroughly upset both the medical and the religious establishments, he fled to Holland. Then, in 1747, he continued his attacks with The Vengeful Faculty, against the physicians, and Man a Machine (L’homme machine), against the priests. Holland was no longer safe, and La Mettrie found refuge at the court of Frederick the Great in Berlin. The Prussian king loved the French and the Enlightenment, and you couldn’t be more Enlightenment than La Mettrie.


[image: FIGURE 1.2. Julien Offray de La Mettrie...]


FIGURE 1.2. Julien Offray de La Mettrie. Another laughing materialist philosopher, although unlike Democritus, he has no beard.


What had La Mettrie written in L’homme machine that so upset his contemporaries?


After receiving his medical doctorate from the University of Rheims, La Mettrie had served as medical officer to the French Guards and participated in a number of bloody battles. Through this experience, he developed a profound distaste for the slaughter of war and saw what savagery and injury could do to the human mind. He came to realize that reason and emotion, supposedly part of the soul, could be thoroughly altered by injury. Didn’t this clearly show that Descartes’s last refuge of soul—the mind—could ultimately be explained by pure mechanism? No wonder La Mettrie’s more religious contemporaries were displeased.


Because of his provocative writings, La Mettrie is sometimes seen as the bad boy of the Enlightenment. The rumor that he died while overeating expensive pheasant pâté did not help his reputation (although it seems likely he died of food poisoning). However, under the combative veneer of his writing, there was a thoughtful philosopher and one of the most uncompromising representatives of the mechanical philosophy.


La Mettrie was a better provocateur and philosopher than scientist. But we can hardly fault him for that: While his explanations of procreation or “irritability” (see next paragraph) seem to us naive or laughable, he based them on what little was known about human physiology at a time when alchemical and ancient Greek ideas were still common. But his philosophy did not depend on such details.


At the heart of his most famous work, L’homme machine, were two observations: First, the functions of body and mind could be greatly altered by physical influences and therefore could not be independent of them. Second, living tissue, such as muscle, could move on its own, even when removed from the body. Experiments performed during La Mettrie’s time demonstrated that isolated tissues could move when “irritated.” This so-called irritability indicated to La Mettrie that life possessed “inherent powers of purposive motion.” He put irritability at the center of his arguments, providing a list of ten examples, some quite gruesome, such as the frantic fluttering of headless chickens. In light of these observations, La Mettrie concluded that we cannot divorce the functions of the body or the mind from their physical nature. Instead, the functions must be the result of the physical and mechanical makeup.


La Mettrie’s denial of the soul led to his being charged as an atheist (the standard charge for all philosophers who spoke out against Church doctrine). But he was more of a sincere agnostic: “I [do not] question the existence of a supreme being; on the contrary, it seems to me that the greatest degree of probability is in its favor. But that doesn’t prove that one religion must be right, against all the others; it is a theoretical truth that serves very little practical purpose.” For him, metaphysical and theological speculations about the soul served little purpose when a meal could make the “soul” happy and content and when we could see “to what excesses cruel hunger can push us.” La Mettrie, tongue-in-cheek, observed that “one could say at times that the soul is found in our stomach.” Observing that hunger, injury, drugs, and sleep affected people’s minds, he felt certain that the soul was just part of the body, even if he could not explain in detail how it worked: “It is folly to waste one’s time trying to discover its mechanism. . . . There is no way of discovering how matter comes to move.”


La Mettrie was wrong to state that “there is no way” to discover how organized matter moves, but we can agree with him that a supernatural soul is probably not needed to render us alive, as Aristotle believed, because the soul is so dependent on the physical state of the body. La Mettrie concluded that the “soul’s abilities” clearly depend on the “specific organization of the brain and the whole body.” Therefore, the soul was nothing other than the organization of the body and, as a separate concept, empty. It had taken two thousand years before somebody could freely acknowledge that a soul was not necessary to explain the motions of the body.


La Mettrie’s agnosticism gave him a modern outlook on the methodology of science (although modern scientists are more diplomatic) and a somewhat religious awe of nature governed by necessity. He wondered “why would it be absurd to believe that there exist physical causes for everything that has been made.” Was it not “our absolutely incurable ignorance of these causes that has made us resort to a God?” For him, the answers for the mystery of life and mind lay not in chance, nor in God, but in nature.


La Mettrie’s rejection of chance was very much in the spirit of the pre-Darwinian world. It was difficult to see what role chance could play in the emergence of the organized state of matter we call life. La Mettrie believed that a purely physical explanation of life was possible—but a mechanical explanation had to explain all aspects of life previously explained by religion. When God became an “unnecessary hypothesis,” nature had to fill the gap and produce life and the human race out of necessity. The mechanical philosophy, like other explanations that relied on the fashionable ideas of the day, compared living beings to mechanical contraptions such as clocks.* Clocks, when well maintained, leave nothing to chance; they are the epitome of necessity.


For La Mettrie, nature acted on many levels, from the simple to the complex. He opposed artificial barriers to physical explanations and rejected the idea that there was a wall beyond which physics could not tread. The difference between a falling rock and a human mind was not one of different matter or different laws of nature, but one of a tremendous increase in complexity. And even if this complexity prevented us from completely explaining how a human mind works, this failure did not warrant the insertion of soul or God into this gap in our understanding. “Just as, given certain physical laws, it would not be possible for the sea to not have its ebb and flow, the same . . . laws of motion . . . would form eyes which see, ears that hear, nerves that feel, tongues that can or cannot talk depending on their organization; and finally, would fabricate the organ for thought. Nature has made in the human machine another machine, which finds itself capable of retaining ideas and creating new ones . . . it has made, blindly, eyes that can see; it has made without thought, a machine that thinks.”


Animal Heat


While the mechanical philosophy dealt with the problem of motion quite well, and the vitalists with growth and reproduction, the problem of heat generation by animals remained a tough nut to crack. Why was heat so important? Most living things are warm, and when they die they grow cold. Clearly, heat had something to do with life. Already Pythagoras and Democritus considered heat, or more precisely “innate heat,” the key to understanding life. For the ancient Greeks, the problem of heat was (literally) at the heart of the mystery of life. They believed that a kind of fire existed in the heart and that the lungs were needed to cool the heart’s fire and remove exhaust. Plato writes in his Timaeus: “In the interior of every animal the hottest part is that which is around the blood and veins; it is in a manner an internal fountain of fire, which we compare to the network of a creel, being woven all of fire and extended through the centre of the body, while the outer parts are composed of air.” This thinking persisted for centuries—even Harvey still believed that the heart was a source of heat and that the blood circulation he had discovered was a way to distribute heat throughout the body.


Such ideas were based on reasonable inferences from observations: Clearly, the heart resided near the center of the body—which seemed like a good place to put a stove—and it distributed warm, life-giving blood throughout the body. As for how the heart generated this heat, it was understood that heat was generally associated with fire. Thus, it seemed that some kind of “slow fire” in the heart generated the heat of the body. The ancients also guessed correctly that life’s heat must be fueled by food. “[Food] is used up by our heat as oil is by a flame,” Galen observed.


Galen and the ancients knew that both fire and life are extinguished in the absence of air, but they did not know why. Galen lamented: “if we could discover why flames are in these cases [when deprived of air] extinguished, we should perhaps discover what advantage the heat in animals derives through respiration.” This blueprint for further research was not taken seriously by natural philosophers until fifteen hundred years later. In the early sixteenth century, animistic ideas about the nature of innate heat were still rampant. The French physician Jean François Fernel (1497–1558) believed that the innate heat enters the body once the embryo becomes an individual. He seemed to confuse innate heat with the religious idea of a soul. Descartes can be credited with bringing heat back into the realm of science, although his enthusiasm for mechanistic explanations led him astray when he speculated about the role of heat in the heart. While he believed in Harvey’s blood circulation, he also believed the heart’s motion was caused by an expansion of the blood due to the intense heat in the heart, and not by muscular contractions.


The primacy of heat as the central principle of life was challenged by the Belgian physician Jan Baptist van Helmont (1579–1644), who pointed out that frogs are quite cold, but also quite alive. Moreover, animals did not die when heat left them, but the heat left when animals died. Van Helmont was fond of chemical explanations, in the tradition of Paracelsus, and therefore saw heat as the result of chemical processes in the body, not the cause of such processes. He broke with the ancients, who had believed in heat as being innate, that is, inherent to living beings, like a soul. Van Helmont saw heat as a phenomenon that could be explained, as long as the right causes were identified.
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