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Praise for The Cell

“Nicely conveys the historical background behind classical benchmarks in cell biology and the excitement of recent advances in visualizing the inner workings of our cells.”

— MARK PALLEN, MD, PHD, author of The Rough Guide to Evolution and professor of microbial genomics at Warwick Medical School, University of Warwick, UK

“A bird’s-eye view of the amazing edifice upon which life was built, the cell. Joshua Z. Rappoport gives a brilliant account of how it works, how humans discovered it, and the consequences for life on earth. The author’s enthusiasm for his subject shines through each page. So read this book with caution, because it might rub off on you!”

— STEVE BUSBY, FRS, professor of biochemistry at the School of Biosciences, University of Birmingham, UK

“The Cell is a labor of love written by a young cell biologist seeking to share his fascination for the subject. Joshua Z. Rappoport raises our awareness to better know the significance of an otherwise seemingly academic topic, which touches every aspect of our humanity and future. He writes with a wry and entertaining style that at every opportunity reaches for real world analogies to illustrate accurately cutting-edge concepts in molecular cell biology. . . . Making sometimes complex ideas accessible to the non-scientist, Joshua Z. Rappoport is skillful to avoid alienating the biological scientist, who may even learn some new facts, testifying the thoroughly well-researched nature of this book’s contents. By recounting to the reader a string of fascinating anecdotes spanning the birth and discovery of modern molecular cell biology, The Cell bridges the chasm between stoic tertiary level up-to-date textbook and beautifully written inspiring philosophical prose, presenting a delightful muse on the microscopic world that matters more than we ever before imagined.”

— SPENCER SHORTE, PHD, group leader and director of Imagopole, Institut Pasteur, Paris
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Throughout each stage of scientific training, one gets to work alongside more experienced supervisors who lead us, for better or worse, by example. I have been extremely lucky to have the pleasure of working with a series of unbelievably capable, giving, and thoughtful mentors throughout the last twenty-five years.

While I was an undergraduate at Brown University, I took several classes with Professor Don Jackson and did a series of research projects in his lab. A first-class empiricist, Dr. Jackson instilled in me an appreciation of the order inherent in the natural world and taught me that every repetition of an experiment must be performed absolutely identically. My PhD supervisor at Mount Sinai School of Medicine was Professor Ruth Abramson, who, sadly, passed away in 2004. Dr. Abramson’s work ethic and moral fiber served as an example not only to those lucky enough to be among her students, but to all who knew her.

After my PhD, I had the honor and privilege to work with Professor Sanford Simon at the Rockefeller University. More than anyone else, Sandy is responsible, for good or ill, for the scientist that I am today. Sandy’s laser-sharp focus, genuine excitement for science, and excellent sense of humor—combined with his absolutely rigorous focus on quantification and statistical analysis and the importance he places on the happiness of the people working in his lab—shaped me in numerous ways. Sandy sees that everyone is an individual who can’t be expected to fit some unrealistic ideal mold. He recognizes that key contributions can be made equally by both the high school–student intern and the visiting professor. The perspective that each scientist is a person, not a cog in a machine, and that a lab works best when people get along together, rather than compete for the boss’s attention or the lead role in the next big project, is sorely lacking in science today, but is exemplified by Sandy.

These people, these excellent scientists and caring educators, gave of their time to help train me, and for that I am eternally grateful. Science involves the ability to read the literature critically, to employ reasoning and logic as well as technical skill. Each of these three mentors worked very hard to help me develop these attributes. That is why I dedicate this book to Sandy Simon, Don Jackson, and the memory of Ruth Abramson, each of whom contributed to my education and growth as a scientist and a person.


When you employ the microscope, shake off all prejudice, nor harbor any favorite opinions; for, if you do, ’tis not unlikely fancy will betray you into error, and make you see what you wish to see.

—HENRY BAKER, 1742
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INTRODUCTION

Why Read This Book?

The world of biomedical research moves at breakneck speed. It seems as if we hear about new breakthroughs almost daily. Everyone cares about new discoveries, because they affect our health and longevity. Moreover, this kind of news not only has to do with causes, diagnosis, and treatment of disease, but sometimes suggests ways in which we should change our behavior, diets, and lifestyles. In fact, it’s those latter items—what you can do to live longer and healthier—that tend to be most sensationalized, exaggerated, and misunderstood.

Whether you are talking about obesity, aging, infectious diseases, cancer, or improving your Sudoku abilities, it all comes down to cells and the molecules they create and that regulate them. Thus, one of my purposes for writing this book is to give the average person a better understanding of the basic science of cellular and molecular biology so that you can evaluate more critically what you hear and read. Another is to lead you through one of the most thrilling and fascinating modern frontiers of human discovery, in particular from the perspective of a microscopist armed with the most powerful means to visualize events at the cellular and molecular scale.

Understanding science isn’t always easy, and neither is communicating it accurately to the general public. Universities, hospitals, and research institutes now have media relations departments that issue newsletters, press releases, and tweets announcing the latest, greatest discoveries from the researchers they employ, so that we are constantly bombarded by abstractions intended to convey sensational scientific breakthroughs in as few and simple words as possible. Meanwhile, scientists now need to be skilled at delivering brief, engrossing, and pithy elevator pitches and “community engagement” in order to convey their research goals and experimental results to nonscientists quickly and clearly.

Popular media, which is in the business of retailing the sensational, tends to express breathless excitement rather than accurate scientific information. We generally hear not about what the actual research in question showed, but what it could lead to. Most science writers are primarily journalists who can’t be blamed for occasional inaccuracies or for focusing more on the potential ramifications of new advances, rather than the precise description of details. Conversely, most scientists are, quite frankly, terrible communicators. It is a rare researcher who can describe his or her work to nonscientists accurately and include the significant information without putting the listener to sleep.

Who am I to think I can do any better?

I don’t want to convince you that my specific area of research, my particular sector of the scientific universe, is the most fascinating and relevant. Rather, I want to provide a basic foundation and framework for discussing a wide variety of interesting, important, and timely topics in biomedical research.

My perspective as a cell biologist is that cells underlie most of what goes wrong in disease. Cells are the targets of many therapies, historical and cutting edge. As a microscopist, it seems to me that much of what we know about the inner workings of biological systems comes from direct visualization with microscopes. We are currently in a golden age of microscopy. Things that were previously hidden from view are now readily visible, and microscopes now serve not only for the observation of molecules, cells, tissues, and organisms, but as experimental tools permitting the manipulation and interrogation of biomedical systems.

Thus, my goal is not to describe my own research, or to offer a systematic and comprehensive textbook. I just want to convey interesting and scientifically accurate information on a wide range of interrelated topics, setting the stage for a greater understanding of the most important biomedical challenges we face as a species. It is my hope that this book will serve as a starting point toward a greater understanding of biology and medicine and the advances that affect our health and well-being.

There is another very important reason why I wanted to write this book. Although anti-intellectualism has always existed, today’s twenty-four-hour news cycle, sharp cultural divisions, and the rise of Internet trolls have sadly made “antiscience” a prominent factor in our national conversation. While skepticism lies at the heart of the scientific method and the self-correcting nature of scientific research, things like faith, belief, and gut feelings, although important in other contexts, are not valid counterarguments to scientific conclusions and consensus. Whether the question is evolution, climate change, or the safety of vaccines, too much attention—not to mention credibility—is given to “alternatives” to accepted, scientifically proven perspectives. The penchant for giving equal attention to false equivalences without demanding empirically determined scientific facts is illogical, unwise, and dangerous.

I hope that by reading this book you will get an insider’s view into science and the work of scientists who have made particularly relevant and interesting observations. The scientific method involves identifying a question, a hypothesis, and then devising some sort of experiment to test it and thereby further our understanding of the natural world. The results of experiments must be quantified and then statistically tested. In some cases, such as deducing the structure of a molecule—for example, the DNA double helix—a distinct hypothesis is really not being tested per se. But when a hypothesis is subjected to experiment, the methodology employed and data acquired are made available for other scientists to judge and to reproduce in their own laboratories. It is certainly true that scientists can get things wrong, data can be misinterpreted, and errors in experiment design and methodology can be made. But ultimately, over the years as many scientists try to answer the same types of questions, the correct answer emerges and is confirmed. Frauds are exposed and mistakes are corrected.

Scientists do not engage in large-scale conspiracies. In fact, vast networks of nefarious scientists working in different places around the world do not exist, because you can’t get that many people to keep anything a secret, much less skulduggery—especially when many of those people are in competition with one another. Scientists do strive for funding and work in competitive environments. Success is far from ensured, and pressure to make your mark is constant. So, while a few cases of hidden malfeasance may not come to light, at least not immediately, the competitive nature of scientific endeavor ensures that the most interesting and important results cannot be faked, at least not for long. Scientists love nothing more than proving other scientists wrong; only a shortsighted and immature scientist could think that faked results will not ultimately be exposed.

Contrary to the clamor of some anti-intellectuals, we scientists are not in the pockets of pharmaceutical companies, nor are we holding back discoveries or deliberately engaging in mass conspiracies for wicked or self-serving purpose. First of all, we generally don’t get paid enough to rationalize that kind of unethical and illegal behavior. We have way too much to lose and too little to gain. When scientists are shown to have faked data, their work is expunged from the scientific record, and they must bear the shame of having a paper retracted from a journal. Even when tenured, they can lose their jobs and their careers. On the other hand, when honest scientists are proven wrong in light of newer data, when further information shows that they had the wrong end of the stick on something, they shrug their shoulders, accepting that that is how progress goes, and get back to work.

I hope that by reading this book, you will gain insight into how science really works and thus why science should be promoted and supported, rather than treated as some impenetrable and mysterious dark art that can be bent insidiously to political and economic goals.

I am a cell biologist and microscopist. Over the course of the last twenty years or so, I have spent an inordinate amount of time using microscopes to look at cells in the hope of understanding various fundamental aspects of life on the cellular scale. I have studied how cellular waste products are eliminated, how the cell takes in substances from the outside space, and how cells move from one place to another—for example, during wound healing or cancer metastasis. Furthermore, I have been involved in developing microscope-based experimental approaches. This has left me with a firm belief that by using microscopes to study cells we can learn a tremendous amount about, to lift a phrase from Douglas Adams, author of The Hitchhiker’s Guide to the Galaxy, “life, the universe, and everything.”

Why cells?

The cell is the fundamental unit of life. Single-celled organisms cover every surface of our world, including our bodies. The human body is an interconnected arrangement of different self-contained organs consisting of specific cell types arranged into particular configurations. Our cells can be dissociated and grown in a dish. Diseases such as cancer can start as single malfunctioning cells. Cellular therapies, the potential of stem cells, and much of modern personalized and regenerative medicine all boil down to new ways to analyze, understand, and manipulate cells. Without an understanding of cells and cell biology, there is no way to comprehend modern biomedical research and clinical practice. Thus, this book looks at cells as the central focus of human health and disease, the inner workings of our bodies, and the main therapeutic targets of modern medicine.

Why microscopy?

I have spent a great deal of my waking life staring down microscopes, sitting in dark rooms patiently observing life at the finest levels of scale possible. In my lifetime, the development of microscopy technology and techniques has accelerated incredibly. The last few decades have seen the implementation of new types of microscopes that would be as unrecognizable to the founding pioneers in this field as supercomputers would be to people like Alan Turing, or maybe even the ancient Mesopotamians who developed the first abacus. Until very recently, light microscopes were limited in resolution to the scale of a micron, or, at the very best, about a quarter of a micron. A micron is one millionth of a meter; an average human hair is about 100 microns thick. A nanometer (nm) is one thousandth of a micron, about the size of four water molecules lined up together. Due to very recent technological advancements, we can now routinely study cellular structures at the nano scale in live cells. Researchers around the world can now image the structures and compartments inside intact living cells at a resolution more than ten times greater than what was previously thought to be a physically imposed limit. So what we are doing now isn’t really microscopy anymore, but “nanoscopy.”

This is a massive shift in our ability to interrogate biological systems and to study and understand life at the cellular scale. Most cells are somewhere between 10 and 100 microns across; we’ve been able to see them through microscopes since the seventeenth century. What the new techniques give us is the ability to image cells’ components, many of which are on the order of 10 to 100 nanometers across and are very tightly packed together inside the cell. Thus, this increased resolution is already significantly improving the ways we can visualize and understand the fundamental processes of life.

Resolution is not the same as magnification. If you zoom in on (i.e., magnify) a digital photo on your computer screen, the resolution becomes gradually worse until all you can see is a few large pixels. However, the higher the resolution—i.e., the more pixels per square inch—the more detail you can see and the closer you can zoom in before the image becomes a pixelated blur. In microscopy, the inherent resolution of your instrument is its ability to visually distinguish separate, adjacent objects, even before an image is acquired with a camera. This is a quality of a microscope system that is related to, but not the same as, the degree of magnification. Because of light’s wavelike properties, you can only really discern two adjacent objects that are physically separated by a distance greater than about half the wavelength of the light that you are using to illuminate them; otherwise the light waves effectively combine, blurring the distinction between the two objects.

A rainbow shows us the different colors that constitute the spectrum of visible light. These different colors represent particular ranges of wavelength. The human eye can only detect light waves between about 400 nm and 700 nm. Similarly, the glass that microscope lenses and filters are made from is unable to transmit ultraviolet light below the bottom end of this range efficiently. Using light in the visible range, the best we can do is to distinguish objects that are at least 250 nm apart from each other. Unfortunately, the cell is a very busy and crowded place where most things are packed closer together than this resolution limit.

For analogy, imagine that you are a visitor from another planet floating around in your spaceship in high orbit above the Earth. It is your job to try to understand humans based on the images you can acquire. If the best your technology could do was to image an individual human only if they were at least ten feet away from someone or something else, you would have a really difficult time. You would probably end up thinking that humans spent most of their time hiking, jogging, and swimming, because those would be the only times you could actually distinguish a human being from things like trees, cars, buildings, and other humans. At least you could study humans in groups, going on pub crawls and gathered in stadiums.

Imagine that you could label people by dipping them in DayGlo paint so that you could at least differentiate them from their surroundings. You would be able to see the person walking down the street or driving in a convertible, but as soon as more than one person was present within that ten-foot radius, you would have no idea if you were studying one, ten, or a hundred people. That is the trouble with light microscopy. The things we image are generally much smaller and, more important, closer together than the resolution limit. If you are studying the synaptic vesicles that carry neurotransmitters in the brain, which can be less than 50 nm across and very densely packed in the neurons you are imaging, how could you possibly tell how many exist within a particular space if you could only resolve things more than 250 nm apart?

Now we can do that.

Electron microscopes, which provide excellent resolution, have been around for nearly a hundred years. Since electrons are much smaller than photons, resolution of even a few nanometers is possible. However, using electron microscopy to efficiently and convincingly label and image specific substances or compartments in the cell is extremely time-consuming. You have to take and assemble a huge number of tiny pictures. Moreover, it’s only possible in cells that have been chemically treated—for example, imbedded in plastic and cut into very thin slices for imaging, which is to say: dead. Fluorescence microscopy uses as beacons molecular tags called fluorophores that absorb light of one color and emit light of another, allowing us to mark the location of any cellular protein, organelle, or even chemical reaction. Now, with nanoscopy (or super-resolved fluorescent microscopy, as the Nobel Prize announcement in 2014 called it), we can finally see what is going on at the subcellular scale. That is, we can image with molecular detail in living cells.

This is truly a transformative technology with great promise for the future of cell biology. Understanding the molecular basis of disease is now truly within our grasp, and the collaboration of physicists, engineers, chemists, biologists, and computer scientists is permitting analyses at levels of scale that, until very recently, were thought to be impossible. We now routinely conduct fluorescence microscopy at more than ten times the resolution previously thought to be the maximum possible. The current record for a fluorescence microscope is a resolution of approximately 20 nanometers, and this can be done with a commercially available system that is about as difficult to master as connecting your phone to a rental car via Bluetooth.

Where do we go from here? The coming years will see fits and starts with new techniques and technologies emerging, some appearing and falling away like shooting stars, others here to stay. Already the pages of scientific journals are filling with images that look very different from those published just a few years ago. Nearly all biomedical researchers now have access to this technology, and it is not the only revolutionary microscopy-based approach currently being developed and implemented.

We can specifically label molecules and compartments in living cells, and we can track individual cells in living animals. We can watch metastatic cancer cells exit a tumor in search of a site to create a new secondary tumor. We now have the ability to continuously image and track every cell in a living, developing worm or fruit fly without causing any damage to the specimen from constant illumination with laser light. Single-plane illumination microscopy (SPIM), also called light-sheet imaging, is not a new concept, but it is now a commercial reality that offers very-high-resolution imaging of what is happening inside intact, living organisms without causing any damage. We also have the ability to use new types of optics to “see” all the way through the brains of larger model organisms such as mice, and this can be combined with techniques that allow us to visualize the firing of individual neurons, like imaging lightning bolts in real time. We can identify synapses formed between any two types of neurons we want to study, and we can mark wherever two proteins bind to each other or come in very close proximity. We can measure the flow of blood through the smallest capillaries and study the formation of blood clots or atherosclerotic plaques as these complex multicellular events unfold in a live animal. As with the x-ray machine, the MRI, and the sonogram, the ability to better visualize organisms, organs, tissues, cells, and structures of interest has always engendered immediate, tremendous leaps in our understanding.

The last ten years have seen more development in our ability to image cells than the 350 years prior. And that brings us to the real beginning of this story: in 1665, in London, at the Royal Society, with a thirty-year-old clergyman’s son named Robert Hooke.


PART ONE
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WHAT CELLS ARE AND HOW THEY WORK


CHAPTER 1

A Day the World Changed
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ONE DAY IN THE 1660S, A BRILLIANT BRITISH “NATURAL philosopher” named Robert Hooke peered into a new kind of optical instrument and saw something no human had ever seen before. He was using this device, a microscope, to examine a thin slice of cork backlit by an oil lamp. What he saw changed human understanding of the world in a way at least as profound as the first telescopic examination of the planets and their moons by Galileo and others earlier in that century. He saw that cork was constructed of a huge number of tiny, apparently hollow spaces separated by shared walls.

Hooke called these spaces cells, because they reminded him of the little rooms in which monks slept, and that is what we still call them today. This was a critical watershed moment in human understanding. For the first time, humans grasped that living matter wasn’t composed of unique, irreducible, solid materials; rather, there existed a previously invisible world where substances such as wood, leaves, fruit pulp, muscle, liver, skin, and so on were living tissues constructed of the same kind of basic components—cells.

These two men, Galileo looking outward through his telescope at the enormity of the solar system and the universe beyond, and Hooke looking inward at the first suggestion of the vastness of the microscopic world, were among the founders of science as we know it. Hooke’s discovery of the cell would lead to our current understanding of how organisms begin life; how they function, reproduce, and die; and how species evolve by adapting to changing environments. In their era, the beginning of the Enlightenment, science—observation, experimentation, and reason—began to replace magic and mythology as the basis for understanding the physical world. Furthermore, while the heliocentric worldview of Galileo, Copernicus, and Kepler removed humans and our humble rocky home from the center of the universe, the work of Hooke and others like him began to show, nearly 200 years before Darwin published On the Origin of Species, that all living matter shares common traits—in particular, a structural organization based upon the fundamental unit of the cell.
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       A.  Diagram of a Leeuwenhoek-type microscope. (1) Screw to move the sample. (2) Connection between screw and microscope. (3) Focus knob. (4) Needle upon which to place sample. (5) Objective lens. The length of the microscope could be as small as a few inches.

       B.  Drawing of what a confluent monolayer of cells might look like through a microscope. Dotted circles are the cell nuclei, and the hexagons are the cell borders.

In 1665, Hooke published a phenomenally popular book, Micrographia, that showed the general public what he had been seeing through his microscope. In addition to amazingly detailed drawings of insects and plants, the book contained the first description of the cell. Oxford educated, Hooke was the Curator of Experiments for the Royal Society, a group of scientific gentlemen at whose weekly meetings in London he would demonstrate cutting-edge experiments in many different fields. Like many of the scientific luminaries of his time, Hooke was not tied to one specific area of inquiry. He invented the air pump, crosshairs for telescopes, and the wheel barometer, and contributed to the theory of gravity, which led to a lifelong dispute with a fellow member of the Royal Society named Isaac Newton. Hooke helped plan the rebuilding of London after the Great Fire of 1666. A physical law of elasticity is named after him, the extremely succinct and elegant “extension is proportional to force.” As noted, Hooke was a superb illustrator and draftsman, and today he is perhaps most widely known for the illustrations in Micrographia, which depicted brilliantly a previously unknown and unseen world that exists all around us.

Hooke was the first person to publish a description of a microbe, a living organism not otherwise visible to the naked eye. Upon looking at a particularly furry type of mold, Hooke produced a fascinating description of the fungus Mucor. He realized that mold was basically “microscopical mushrooms,” which he referred to as having a “vegetative body,” a term still used today, with “stalks” holding up what he surmised might be “seed cases.” Unfortunately though, this was just a supposition, as Hooke’s microscope was not able to resolve the tiny spores that were inside of these structures, now called sporangia.

Polymath though he was, Hooke did not build his own microscopes. They were provided by instrument maker Christopher Cock. Hooke helped develop many refinements and improvements to Cock’s microscopes, such as the use of indirect, reflected light. The microscopes Hooke used looked a great deal like telescopes. The use of multiple lenses—the compound microscope—allowed for high magnification but caused significant aberrations that made it difficult to clearly visualize very small objects and structures. For all his fame and ingenuity, Hooke would never be able to see things as well as a relatively uneducated linen draper who, toiling in obscurity only two hundred miles away in the Netherlands, was making his own much simpler microscopes to astounding effect.

Antoni van Leeuwenhoek spoke no English, but with the help of neighbors in the city of Delft, who served as translators, he began a correspondence with the Royal Society soon after the publication of Hooke’s seminal work. It has been suggested that his interest in microscopy began as a result of having to use weak magnifying glasses to look at fabric, but whatever the motive, Leeuwenhoek developed the means to create small glass lenses of surprisingly high quality, which he was then able to polish to pristine clarity. The simple but powerful single-lens microscopes that he designed and built were capable of magnifications of up to 250 times. He was thus the first person to see bacteria, red blood cells, sperm, the process of fertilization, and insects hatching from eggs. Leeuwenhoek also devised an ingenious way to enclose samples in glass capillary tubes, a technique still employed today for certain types of microscopy studies.

Unlike Hooke, Leeuwenhoek never published a book, but he continued to correspond with the Royal Society, which published his letters. However, Leeuwenhoek likely had a copy of Hooke’s Micrographia, and in his own work he sought to correct what he saw as a critical error of Hooke’s, namely the number of segments present in the horn of a louse (although it is possible that the two had looked at lice of different species or developmental stages). Also, Leeuwenhoek was notoriously secretive about his methods. In 1685, he went over a few of his past observations with a visiting Irish physician named Thomas Molyneux, who wrote a letter about the encounter to the Royal Society. Surprisingly, Leeuwenhoek declined to demonstrate the best of his microscopes, and the young observer was left in the dark regarding Leeuwenhoek’s most-secret techniques and designs.

From a modern viewpoint, we might consider Hooke more a pure scientist and Leeuwenhoek more a technician or engineer, but the comparison underscores a critical theme in the history of cell biology—in Hooke’s words (from the preface to Micrographia), “Microscopes producing new Worlds and Terra-Incognita’s to our view.” To this day, our ability to understand what goes on inside cells depends in large part on advancements in technology that enable us to see smaller things better.

However, true cell biology is not simply the cataloging of different types of cells, tissues, and organisms; otherwise, cell biology would just be an extension of anatomy. Rather, understanding the inner workings of the cell, opening up the still-ticking watch to reveal its varied parts moving in synchrony, is the real calling of the cell biologist. In fact, over the past twenty years or so, many departments of cell biology and anatomy have recast themselves as departments of molecular cell biology. This change in focus demonstrates that the goal of the modern cell biologist is not mere description, but to place the fundamental molecular events underlying life’s most basic structures and functions within the context of the living cells. This is where the power of modern microscopes comes to play, not just in permitting a broad surface description of different types of cells, but by truly allowing us to study life at the molecular scale in a living system—a level of observation Hooke and Leeuwenhoek could never have dreamed of, a true synthesis of molecular biology and cell biology.

However, before we embark on that adventure, it will be helpful to many readers if we do, in fact, begin with a tour of the anatomy of the cell. For many, this will be a brief refresher course—a review of what you learned in high school or college—so that you’ll be ready for everything that follows.
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