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To my wife, Bea,
my greatest serendipitous discovery
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Preface

“My God, it moves!” I was astonished at what I saw on the X-ray screen. As an academic radiologist, I was trying several years ago to visualize anatomic structures and features never seen before. I was directing my research efforts to the abdominal cavity, the largest potential space in the body, which encloses complex organs and structures. To do this, I introduced liquid contrast material (“dye”) in volunteers to fill its recesses and outline its contents on X-ray images. Surprisingly, I discovered that the contrast agent “spontaneously” flowed. Rather than being static and pooling, over time the fluid spread in a specific pattern. I would come to understand that this dynamic circulation was influenced not only by anatomy but also by factors such as gravity and pressures within the abdomen. This serendipitous epiphany provided the stepping-stone to understanding how cancers metastasize to specific remote body sites: cancer cells, shed into the fluid evoked, are carried by the circulating fluid to be deposited at distant sites of pooling. The malignant cells become attached at these points by adhesions and continue to divide to form what is referred to as a secondary deposit, or metastasis. It became clear that the spread of a disease throughout the body is not a random, irrational occurrence but rather follows a predictable pattern. Analysis of a large volume of patient data corroborated this conclusion. This insight regarding cancer was universally adopted and now serves as the basis of modern-day detection and management.

Radiology is a medical specialty in which the trained eye reaps enormous benefits in diagnosis. Every radiologist is certainly familiar with uncovering incidental findings in daily practice that may redirect the course of an investigation. Such a finding is sometimes called a “corner-of-the-film diagnosis.” Based on a clinical suspicion, an X-ray is requested to search for a specific abnormality, but the results often reveal disease in the periphery of the original area of interest. The value of accidental discoveries is deeply rooted in diagnostic imaging. Indeed, it is the basis upon which the specialty was founded. When Wilhelm Röntgen was experimenting with a cathode-ray tube in 1895, he noticed a fluorescent glow in the darkened room of his laboratory and thought at first that the effect was caused by the sunlight beyond the wooden shutters. Röntgen had made an unexpected discovery: the X-ray. Equally unexpected was the discovery of radioactivity by Henri Becquerel in the following year.

My own serendipitous experience set me on a quest to understand the role of chance in scientific research and its contribution to medical advances in the past century. I was amazed at the findings.

Most people have had at least one experience in which an unintentional action or inadvertent observation, or perhaps even simple neglect, led to a happy outcome—to something they could not, or would not, have been able to accomplish even if they had tried. Surprising observations that led to the development of several commercial products have been well described, including champagne, synthetic sweeteners, nylon, the microwave oven, and Post-it notes. In scientific research, such incidents happen all the time, but they have generally been kept secret. In fact, they occur way more often than most researchers care to admit or are even aware of. Accidental discoveries have led to major breakthroughs that today save the lives of millions of people and to drugs and procedures whose names have become household words. Lithium, Viagra, Lipitor, antidepressants, chemotherapy drugs, penicillin and other antibiotics, Coumadin—all were discovered not because someone set out to find a specific drug that did a specific thing but because someone found something he or she wasn't even looking for. Similarly, the use of surgical gloves, the Pap smear, and catheterization of the heart's arteries leading to bypass surgery were all stumbled upon.

This is the essence of serendipity. Although the term has become popularized to serve as the synonym for almost any pleasant surprise, it actually refers to searching for something but stumbling upon an unexpected finding of even greater value—or, less commonly, finding what one is looking for in an unexpected way. Discovery requires serendipity. But serendipity is not a chance event alone. It is a process in which a chance event is seized upon by a creative person who chooses to pay attention to the event, unravel its mystery, and find a proper application for it.

Many of the most important breakthroughs in modern medicine have routinely come from unexpected sources in apparently unrelated fields, have often been the work of lone researchers or small close-knit teams operating with modest resources and funding, and have depended crucially on luck, accident, and error. With luck, the essential human factor is sagacity.

While serendipity is essential to discovery, it is nothing without the human beings who know an opportunity when they see one. Lucky accidents or happenstance that could point the way to great discoveries occur every day, but few people recognize them. Successful scientists may have the insight and creativity to recognize a “Eureka!” moment when it happens, see the potential, and know what to do to take it to the next step.

The scientific literature very rarely reflects this reality. The dominant convention of all scientific writing is to present discoveries as rationally driven and to let the facts discovered speak for themselves. This humble ideal has succeeded in making scientists look as if they never make errors, that they straightforwardly answer every question they investigate. It banishes any hint of blunders and surprises along the way.

Consequently, not only the general public but the scientific community itself is unaware of the vast role of serendipity in medical research. Typically, a discoverer may finally admit this only toward the end of his or her career, after the awards have been received. Memoirs, autobiographies, and Nobel Prize acceptance speeches may reveal the true nature of the discovery. From personal interviews with several Nobel laureates and winners of the prestigious Albert Lasker Award, I have come to understand the factors that have driven many of the critical medical advances of the twentieth century.

This book is intended to be a comprehensive account, for a general or scholarly readership, of the importance of serendipity in modern medicine. It reveals the crucial role of chance in each of the four major fields of medical advances in the past century: infectious disease, cancer, heart disease, and mental illness. These pivotal discoveries are part of our everyday culture; most of us are familiar with or directly benefit from the products and procedures that have resulted.

Casting a critical eye on the way in which our society spends its research dollars, Happy Accidents offers new benchmarks for deciding how to spend future research funds. We as a society need to take steps to foster the kind of creative, curiosity-driven research that will certainly result in more lifesaving medical breakthroughs. Fostering an openness to serendipity has the potential to accelerate medical discovery as never before.


HAPPY ACCIDENTS



Introduction

Serendipity, Science's Well-Guarded Secret

I exist But only in you if you want me… All things are meaningless accidents, works of chance unless your marveling gaze, as it probes, connects and orders, makes them divine…

—WILHELM WILLMS, “GOD SPEAKS”1

Contemplating the genesis of the great medical breakthroughs of the last century, most people picture brilliant, well-trained scientists diligently pursuing a predetermined goal—laboriously experimenting with first this substance and then that substance, progressing step by step to a “Eureka!” moment when the sought-after cure is at last found. There in the mind's eye is Marie Curie stirring a vat of pitch-blende over many years to recover minute amounts of radium, or Paul Ehrlich testing one arsenical compound after another until he finds Salvarsan, the “magic bullet” against syphilis, on his 606th attempt. In the contemporary setting, one looks to what might be called Big Science. Surely, we imagine, in the halls of ivy-draped universities and the gleaming labs of giant pharmaceutical companies, teams of researchers in smart white coats are working in harmony to cure cancer, banish the common cold, or otherwise produce the Next Big Thing in medicine.

For its own reasons, the medical establishment is happy to perpetuate these largely false images. By tradition and protocol, it presents science as a set of facts and strong beliefs that, like the Ten Commandments, have been set in stone by a distant all-knowing authority and, if followed, will lead inevitably through a linear process to the desired results. Furthermore, it portrays the history of scientific advances as a sequence of events that have led to more-or-less direct progress.

The reality is different. Progress has resulted only after many false starts and despite widespread misconceptions held over long periods of time. A large number of significant discoveries in medicine arose, and entirely new domains of knowledge and practice were opened up, not as a result of painstaking experimentation but rather from chance and even outright error. This is true for many of the common drugs and procedures that we rely on today, notably many antibiotics, anesthetics, chemotherapy drugs, anticoagulant drugs, and antidepressants.

Consider the following examples, all typical of how things happen in medical research:

• At the Johns Hopkins Hospital in 1947, two allergists gave a new antihistamine, Dramamine, to a patient suffering from hives. Some weeks later, she was pleased to report to her doctors that the car sickness she had suffered from all her life had disappeared. Drs. Leslie Gay and Paul Carliner tested the drug on other patients who suffered from travel sickness, and all were completely freed of discomfort, provided the drug was taken just before beginning the potentially nauseating journey. A large-scale clinical trial involving a troopship with more than 1,300 soldiers crossing the rough North Atlantic for twelve days (Operation Seasickness) decidedly proved the drug's value in preventing and relieving motion sickness. Dramamine is still used today, available over the counter.2

• A professor of biological chemistry and medicine at the Johns Hopkins University School of Medicine was studying a particular blood protein when he found another protein contaminating his sample. Rather than simply discarding it, Dr. Peter Agre realized that he had stumbled upon the structure of the channel—folded-up proteins piercing cell walls—that can control the flow of water molecules into and out of living cells. For making this basic discovery, which, he said, “really fell into our laps,” he won the Nobel Prize in Chemistry in 2003.3

• A similar circumstance proved very beneficial to the neurobiologist David Anderson of the California Institute of Technology, who publicly announced his serendipitous breakthrough in the New York Times in July 2001. Researching neural stem cells, the cells that build the nervous system in the developing embryo, Anderson discovered the “magic fertilizer” that allowed some of them to bloom into neurons, sprouting axons and dendrites: “It was a very boring compound that we used to coat the plastic bottom of the Petri dish in order to afford the cells a stickier platform to which to attach. Never would we have predicted that such a prosaic change could exert such a powerful effect. Yet it turned out to be the key that unlocked the hidden neuronal potential of these stem cells.”4

• An unanticipated variable seriously hampered the efforts of biochemist Edward Kendall to isolate the thyroid hormone thyroxine, which partly controls the rate of the body's metabolism. After four years of meticulous work on the gland, he finally extracted crystals of the thyroid hormone on Christmas morning 1914 at the Mayo Foundation in Rochester, Minnesota. But when he moved to expand production, Kendall could no longer recover active material. Only after fourteen months of futile efforts was he able to trace the cause of this setback to the decomposition of the hormone by the use of large galvanized metal tanks in which the extraction from the gland was being done. The iron and copper in the metal tanks rendered the crystals ineffective. From then on, he used enamel vessels. By 1917, Kendall had collected about seven grams of crystals and was able to start clinical studies.5

THE NORMAL VERSUS THE REVOLUTIONARY


In his highly influential 1962 book The Structure of Scientific Revolutions, Thomas Kuhn contributed an idea that changed how we see the history of science.6 Kuhn makes a distinction between “normal” and “revolutionary” science. In “normal” science, investigators work within current paradigms and apply accumulated knowledge to clearly defined problems. Guided by conventional wisdom, they tackle problems within the boundaries of the established framework of beliefs and approaches. They attempt to fit things into a pattern. This approach occupies virtually all working researchers. Such efforts, according to Nobel laureate Howard Florey, “add small points to what will eventually become a splendid picture much in the same way that the Pointillistes built up their extremely beautiful canvasses.”7

Kuhn portrays such scientists as intolerant of dissenters and preoccupied with what he dismissively refers to as puzzle-solving. Nonetheless, a period of normal science is an essential phase of scientific progress. However, it is “revolutionary” science that brings creative leaps. Minds break with the conventional to see the world anew. How is this accomplished? The surprising answer may be “blindly”! Systematic research and happenstance are not mutually exclusive; rather they complement each other. Each leads nowhere without the other.

According to this view, chance is to scientific discovery as blind genetic mutation and natural selection are to biological evolution. The appearance of a variation is due not to some insight or foresight but rather to happenstance. In groping blindly for the “truth,” scientists sometimes accidentally stumble upon an understanding that is ultimately selected to survive in preference to an older, poorer one.

As explained by Israeli philosophers of science Aharon Kantorovich and Yuval Ne'eman, “Blind discovery is a necessary condition for the scientific revolution; since the scientist is in general ‘imprisoned’ within the prevailing paradigm or world picture, he would not intentionally try to go beyond the boundaries of what is considered true or plausible. And even if he is aware of the limitations of the scientific world picture and desires to transcend it, he does not have a clue how to do it.”8
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© The New Yorker Collection 2005 Leo Cullum from cartoonbank.com. All Rights Reserved.

An anecdote about Max Planck, the Nobel Prize–winning physicist, hammers home this reality. When a graduate student approached him for a topic of research for his Ph.D. thesis, asking him for a problem he could solve, Planck reportedly scoffed: “If there was a problem I knew could be solved, I would solve it myself!”

Induction and deduction only extend existing knowledge. A radically new conceptual system cannot be constructed by deduction. Rational thought can be applied only to what is known. All new ideas are generated with an irrational element in that there is no way to predict them. As Robert Root-Bernstein, physiology professor and author of Discovering, observed, “We invent by intention; we discover by surprise.”9 In other words, accidents will happen, and it's a blessing for us that they do.

THE RECEPTIVE SCIENTIFIC MIND


“Accident” is not really the best word to describe such fortuitous discoveries. Accident implies mindlessness. Christopher Columbus's discovery of the American continent was pure accident—he was looking for something else (the Orient) and stumbled upon this, and never knew, not even on his dying day, that he had discovered a new continent. A better name for the phenomenon we will be looking at in the pages to follow is “serendipity,” a word that came into the English language in 1754 by way of the writer Horace Walpole. The key point of the phenomenon of serendipity is illustrated in Walpole's telling of an ancient Persian fairy tale, The Three Princes of Serendip (set in the land of Serendip, now known as Sri Lanka): “As their highnesses traveled, they were always making discoveries, by accidents and sagacity, of things they were not in quest of.”10

Accidents and sagacity. Sagacity—defined as penetrating intelligence, keen perception, and sound judgment—is essential to serendipity. The men and women who seized on lucky accidents that happened to them were anything but mindless. In fact, their minds typically had special qualities that enabled them to break out of established paradigms, imagine new possibilities, and see that they had found a solution, often to some problem other than the one they were working on. Accidental discoveries would be nothing without keen, creative minds knowing what to do with them.

The term “serendipity” reached modern science by way of physiologist Walter B. Cannon, who introduced it to Americans in his 1945 book The Way of an Investigator.11 Cannon thought the ability to seize on serendipity was the mark of a major scientist. The word is now loosely applied in the popular media to cover such circumstances as luck, coincidence, or a fortunate turn of events. This sadly distorts it. Serendipity means the attainment or discovery of something valuable that was not sought, the unexpected observation seized upon and turned to advantage by the prepared mind. The key factor of sagacity has been lost. Chance alone does not bring about discoveries. Chance with judgment can.

Serendipity implies chance only insofar as Louis Pasteur's famous dictum indicates: “In the field of observation, chance favors only the prepared mind.” Salvador Luria, a Nobel laureate in medicine, deemed it “the chance observation falling on the receptive eye.” I have the answer. What is the question? Turning an observation inside out, seeking the problem that fits the answer, is the essence of creative discovery. Such circumstances lead the astute investigator to solutions in search of problems and beyond established points of view.

The heroes of the stories told in this book are not scientists who merely plodded rationally from point A to point B, but rather those who came upon X in the course of looking for Y, and saw its potential usefulness, in some cases to a field other than their own. Chance is but one element, perhaps the catalyst for creativity in scientific research. And, yes, the process of discovery is indeed creative. It involves unconscious factors, intuition, the ability to recognize an important anomaly or to draw analogies that are not obvious. A creative mind is open and can go beyond linear reasoning to think outside the box, look beyond conventional wisdom, and seize on the unexpected. Most important, a creative scientific mind recognizes when it is time to start viewing something from a whole new perspective.

TURNING REALITY ON ITS SIDE


One day in 1910, the Russian painter Wassily Kandinsky returned to his studio at dusk and was confronted with an object of dazzling beauty on his easel. In the half-light, he could make out no subject but was profoundly moved by the shapes and colors in the picture. It was only then that he realized the painting was resting on its side. Like an epiphany, this experience confirmed his growing belief in the emotional powers of colors and in the ultimate redundancy of the traditional subject of a picture. Kandinsky, who broke through to what he called “nonobjective” painting, is widely acknowledged as the father of abstract art.

By dipping into the world of art, and especially into visual illusions, scientists can gain perspective on illusions of judgment, also known as cognitive illusions. Gestalt psychologists have elaborated on such things as the balances in visual perception between foreground and background, dark and light areas, and convex and concave contours. The gist of their message is that too-close attention to detail may obscure the view of the whole—a message with special meaning for those alert to serendipitous discovery.

To readily appreciate this phenomenon, consider the paintings of the contemporary artist Chuck Close. Viewed at the usual distance, they are seen as discrete squares of lozenges, blips, and teardrops.
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Detail from Chuck Close's Kiki—left eye.

Viewed from a much greater distance, they can be appreciated as large, lifelike portraits.

[image: image]

Chuck Close, Kiki, 1973. Oil on canvas, 100 x 84 in. Walker Art Center, Minneapolis.

In a Gestalt figure, such as the M. C. Escher drawing on the next page, one can see the devils or the angels, but not both at the same time. Even after you know that there is more than one inherent pattern, you see only one at a time; your perception excludes the others.
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M. C. Escher, Circle Limit IV, 1960. Woodcut in black and ochre, printed from two blocks.

The same holds true for W. E. Hill's My Wife and My Mother-in-Law. It's easy to see his dainty wife, but you have to alter your whole way of making sense of the lines to see the big-nosed, pointy-chinned mother-in-law.

Certainly, if one's perspective is too tightly focused, gross distortion may result. This phenomenon has broad implications for medical research. So does the human tendency to believe that one's partial view of an image—or, indeed, a view of the world—captures its entirety. We often misjudge or misperceive what is logically implied or actually present. In drama this may lead to farce, but in science it leads to dead ends.
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W. E. Hill, My Wife and My Mother-in-Law, 1915.

Illustrative of this phenomenon are poet John Godfrey Saxe's six blind men (from his poem “The Blind Men and the Elephant”) observing different parts of an elephant and coming to very different but equally erroneous conclusions about it. The first fell against the elephant's side and concluded that it was a wall. The second felt the smooth, sharp tusk and mistook it for a spear. The third held the squirming trunk and knew it was a snake. The fourth took the knee to be a tree. The fifth touched the ear and declared it a fan. And the sixth seized the tail and thought he had a rope. One of the poem's lessons: “Each was partly in the right, And all were in the wrong!”12

Robert Park, a professor of physics at the University of Maryland and author of Voodoo Science, recounts an incident that showed how expectations can color perceptions. It happened in 1954 when he was a young air force lieutenant driving from Texas into New Mexico. Sightings of UFOs in the area of Roswell, New Mexico, were being reported frequently at the time.

I was driving on a totally deserted stretch of highway…. It was a moonless night but very clear, and I could make out a range of ragged hills off to my left, silhouetted against the background of stars…. It was then that I saw the flying saucer. It was again off to my left between the highway and the distant hills, racing along just above the range land. It appeared to be a shiny metallic disk viewed on edge—thicker in the center—and it was traveling at almost the same speed I was. Was it following me? I stepped hard on the gas pedal of the Oldsmobile—and the saucer accelerated. I slammed on the brakes—and it stopped. Then I could see that it was only my headlights, reflecting off a single phone line strung parallel to the highway. Suddenly, it no longer looked like a flying saucer at all.13

People, even scientists, too often make assumptions about what they are “seeing,” and seeing is often a matter of interpretation or perception. As Goethe said, “We see only what we know.” As they seek causes in biology, researchers can become stuck in an established mode of inquiry when the answer might lie in a totally different direction that can be “seen” only when perception is altered. “Discovery consists of seeing what everybody has seen and thinking what nobody has thought,” according to Nobelist Albert Szent-Györgyi.14

Another trap for scientists lurks in the common logical fallacy post hoc, ergo propter hoc— the faulty logic of attributing causation based solely on a chronological arrangement of events. We tend to attribute an occurrence to whatever event preceded it: “After it, therefore because of it.”

Consider Frank Herbert's story from Heretics of Dune:

There was a man who sat each day looking out through a narrow vertical opening where a single board had been removed from a tall wooden fence. Each day a wild ass of the desert passed outside the fence and across the narrow opening—first the nose, then the head, the forelegs, the long brown back, the hindleg and lastly the tail. One day, the man leaped to his feet with the light of discovery in his eyes and he shouted for all who could hear him: “It is obvious! The nose causes the tail!”15

A real-life example of this type of fallacy, famous in medical circles, occurred in the case of the Danish pathologist Johannes Fibiger, who won the Nobel Prize in Medicine in 1926 for making a “connection” that didn't exist. Fibiger discovered roundworm parasites in the stomach cancers of rats and was convinced that he had found a causal link. He believed that the larvae of the parasite in cockroaches eaten by the rats brought about the cancer, and presented experimental work in support of this theory. Cancer research at this time was inhibited by the lack of an animal model. The Nobel committee considered his work “the greatest contribution to experimental medicine in our generation.” His results were subsequently never confirmed and are no longer accepted.

Another, less famous example of false causality occurred in New York in 1956. A young physicist, Chen Ning Yang, and his colleague, Tsung-Dao Lee, were in the habit of discussing apparent inconsistencies involving newly recognized particles coming out of accelerators while relaxing over a meal at a Chinese restaurant on 125th Street in Manhattan frequented by faculty and students from Columbia University. One day the solution that explained one of the basic forces in the atom suddenly struck Yang, and within a year the two shared one of the quickest Nobel Prizes (in Physics) ever awarded. After the award was announced, the restaurant placed a notice in the window proclaiming “Eat here, get Nobel Prize.”16

PATHWAYS OF CREATIVE THOUGHT


Researchers and creative thinkers themselves generally describe three pathways of thought that lead to creative insight: reason, intuition, and imagination.


Three Pathways of Creative Thought




	
Reason


	
Intuition


	
Imagination





	
 





	
Logic


	
Informal patterns of expectation


	
Visual imagery born of experience









While reason governs most research endeavors, the most productive of the three pathways is intuition. Even many logicians admit that logic, concerned as it is with correctness and validity, does not foster productive thinking. Einstein said, “The really valuable factor is intuition…. There is no logical way to the discovery of these elemental laws. There is only the way of intuition, which is helped by a feeling for the order lying behind the appearance.”17

The order lying behind the appearance: this is what so many of the great discoveries in medicine have in common. Such intuition requires asking questions that no one has asked before. Isidor Rabi, the Nobel Prize–winning physicist, told of an early influence on his sense of inquiry. When he returned home from grade school each day, his mother would ask not “Did you learn anything today?” but “Did you ask a good question today?”18 Gerald Edelman, a Nobel laureate in medicine, affirms that “the asking of the question is the important thing…. The idea is: can you ask the question in such a way as to facilitate the answer? And I think really great scientists do that.”19

Intuition is not a vague impulse, not just a “hunch.” Rather, it is a cognitive skill, a capability that involves making judgments based on very little information. An understanding of the biological basis of intuition—one of the most important new fields in psychology—has been elaborated by recent brain-imaging studies. In young people who are in the early stages of acquiring a new cognitive skill, the right hemisphere of the brain is activated. But as efficient pattern-recognition synthesis is acquired with increasing age, activation shifts to the left hemisphere. Intuition, based upon long experience, results from the development in the brain of neural networks upon which efficient pattern recognition relies.20 The experience may come from deep in what has been termed the “adaptive unconscious” and may be central to creative thinking.21

As for imagination, it incorporates, even within its linguistic root, the concept of visual imagery; indeed, such words and phrases as “insight” and “in the mind's eye” are derived from it. Paul Ehrlich, who won the Nobel Prize in Medicine in 1908 for his work on immunity, had a special gift for mentally visualizing the three-dimensional chemical structure of substances. “Benzene rings and structural formulae disport themselves in space before my eyes…. Sometimes I am able to foresee things recognized only much later by the disciples of systemic chemistry.”22 Other scientists have displayed a similar sort of talent leading to breakthroughs in understanding structures.

Creativity is a word that most people associate with the arts. But the scientific genius that leads to great discoveries is almost always rooted in creativity, and creativity in science shares with the arts many of the same impulses. Common to both are the search for self-expression, truth, and order; an aesthetic appreciation of the universe; a distinct viewpoint on reality; and a desire for others to see the world as the creator sees it. The novelist Vladimir Nabokov bridged the tension between the rational and the intuitive in his observation that “there is no science without fancy and no art without fact.”

Among artists, the creative urge with its sometimes fevered obsession has entered our folklore. Legend has it that one day, when Sir Walter Scott was out hunting, a sentence he had been trying to compose all morning suddenly leaped into his head. Before it could fade, he shot a crow, plucked off one of its feathers, sharpened the point, dipped it in the bird's own blood, and recorded the sentence.23 In the twentieth century, Henri Matisse, bedridden in his villa near Nice during his recovery from abdominal surgery, could not restrain himself from using a bamboo stick with chalk at its tip to draw on his bedroom wall. Among scientists, the creative urge is no less compelling.

[image: image]

Henri Matisse, ca. 1950. Photo by Walter Carone.

Creative people are open-minded and flexible in the face of unusual experiences. They are alert to the oddity of unexpected juxtapositions and can recognize a possibility even when it is out of context. In his massive work The Act of Creation, Arthur Koestler proposes that bold insights are produced by juxtaposing items that normally reside in different intellectual compartments, a process he terms “bisociation.” In many scientific discoveries, he asserts, “the real achievement is seeing an analogy where no one saw one before.”24

In the late 1940s the biologist Aser Rothstein saw such an analogy. He was working at a unit of the then-secret Manhattan Project established at the University of Rochester. At that time, the cell membrane was basically an abstract notion, and the leading concept simply regarded diffusion across it as being of a passive nature. Rothstein was studying the toxic action of uranium salts on cells. Laboratory data were coming out well and reproducibly until, suddenly, everything went wrong. There was no progress, and no two results were the same.

One day, when Rothstein walked into his lab, he noticed a box of detergent that was used in the lab to clean glassware. On the box, surrounded by a flashy red star, were the words “New Improved Dreft.” Comparing its label to that of an old box of Dreft, Rothstein saw that the new version contained an added ingredient—a water softener. As it turned out, this softener coated glass tenaciously and chemically bound the material Rothstein was studying (uranium ions) to the surface of the glass. His creative mind then made an extraordinary leap. He wondered about a possible analogy: If there is binding on the surface of glass, could there be binding on the surface of a cell?

Seizing upon this capability of the chemical in the water softener, he went on to prove that there are binding sites on the cell surface as well. Fortune had provided him with a contaminant similar to the natural enzymes involved in transport across the cell membrane. But Fortune might have come calling in vain if not for Rothstein's ability to draw the essential analogy. Some ten years before the cell membrane could actually be seen with the development of electron microscopy, Rothstein's “accidental” discovery enabled him to show that it was a metabolically active structure containing enzymes critical in transport mechanisms.25

Analogical thinking has certainly been a cornerstone of science. The seventeenth-century English physiologist William Harvey compared the heart to a pump. The physicists Ernest Rutherford and Niels Bohr pictured the atom as a tiny solar system. “Every concept we have,” writes the cognitive scientist Douglas R. Hofstadter, “is essentially nothing but a tightly packaged bundle of analogies.”26

Drawing analogies is one part of the creative discovery process, but an equally important one is seeing things that don't quite make sense. Thomas Kuhn introduced the idea that revolutions in science arise from the recognition of anomalies. Kuhn observed that the accumulation of anomalies—findings that cannot be assimilated into an accepted scientific framework, tradition, or paradigm—paves the way for scientific revolution. A single anomalous observation may stimulate an initial inquiry, but most productive to an alert mind is a special sort of anomaly, one that clearly falls into a class of anomalies. Resolving just one can provide insight into a whole category of more complicated ones. For example, the era of cancer chemotherapy was initiated by the recognition of never-before-seen symptoms in sailors saturated for long periods with liquid mustard gas during a military disaster in World War II. From this came the development of alkylating chemical agents, followed by a series of different categories of anticancer drugs.

In the early 1950s Nathan Kline, a psychiatrist at Rockland State Hospital in Orangeburg, New York, exploited an anomalous reaction in patients receiving the drug reserpine for hypertension. He noticed that it tranquilized agitated, restless patients. It was later shown that reserpine affected the levels of serotonin, dopamine, and adrenaline in the brain. This was truly a “Eureka!” finding because it steered psychiatry onto a whole new path that focused on brain chemistry. Kline's pioneer efforts in introducing the use of tranquilizers to the practice of psychiatry in the United States was followed by the development of a host of psychoactive drugs influencing the brain's neurotransmitters, culminating in today's multibillion-dollar mood-altering-drug industry.

Creative thinkers tend to take analogies and anomalies to higher levels. They have a gift for seeing similar differences and different similarities— phrases coined by the British theoretical physicist David Bohm. True creation, Bohm argues, relies upon perceiving a new fundamental set of similar differences that constitutes a genuinely new order.27 Indeed, it is the recognition of anomalies, discrepancies, inconsistencies, and exceptions that often leads to the uncovering of a truth, perhaps one of greater magnitude than the one originally pursued. Writing of Charles Darwin, his son said: “Everybody notices as a fact an exception when it is striking and frequent, but he had a special instinct for arresting an exception. A point apparently slight and unconnected with his present work is passed over by many a man almost unconsciously with some half-considered explanation, which is in fact no explanation. It was just those things that he seized on to make a start from.”28

The ideal scientific mind comfortably incorporates unanticipated factors into an established body of work or, more likely, follows it in completely new directions. Such a mind handles error, inconsistencies, and accidents in a characteristic way that represents a special mark of creativity. In other words, the open mind embraces serendipity and converts a stumbling block into a stepping-stone. As Winston Churchill whimsically observed, “Men occasionally stumble across the truth, but most of them pick themselves up and hurry off as if nothing happened.”

WHEN INSIGHT STRIKES


A perceptive breakthrough may be likened to grasping the “hidden” figure in a Gestalt diagram. In the 1950s Rosalyn Yalow, a biophysicist, and Solomon Berson, a physician, at the Bronx VA Hospital began using radioisotopes—radioactive forms of chemical elements—to study diseases. At that time, it was believed that the high levels of sugar in the blood of adult diabetics were due to insulin deficiency. Some researchers hypothesized that it was probably destroyed by a liver enzyme once it entered the bloodstream.

To their surprise, the researchers found that injected radioactive insulin remained longer—albeit uselessly—in diabetic patients who had received insulin than in people who had never received insulin before. Further studies led to an astonishing discovery: a large plasma protein, a gamma globulin antibody, was called forth as part of the body's immune system, inactivating the insulin and keeping it in the bloodstream.

Then a “Eureka!” moment occurred that would have delighted the Gestalt psychologists of perception. Because both natural insulin and injected radioactive insulin compete for sites on the antibody molecule, the amount of the natural hormone present in a patient's body can be measured. A curved line viewed from one side is convex but viewed from the other side is concave. As Yalow put it, “Once you saw it one way, you saw it the other way.”29 The inverse would measure the hormone itself. In this way an unexpected finding combined with a flash of insight, and the method of radioimmunoassay (RIA) was born.

The term was aptly chosen because the method used radioactively tagged substances to measure antibodies produced by the immune system. Circulating throughout the human body in solution in the blood are a multitude of hormones and other regulatory substances. They are each infinitesimal in quantity but exert profound effects. To understand bodily functions, it is necessary to determine the presence and amount of each substance.

Yalow and Berson discovered by accident a technique so sensitive that it can detect the equivalent of a sugar cube dissolved in Lake Erie. This revolutionized endocrinology and its application to virtually every system in the body. RIA is now routinely used to detect such things as hepatitis-associated antigen in the blood of patients and donors and the presence of steroids in the urine of athletes, and to ascertain blood levels of therapeutic drugs. Its discovery resulted from experiments initially designed to answer another question.30

Yalow acknowledged the role of serendipity: “It was luck… to discover that insulin disappears more slowly from one group of patients than from another…. That's what you mean by discovering something by accident. You make an observation. But it isn't by accident that you interpret the observation correctly. That's creativity.”31

No one would expect much science to come out of a university dining hall experience. Nevertheless, Richard Feynman, as a twenty-eight-year-old at Cornell, was eating in the school cafeteria when someone tossed a dinner plate into the air. Its two simultaneous movements caught his attention. His eyes following the red medallion insignia of Cornell on one rim of the plate, he saw not only that it was spinning but also that it was wobbling. He noticed something amiss: the spinning rotation and the wobble were not precisely synchronous. Feynman turned his characteristic playfulness and unbridled curiosity to this trivial observation:

I had nothing to do, so I start to figure out the motion of the rotating plate. I discover that when the angle is very slight, the medallion rotates twice as fast as the wobble rate—two to one. It came out of a complicated equation! Then I thought, “Is there some way I can see in a more fundamental way, by looking at the forces or the dynamics, why it's two to one?”

“There was no importance to what I was doing,” he wrote later, “but ultimately there was. The diagrams and the whole business that I got the Nobel Prize for came from the piddling around with the wobbling path.” That “whole business,” as he charmingly called it, was the application of his observation about the Cornell plate to the spin of electrons, known as nuclear precession, and the reformulation of quantum electrodynamics, the strange rules that govern subatomic reality.32

DON'T ASK, DON'T TELL


Relatively few investigators have spontaneously acknowledged the contribution of chance and accident to their discoveries. Scientific papers in the main do not accurately reflect the way work was actually done. Researchers generally present their observations, data, and conclusions in a dry passive voice that perpetuates the notion that discoveries are the natural outcome of deliberative search. The result, in the words of Peter Medawar, winner of a Nobel Prize for his pioneering work in immunology, is to “conceal and misrepresent” the working reality.33 Virtually without exception, scientific literature imposes a post facto logic on the sequence of reasoning and discovery. The role of chance would never be suspected from the logically rigorous sequence in which research is reported.

Too much is at risk for scientists early in their careers to admit that chance observations led to their achievements. Only years later, after reputations are solidly made, do they testify to the contributions of such mind-turning factors as unexpected results, fortuitous happenstances, or exceptions to a premise. The truth is aired in award-acceptance speeches, autobiographies, or personal interviews. Wilhelm Röntgen, who won the Nobel Prize in 1901 for his discovery of X-rays, readily acknowledged the accidental nature of his discovery in a lecture to his local physics society. However, it is typically not until the Nobel Prize acceptance lectures that the laureate will for the first time clearly acknowledge the role of chance, error, or accident—as happened with Charles Richet (immunology, 1913), Alexander Fleming (the first antibiotic, 1945), Baruch Blumberg (the hepatitis B virus, 1976), Rosalyn Yalow (radioimmunoassay, 1977), and Robert Furchgott (the signal molecule nitric oxide, 1998).

To his credit, the accounts of his experiments on nerve conduction by Alan Hodgkin—subsequently awarded the Nobel Prize in 1963—are openly characterized by such phrases as “discovered by accident when trying to test something quite different,” “to our surprise…,” “chance and good fortune,” and “a great piece of luck.”34

Thomas Starzl, a surgical pioneer in the field of liver transplantation, wrote about his early career in a personal letter to a colleague: “I have a very difficult confession to make. Practically every contribution I ever made in my professional life turned out to be exactly the opposite of my expectations. This means that all my hypotheses turned out to be wrong, and usually spectacularly so. Naturally, I would not admit this to anyone, but an old friend!”35

Based upon a series of serendipitous events in his own research, Aser Rothstein observed: “Many of our advances in biology are due to chance, combined with intelligent exploitation… It is for this reason that the image of the scientist is not a true one. He comes out as a cold, logical creature when in reality he can fumble around with as much uncertainty as the rest of humanity, buffeted by an unpredictable environment.”36

Peter Medawar has asserted that “any scientist who is not a hypocrite will admit the important part that luck plays in scientific discovery.”37 Writing in 1984, after a distinguished career in immunology with the National Institute for Medical Research in England, J. H. Humphrey stated: “Most of [my experiments] that led to anything novel or interesting arose because of some unexpected or chance observation that I was fortunate in being able to follow up.”38 Humphrey felt obligated to make the point not only in his recollection but eventually in the British Medical Journal, where he wrote rather forcefully: “I am aware from personal experience or from acquaintance with the people concerned how little the original purpose of some important experiments had to do with the discoveries which emerged from them. This is rarely obvious from the published accounts…. By the time a paper is published the findings have usually been married with current ideas and made to look as though they were the logical outcome of an original hypothesis.”39 Some observers have euphemistically termed this process “retrospective falsification.”40 Others have baldly termed it “fraud.”41

Those instances of rare and belated admissions underscore the deliberate omission of the creative act that originated the medical discovery. The general scientific paper simply does not accurately reflect the way the work was actually done.

At times, one can detect an inchoate longing among scientists themselves for a forum for recounting the distractions, obstructions, stumblings, and stepping-stones in the process. Richard Feynman, the plainspoken physicist, affirms in his 1966 Nobel lecture:

We have a habit in writing articles published in scientific journals to make the work as finished as possible, to cover up all the tracks, to not worry about the blind alleys or describe how you had the wrong idea first, and so on. So there isn't any place to publish, in a dignified manner, what you actually did in order to get to do the work.

It is not hard to understand why most scientists remain circumspect. Embarrassment and fear of loss of stature may inhibit them from making full disclosure. They do not wish to jeopardize their chances to raise funds, win grants, earn publication, and advance their careers. It is unsettling for scientists to have to admit that so many discoveries came about purely by accident.

Reflecting on nonlogical factors in research, Rothstein concluded that “there is no body of literature to which one can turn… that reveals or collates the factor of chance and serendipity in research.”42 It is precisely this complaint that this book attempts to rectify.

A NEW SCIENTIFIC METHOD?

“Unless you expect the unexpected,” warned the Greek philosopher Heraclitus, “you will never find truth, for it is hard to discover and hard to attain.”43

Can a serendipitous discovery be predicted? Of course not. We cannot forecast that something—especially something valuable—will be found without specifically being sought. Does randomness play a role? Although chance implies unpredictability, it does not mean total randomness. In a random occurrence, there is complete absence of any explanation or cause. Randomness is generally seen as incompatible with creativity, as improbable as the writing of Hamlet by the legendary band of monkeys with typewriters in the basement of the British Museum.

Three things are certain about discovery: Discovery is unpredictable. Discovery requires serendipity. Discovery is a creative act. In the words of Peter Medawar:

What we want to know about the science of the future is the content and character of future scientific theories and ideas. Unfortunately, it is impossible to predict new ideas—the ideas people are going to have in ten years’ or ten minutes’ time—and we are caught in a logical paradox the moment we try to do so. For to predict an idea is to have an idea, and if we have an idea it can no longer be the subject of a prediction.44

Yet, despite the examples given, and all that follow, medical research stubbornly continues to assume that new drugs and other advances will follow exclusively from a predetermined research path. Many, in fact, will. Others, if history is any indication, will not. They will come not from a committee or a research team but rather from an individual, a maverick who views a problem with fresh eyes. Serendipity will strike and be seized upon by a well-trained scientist or clinician who also dares to rely upon intuition, imagination, and creativity. Unbound by traditional theory and willing to suspend the usual clinical set of beliefs, this outsider will persevere and lead the way to a dazzling breakthrough. Eventually, once the breakthrough becomes part of accepted medical wisdom, the insiders will pretend that the outsider was one of them all along.

So the great secret of science is how much of what is sought is not actually found, and how much of what has been found was not specifically sought. Serendipity matters, and it benefits us greatly to understand the true dynamics of the discovery process for many reasons: Because we are affected so directly by medical advances. Because directed research—in contrast to independent, curiosity-driven research that liberates serendipity—is often costly and unproductive. Because we need to be sound in our judgment of the allocation of funding and resources. Because profound benefits and consequences to society may be at stake. And—perhaps an equally compelling reason—because we thrill to hear and understand the many fascinating stories that lie at the intersection of science, creativity, and serendipity.



Part I

The Dawn of a New Era:
Infectious Diseases and Antibiotics,
the Miracle Drugs

Chance favors only the prepared mind.

—LOUIS PASTEUR
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How Antony's Little Animals Led to the Development of Germ Theory

In today's era of the electron microscope, the Hubble telescope, and satellite transmission of images from the surface of Mars, the observations of an unschooled shopkeeper in Delft in the 1670s of a hitherto unknown world prove even more astounding.

Antony van Leeuwenhoek (pronounced Lay-ven-hook) earned his living as a draper but surely ranks among the greatest self-taught geniuses in the history of science and medicine. Having become skilled in grinding and polishing lenses to inspect cloth fibers during a youthful apprenticeship in Amsterdam, this amateur scientist of limited education designed and built simple microscopes with astonishingly high magnification and resolution. With these he first observed microorganisms.1

Leeuwenhoek not only used his lenses to more closely inspect small structures that the naked eye could discern—duck feathers, seeds, mold, the parts of a bee—but he also had the curiosity to move beyond the understanding held by more learned contemporaries and peer into what had been an invisible world. Leeuwenhoek lived during the much-heralded age of exploration, which introduced to Europe, among many other products, spices from far-flung continents. Leeuwenhoek wanted to find out, by the microscopic examination of macerated peppercorns, why pepper is hot. (He thought the peppercorns might have spikes on their surface). Examining a suspension in water, he was surprised to see what he called “very little animalcules,” which were without question bacteria.

His observations were detailed over the next fifty years in 375 letters, frequently illustrated, to the Royal Society of London for Improving Natural Knowledge and published in its Philosophical Transactions.2 It was his famous Letter 18, dated October 9, 1676, that caused a sensation and earned him immortality for his discovery of protozoa and bacteria. His descriptions allow us to share his wonder at the microscopic appearance of a new world of “little creatures” in rainwater that had been left in a barrel for several days, well water, and seawater. He saw that what modern science knows as protozoa (“first animals”) use tiny “legs” or “tails” to swim in the tiny drop of water that was their world. We can share his sense of awe as he observed that “the motion of most of these animalcules in the water was so swift, and so various upwards, downwards, and round about, that ’twas wonderful to see.” He observed protozoa entangled in a filament expand and contract their shape, “struggle by strongly stretching themselves,” to extricate themselves. And he marveled when an “animalcule” brought on a dry place “burst asunder.” Observing no skeletal parts or obvious skin in an animal whose body consisted of soft “protoplasm” was a considerable novelty at this date.

These observations would not be followed up until Letter 39, dated September 17, 1683, when he examined the plaque from his own teeth and was stunned at the number of bacteria he found. He estimated that “there are more animals living in the scum on the teeth in a man's mouth than there are men in a whole kingdom.” From this microscopic menagerie, he clearly described and illustrated all the morphological types known today: round (cocci), rod-shaped (bacilli), and spiral-shaped (spirochetes).3

Leeuwenhoek came tantalizingly close to grasping the germ theory of disease, when he found animalcules swarming in the decaying roots of one of his teeth and in the plaque from his own and other people's mouths. He noted that people who cleaned their mouths regularly had much less plaque than those who did not. And coming within hailing distance of heat pasteurization, he saw that the animal-cules in plaque “could not endure the heat of my coffee.”

It took two hundred years from Leeuwenhoek's first observations until the germ theory of disease and the first effective germ-fighting treatments were established. The delay was in large part due to the fact that all biological processes are chemically based and mediated, and thus progress in medicine was intertwined with progress in chemistry.4

Frenchman Louis Pasteur discovered the role of bacteria in the causation of disease. A chemist and not a physician, Pasteur was working on problems besetting burgeoning French industries. They quickly led him from chemistry to reveal the workings of biology.

Looking at wine under a microscope, he unraveled the fermentation roles played by living yeast organisms and bacteria in the delicate balance between wine and vinegar. But Pasteur wondered: If these organic changes were caused by tiny living microbes, where did they come from? Were they in the air, waiting for favorable conditions to multiply, or were they generated spontaneously by the lifeless matter itself? By 1864, in a series of ingenious experiments, he proved that living organisms do not spontaneously arise but are present in any material because they are introduced, then reproduce. He showed that the air is never free from living organisms.

The first disease Pasteur attributed to a living organism was one that was devastating the silkworm industry. By 1870 he showed that it was due to a protozoan infesting the grain the silkworms were fed.

Pasteur was elected to the Académie de Médecine in 1873. On February 19, 1878, before the academy, he presented his germ theory of infection. He laid out his conviction regarding the causal relationship between microorganisms and disease: that specific organisms produce specific conditions; that destroying these microorganisms halts transmission of communicable diseases; and that vaccines might be prepared for prevention. A revolutionary dictum now illuminated the way toward productive research, practice, and therapeutics. However, this was not universally greeted with acclaim. Some doctors called it “microbial madness” and disdainfully asked Pasteur, “Monsieur, where is your M.D.?”


Are Your Hands Clean?

Meanwhile, an English surgeon named Joseph Lister, inspired by Pasteur's work, inaugurated the era of modern surgery. In 1865 he began a program to prevent sepsis by using carbolic acid as a disinfectant, markedly reducing the incidence of postoperative infections. As the remonstrations of Ignaz Semmelweis in the late 1840s and 1850s against the unwashed hands of obstetricians received the scorn of his colleagues, so did Lister's technique meet the rigid objections of the surgical establishment before it was generally accepted two decades later.

Another advance in reducing surgical infections was serendipitously introduced by William Stewart Halsted, professor of surgery at the Johns Hopkins University Hospital and Medical School in Baltimore. Halsted's OR nurse, Caroline Hampton, whom he would later marry, suffered dermatitis of her hands from repeated exposure to the sterilizing solution (mercuric chloride). In 1891 Halsted asked the Goodyear Company to make thin rubber gloves, which he then had her use to protect her hands.

Before long it became clear that the wearing of gloves—and later surgical gowns and masks, and the heat sterilization of instruments—by operating room staff prevented infection in surgical patients.



Pasteur himself took the next giant step as he turned his attention to a disease destructive to French poultry farms, chicken cholera. An unplanned discovery provided the first useful model for the preparation of a vaccine. Pasteur knew the value of cultivating a mind receptive to surprising occurrences. In his inaugural address at the age of thirty-two as professor and dean of the new Faculty of Sciences in Lille in 1854, he proclaimed a maxim that resonates to this day: “Where observation is concerned, chance favors only the prepared mind.” Repeatedly, his own activities proved to be striking illustrations of his statement.

If healthy chickens were injected with a culture of cholera microbes, they invariably died within twenty-four hours. But one day in 1879, upon returning from a three-month-long summer vacation, he tried to restart his experiments, using a culture he had prepared before leaving. He was surprised to discover that nothing happened: the injected chickens remained quite healthy and lively. With the genius for exploiting what looked like an experiment gone wrong, he followed with the next logical step. Injections of fresh virulent cultures into the same hens now failed to produce the disease. Pasteur immediately recognized the significance of what he had blundered into. He had found a way of attenuating the cholera microorganisms artificially. He had succeeded in immunizing the chickens with the weak, old bacterial culture. A new truth was discovered: attenuated microbes make a good vaccine by imparting immunity without actually producing the disease. Vaccines could now be produced in the laboratory.

Two years later Pasteur produced a vaccine against anthrax, a highly contagious disease that was killing large numbers of cattle in Europe. It was also known as “wool sorters’ disease” because people contracted it from their sheep. In 1885 Pasteur had a triumphant success with the introduction of a vaccine against the terrifying disease rabies. Three years later the Pasteur Institute was established in Paris, becoming, in time, one of the most prestigious biological research institutions in the world.



2

The New Science of Bacteriology

The meteoric rise of Robert Koch (pronounced “coke”) from obscure country doctor to international celebrity was based on his talent for developing techniques for the isolation and identification of microbes. When he was a young physician in a small town near the German-Polish border, his wife bought him a microscope for his birthday, and he started looking at microbes as a pastime in a makeshift laboratory partitioned from his living room by a dropped sheet. By 1876, at the age of thirty-three, he had discovered the bacterium that causes anthrax. Within two years he published his monumental paper Investigations Concerning the Etiology of Wound Infections, scientifically proving the germ theory beyond doubt.1

Koch's landmark papers generated much excitement because he transformed the concept of what caused so many diseases. He would go on to establish with the clarity and purity of Euclidean logic the essential steps (“Koch's postulates”) required to prove that an organism is the cause of a disease: that the organism could be discoverable in every instance of the disease; that, extracted from the body, the germ could be produced in a pure culture, maintainable over several microbial generations; that the disease could be reproduced in experimental animals through a pure culture removed by numerous generations from the organisms initially isolated; and that the organism could be retrieved from the inoculated animal and cultured anew.

His painstaking work transformed bacteriology into a scientifically based medical discipline. In 1891, three years after the Pasteur Institute was established in Paris, the German government founded the Koch Institute for Infectious Diseases in Berlin under his director-ship. In this era of European imperialist expansion into Africa, Asia, and the Indian subcontinent, he discovered the bacillus that causes cholera and studied the disease known as sleeping sickness in East Africa. Within a few years, through his pioneering methods, the bacterial causes of a host of other diseases—diphtheria, typhoid, pneumonia, gonorrhea, meningitis, undulant fever, leprosy, plague, tetanus, syphilis, whooping cough, and various streptococcal and staphylococcal infections—were uncovered, largely by his students.

An earlier chance observation by Koch had resulted in a critical breakthrough in culturing microorganisms. Up to this point, scientists had grown bacteria in flasks of nutrient broth. In the lab Koch just happened to notice that a slice of old potato left on a bench was covered in spots of different colors. He placed a spot from the potato slice on a slide and saw that all the microorganisms were identical and clearly different from those in another spot. He realized that each spot was a colony of a specific microorganism. The importance of this observation was that in broth all types of microbes are randomly mixed together and only with great difficulty can be selectively cultured. The potato allowed discrete colonies of separate bugs to grow, enabling distinction and selection from culturing for identification and testing. Serendipity pointed the way to obtain pure cultures.

The next step was to develop a more usable culture medium. Adding gelatin to the liquid broth resulted in a solid medium. A tiny loop of platinum wire was used to capture a droplet from a broth containing various species of bacteria, and it was streaked across the surface of the solid broth plate. But much to Koch's disappointment, the gelatin liquefied when placed in an incubator. His colleague, Richard Julius Petri, designed a shallow flat round dish with a cover, and agar, a jelling compound derived from Japanese seaweed, was used as the solid growth medium. Koch came upon this in an indirect way. Japanese seaweed was suggested by the wife of a colleague who had been posted in the Dutch East Indies; she had used it for making jam. In this way was born the Petri dish or “agar plate,” the mainstay of a bacteriology laboratory. Clinical specimens such as throat swabs, sputum, or blood are streaked over the surface of the agar and then incubated at body temperature. Colonies containing millions of microbes shortly grow. The technique was revolutionary. Pure cultures of bacteria could now be obtained, enabling their isolation and identification.

Once he had a mechanism with which to isolate microorganisms, Koch was able to identify organisms that caused specific diseases. At this time he began focusing his attention on tuberculosis. Classically referred to as “consumption,” human tuberculosis was then responsible for one in seven of all European deaths. Identifying the organism was challenging work over a four-year period. The tiny rod-shaped organism was difficult to recognize with the staining techniques available at the time. Fortunately, a new advance came to Koch's attention. Paul Ehrlich, a young physician with a passion for chemistry, had developed a tissue stain called methylene blue. It was this stain that Koch used to detect the tiny rod-shaped bacillus in the tissues infected with tuberculosis. Because the bacillus grows slowly, it required the addition of blood serum to the agar as a nutrient and incubation for several weeks before colonies became apparent.2

In 1882, in an evening address to the Berlin Physiological Society, Koch—now employed by the Imperial Health Office—thrilled the audience with the news that he had discovered the bacillus that causes tuberculosis, Mycobacterium tuberculosis. Koch's singular discovery led to his winning the Nobel Prize in 1905.

Inspired by Koch's success with the methylene blue stain, Ehrlich went on to devise and develop, over the years 1878–88, the technique of counterstaining, whereby the washing of a stained specimen with a second, acidic chemical removes the color from only specific cells or parts of cells and thus permits greater differentiation. He experimented unsuccessfully with a number of dyes to stain the TB bacillus until, after a few months, chance intervened. Finishing up his work late one night, Ehrlich found the small iron stove in his home laboratory a handy place to leave his stained preparations to dry overnight. The next morning, before the scientist was up, his housekeeper lit the stove without noticing the glass slides lying atop it. Upon entering the laboratory, Ehrlich was aghast at the sight of the fire in the stove. He rushed to pick up his slides and inspect them through his microscope. What he saw was astonishing. The tubercle bacilli stood out wonderfully in bold color. The accidental heating had fixed the stain to the waxy-coated TB bacteria, allowing ready microscopic identification. This “acid-fast” staining technique is still used today.
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Good Chemistry

By the middle of the nineteenth century, chemists had started synthesizing new substances with particular properties. The contributions of Friedrich Kekulé regarding the ring structure of the benzene molecule and Dmitri Mendeleev's periodic table in the 1860s provided a sound theoretical basis. An element's chemical properties were shown to be largely determined by two factors: the weight of its atoms, and the number of electrons each atom has in its outermost electron shell. With the understanding, toward the end of the nineteenth century, of the arrangement of electrons around a nucleus, atomic linkages could be constructed. Chemistry thus became a true science, capable of making predictions based on theory.

In this period, a new source of energy for illumination, coal gas, became widely employed. It was discovered that when coal is heated to high temperatures in the absence of air, it yields an inflammable gas. Coal gas became a popular replacement for candles and sperm-oil lamps. But perhaps more important, its ill-smelling waste product, coal tar, was quickly recognized as a gold mine. Coal tar contains aniline, an organic base, and azo compounds with nitrogen linkages attached to the benzene group. Benzene is a hydrocarbon compound, perhaps the most important of the organic compounds. It is the parent substance in the manufacture of thousands of other substances. Coal tar yields such varied products as dyes, drugs, perfumes, and plastics. In Germany synthetic dye production became a major industry, with thousands of coal-tar dyes of varying colors and properties.1

Many commercial products were inventions rather than discoveries. By tweaking a chemical structure—adding a side chain here, modifying one there—the property of a compound could be programmed. In the German chemical industry, this activity led to what Georg Meyer-Thurow, a historian of science, calls the “industrialization of invention.”2 Research was tightly managed within a bureaucratic structure. In an organization of industrial scientific laboratories, under a research administrator, invention was planned for and channeled through a series of steps based on past experience. But no one expected coal tar and its derived dyes to be the source of breakthrough drugs.

As a Jew, Paul Ehrlich was not eligible for appointments in academia or government research institutions in Germany. Koch, as director of the Institute for Infectious Diseases, reached out to him but, given the official constraints, could offer him only an unpaid position. Ehrlich gratefully accepted. Within a few years, he was working with Emil von Behring on a treatment for diphtheria. The name of this dreaded childhood disease is derived from the Greek for “leather,” diphthera, reflecting the leathery false membrane that coats the throat and palate, blocking the airways. The two men developed a diphtheria serum by repeatedly injecting the deadly toxin into a horse. The serum was used effectively during an epidemic in Germany. Ehrlich skillfully transformed diphtheria antitoxin into a clinically effective preparation, the first achievement that brought him world renown.

However, he was cheated out of both recognition and reward in a bitter experience with his colleague, von Behring. A chemical company preparing to undertake commercial production and marketing of the diphtheria serum offered a contract to both men, but von Behring found a devious way to claim all the considerable financial rewards for himself. To add insult to injury, only von Behring received the first Nobel Prize in Medicine, in 1901, for his contributions.

The experience with diphtheria stimulated Ehrlich to think about the way toxins and antitoxins work, and he visualized groups of atoms fitting together like a lock and key. He proposed that antigens—toxins or other pathogens—lead to the generation of antibodies of reciprocal molecular shapes. This formulation is inherent in the term “antigen”—that is, leading to the generation of antibodies. Although this hypothesis was proved false, Ehrlich's contribution was to conceptualize the process as essentially chemical responses and to establish the vocabulary of immunology. This would lead to a Nobel Prize in 1908 for Ehrlich and Ilya Metchnikoff of the Pasteur Institute in Paris, who shared the award for their work on immunity.

Ehrlich was a seminal thinker who had the unique ability to mentally visualize the three-dimensional chemical structure of substances: “Mine is a kind of visual 3-dimensional chemistry. Benzene rings and structural formulae disport themselves in space before my eyes. It is this faculty that has been of supreme value to me…. Sometimes I am able to foresee things recognized only much later by the disciples of systematic chemistry.”3 His mind raced from natural antibodies to the range of dyes manufactured by the German chemical industry. These were very promising because, as histological staining made clear, their action was specific, staining some tissues and not others.

His earlier studies had indicated that different dyes react specifically with different cellular components. This led to the fundamental concept underlying his future work: the idea that chemical affinities govern all biological processes.4

Shortly thereafter, his staining of the malarial parasite provided him with an opportunity. For centuries, malaria had been a disease encountered in Europe and rampant in Africa. It had long been believed to result from poisonous mists and evil vapors drifting off low-lying marshes. In time, with the suspicion that transmission of germs was due to mosquitoes, large parts of the Pontine swamps, breeding grounds for malaria, were drained. In the latter decades of the nineteenth century, the agent of the disease was identified, the parasite transmitted by female anopheles mosquitoes.
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