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Praise for The Secret Language of Cells

“The Secret Language of Cells takes us on an exciting journey into a world where we can visualize elaborate conversations among immune cells, brain cells, gut cells, bacteria, and even viruses. Dr. Lieff gives a wealth of examples for his thesis that this cellular signaling is the basis of life. It is a must read for anyone seeking to understand modern biology and advanced medical science. It is equally important for those of us who wonder, as I do, how this ubiquitous information transfer in the form of cellular conversations might be related to the emergence of intelligence and consciousness.”

—Ray Kurzweil, inventor, author, and futurist

“The Secret Language of Cells explains the complex ways that cells in the body communicate and presents a new paradigm for understanding health and disease. It also suggests new possibilities for treatment and for promoting healing. I’m pleased that my former Harvard colleague, Jon Lieff, has written this important book.”

—Andrew Weil, MD, director of the Andrew Weil Center for Integrative Medicine, professor at University of Arizona College of Medicine, and author

“Through a brilliant synthesis of cellular biology, microbiology, immunology, and neuroscience, The Secret Language of Cells offers a lucid explanation of the marvelous intricacies of cellular life. The result is a masterful exploration of the profound implications of cellular intelligence for understanding pathophysiology, human health, and even our origins.”

—William B. Miller, Jr., MD, physician, biologist, author of The Microcosm Within: Evolution and Extinction in the Hologenome, and internationally recognized expert on Cognition-Based Evolution

“Jon Lieff’s description of cellular communication is insightful, provocative, illuminating, and engaging and provides deep and novel observations into the remarkable symphony of how life happens. Mimicking the cellular world he describes, Dr. Lieff is the great communicator and muse of living things. An inspiring and informative read.”

—Ted Kaptchuk, professor of medicine at Harvard Medical School

“This journey into the dynamic realm of cellular conversations is a tour-deforce—fascinating, vital, and especially timely for understanding emerging viruses. As we learn about intelligence in smaller and smaller animals, it’s not surprising that the tiniest creatures—microbes and even viruses—exhibit elaborate communication and complex decision making. Read The Secret Language of Cells!”

—Marc Bekoff, PhD, professor emeritus of ecology and evolutionary biology at the University of Colorado, Boulder and author of Canine Confidential: Why Dogs Do What They Do

“As a storyteller, my imagination is sparked by the insights Dr. Lieff brings to our innermost world and the mysteries at the edge of our understanding. The Secret Language of Cells reveals how the micro world reflects the macro, alive with heroes and villains, shapeshifters and tricksters, vigilant guards and gullible bystanders, helpers that commit suicide for the common good and warriors that seize the day or collapse from exhaustion. Lieff’s fascinating exploration inspires awe for the astonishing dialogues and clarion calls at the heart of the intelligence within.”

—Antonia Felix, EdD, MFA, New York Times bestselling author

“Calling all physicians, microbiologists, medical students, and fellow science enthusiasts—you’re going to love The Secret Language of Cells! This book reveals fascinating ongoing conversations between cells, bacteria, and viral particles that provide the basis for understanding growth, development, healthy biology, and pathology. Perhaps more importantly, they provide the blueprint for novel interventions, treatments, and cures for ailments ranging from chronic inflammatory diseases, to cancers and even viral infections. The COVID-19 pandemic has focused the world’s lens on the world of microbes like never before. Read this book and join the conversation.”

—Jill Grimes, MD, family physician, speaker, author, and educator

“The Secret Language of Cells is ideal for the education of medical and science students, as well as for practicing physicians. Dr. Lieff’s remarkable synthesis of the scientific literature provides a current view of the intricate communication systems determining our physiology. He clearly explains how conversations among cells are the bridge between immunology, neuroscience, microbiology, and cancer research. Detailed Endnotes provide an avenue for further study, either on one’s own or as part of a formal course.”

—Sharon Redd, MD, senior associate in anesthesia at Boston Children’s Hospital and assistant professor in anesthesia at Harvard Medical School

“By focusing on the very small, with this landmark publication, Jonathan Lieff has reached new heights! When his career began, almost half a century ago, he displayed superior communication skills in interactions with his patients and their families, fellow physicians, and staff. Further, three decades ago, in his leadership role, he played a central role in establishing a professional journal and catalyzing communication about the latest scientific, clinical, and educational developments to professionals, patients, caregivers, and policy makers. At that time, he also was the first physician I knew who was communicating via a computer, well before most of us even had a computer. He then was one of the very first to understand and utilize telemedicine to enhance communication to legions of people in need who lacked accessibility to needed health care. In The Secret Language of Cells, Dr. Lieff, brilliantly and effectively, communicates the complexities of modern biology to clinicians, and even laypeople, in understandable terms. In the process, he elucidates how communications between diverse varieties of cells determine our physical, mental, and emotional health, as well as the potential social implications. With this book, Dr. Lieff provides us a way to appreciate a whole new way of looking at ‘intelligence’ and ‘life.’”

—Sanford Finkel MD, founder of AAGP, cofounder of IPA and APA Council on Aging, and clinical professor of Psychiatry at University of Chicago Medical School

“Dr. Jon Lieff’s The Secret Language of Cells is a tour-de-force. In this detailed, yet easy-to-comprehend text, Dr Lieff has shared with us an insider’s vantage point toward understanding why and how ‘all life’s activity occurs because of conversations among cells.’ I found particularly compelling his insights into why and how the gut microbiota, using intercellular communication with brain cells, may impact vital brain functions and may contribute to the pathogenesis of brain diseases such as Alzheimer’s disease. I highly recommend this fascinating book to science readers and anyone wanting to better understand the role and importance of cellular functions and communications in health and disease.”

—George T. Grossberg, MD, director of Geriatric Psychiatry for the Department of Psychiatry & Behavioral Neuroscience at Saint Louis University School of Medicine

“Dr. Lieff has synthesized an extensive literature on the biological communications that underlie life into a highly accessible book. His integrative summary will appeal to a broad audience, from high school biology students to professionals with specific areas of expertise. The lists of references that follow each chapter offer relevant peer-reviewed articles for those wishing to more deeply explore specific questions. Dr. Lieff’s central thesis is that information transfers between an organism’s biological components are both ubiquitous and essential. Constant communications between various cellular structures and between the cells of the same and different organ systems are presented as critical to biological functioning. The Secret Language of Cells describes these processes with wit and insight. Dr. Lieff emphasizes the essential roles of time and timing in facilitating biological communication. The evidence provided in his book gives background as to why the current level of human functioning required billions of years of evolutionary trial and error to optimize information sharing. From a psychiatrist’s perspective, the discussion of whether a control center for information integration, storage and distribution exists and how control might be managed is intriguing. While Dr. Lieff acknowledges that many of these questions remain unanswered, he articulates the basic issues. Future research and more books like this one will allow sentient beings to better appreciate the wondrous impact of our underlying biological communications and how these influence our thought processes and personalities.”

—Barnett Meyers, MD, professor emeritus at Weill Cornell Medical College of Cornell University

“Jon Lieff’s The Secret Language of Cells is very informative and highly original. As a philosopher trained in Hindu and Buddhist traditions, I find Lieff’s work having deep philosophical ramifications. The Secret Language of Cells makes it possible for a healthy dialogue between biology and philosophy, a step closer to making a bridge between life-science and various monistic and non-dual philosophies.”

—Dr. Sthaneshwar Timalsina, professor for the Department of Religious Studies at San Diego State University

“Lieff’s overview of cellular communication will fascinate those interested in new frontiers of neuroscience.”

—Publishers Weekly
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I dedicate this book to my children’s generation, who will take the surge of scientific information and lead us to a new understanding of intelligence, consciousness, and life, itself.
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INTRODUCTION

THE GREATEST SECRET of modern biological science, hiding in plain sight, is that all of life’s activity occurs because of conversations among cells. During infections, immune T cells tell brain cells that we should “feel sick” and lie down. Long-distance signals direct white blood cells at every step of their long journey to an infection. Cancer cells warn their community about immune and microbe attacks. Gut cells talk with microbes to determine who are friends and enemies. Instructor cells in the thymus teach T cells not to destroy human tissues.

This key to modern medical science is hidden because it is impossible for most of us to understand the best current technical journals in neuroscience, genetics, molecular biology, immunology, and microbiology. Filled with incomprehensible names of molecules, signals, receptors, and cells, the secret of cellular communication is concealed by jargon.

UNDERSTANDING THE CONVERSATIONS

Taking away the mystery, The Secret Language of Cells provides a clear way to understand medical research—and life itself. Explained in everyday English, the many languages of cells and how they operate are laid bare. Sections of this book focus on cells from the body, the brain, microbes, and communication inside cells between cell compartments. By describing the lifestyle of each cell, Secret Language makes advanced biology understandable.

And whether you speak jargon or not, The Secret Language of Cells will make clear the extent and significance of this pervasive communication. Perhaps, like me, you will gain a greater sense of awe about the nature of cell signaling, which we are just beginning to tap into, and how it influences the life of every organism on the planet.

The overwhelming conclusion of the best current research is that all processes in the human body, in all animals and plants, and in microbe communities as well, are based on conversations and group decision making among cells. By understanding how determinations are made among a wide range of cells from the immune system, blood vessels, barrier cells of the gut and skin, brain tissue, and microbes, it becomes clear how cellular communication determines health and disease.

In fact, understanding cellular communication will allow you to keep up with the latest, most advanced modern medical treatments—such as new immune therapies for cancer. Experimental treatments using microbes and immune cells against any number of cancers take advantage of natural conversations among these cells. Elaborate discussions in the gut determine how microbes might affect treatments related to metabolism, weight loss, anxiety, gut diseases, food allergies, and brain diseases. Results of cellular conversations between immune cells and brain cells determine possible treatments for stress, inflammation, depression, anxiety, trauma, brain disease, and microbe invasions.

SAME LANGUAGE, DIFFERENT APPROACHES

Chapters in The Secret Language of Cells demonstrate the many different cells that use multiple signals at the same time. All of the following can serve as signaling devices:

•secreted chemicals

•launched sacs filled with genetic instructions

•electric currents

•electromagnetic waves

•physical contact by cells

•biological nanotubes between cells

Remarkably, all levels of cells throughout nature—humans, animals, plants, and microbes—use these same languages with the same vocabulary.

You are likely aware that neurons use one type of signal in brain circuits. Neurons produce electrical currents along an axon, which triggers the release of neurotransmitter molecules as a signal to another neuron. In fact, neurons use all of these other language techniques just mentioned—and at the same time. Neurons don’t just talk with other neurons; they talk with three other types of supportive brain cells, multiple immune cells, and cells from all other human tissues—simultaneously. In chronic pain syndromes, neurons communicate through complex connections, sometimes including ten different cell types at once. Another recently discovered neuron trick is sending messages to local immune cells sideways from the axon into the tissue, rather than at the usual connection to the next neuron in a circuit.

Neurons also communicate with brain waves. Groups of neurons vibrate together, sending particular frequencies of electromagnetic oscillations as messages to other brain regions. For messages between two primary brain memory centers, one frequency provides spatial information about the memory, and a different frequency supplies time-related information.

The science of cell signaling demonstrates that the immune system and the brain can’t really be separated. Both perceive stress, social isolation, trauma, and infections and talk together constantly about all of these. The brain is built on a dynamic, but fairly fixed, structure of circuits. This “wired” brain sends signals rapidly to particular locations throughout the body. Immune cells, on the other hand, travel freely throughout tissue and blood, constantly signaling to each other, to brain cells, and to bodily organs. This “wireless brain” can send signals through blood and tissue to other locations that are hard to reach.

By reading The Secret Language of Cells, you will understand how the wired and wireless brains work constantly together through elaborate conversations. This type of communication between mobile immune cells and stationary nerves is described in the book as a way to explain the wide-ranging effects of acupuncture.

Another example of the brain and immune system working together occurs when the master immune regulator T cell travels into the fluid that bathes the brain. From that vantage point, T cells send signals to brain cells explaining whether there is an infection or not. Signals from these immune T cells normally stimulate ordinary cognition. When an infection occurs, T cells alter their signals to trigger “the sick feeling” we all experience when ill. They tell the brain it is time to slow down and rest so that healing can occur.

UNDERSTANDING THE BASIS OF HEALTH AND DISEASE

The Secret Language of Cells puts together and organizes a large amount of information not available in one place anywhere else. Based on the latest findings from the top scientific journals, it is a modern view of biological science whose time has come. As medical science becomes increasingly complex, many people find it more challenging than ever to understand what maintains health and what causes disease.

Each chapter of The Secret Language of Cells provides insight into critical new areas of immunity, cancer, and the physiology of the brain, gut, and skin. Anyone interested in microbes; how the body and brain work; how immune, blood, and gut cells work; and how cancer works will find this book essential reading.

By following stories of each major cell type, you will understand these conversations firsthand. Cells that provide a border for an organ might seem to be boring, but in fact, lining cells in the gut have elaborate conversations and make many of the most important decisions. Large numbers of microbes in the gut talk to these barrier cells, as well as immune cells, local neurons, and each other. All through the long gut, these conversations determine which specific microbes are allowed to live as residents to help us in many different ways.

The lining cells of skin, lung, blood vessels, and brain fluid are also engaged in conversations with cells from every other part of the body. In the brain, gatekeeper cells determine which specific cells can enter the brain and which are needed to heal brain trauma and infections. Surprisingly, capillary lining cells not only line the smallest blood vessels but also have major roles in instructing each organ how to produce cells to build tissues. Special cells in each organ that produce all other cells are called stem cells, and they sit right next to capillaries. Both capillary cells and stem cells engage in back-and-forth conversations about how to supply new cells for the tissue as needed.

DAILY CONVERSATIONS AND THE QUESTION OF INTELLIGENCE

The Secret Language of Cells describes multiple kinds of cellular conversations. Cells talk about every aspect of life—where they should be in an organ, what time of day activity must occur, how big they should grow, how they can fight microbes together, how to rebuild and heal tissue, and how to cooperate to provide necessary functions for our daily activity. Conversations determine types of inflammation, how food is digested, and chronic pain. Almost every aspect of physiology is determined by back-and-forth signaling among groups of cells. Often, the discussion group is large and includes blood cells, tissue lining cells, immune cells, and brain cells, all at the same time. Microbes and cancer cells take part as well.

Conversations also occur between small components inside cells. These organelles are tiny parts of cells, just as organs are smaller parts of the body. Signals are sent between organelles, such as mitochondria and the nucleus. Some complex molecules appear to send signals as well—gathering data, making decisions, and signaling back-and-forth with organelles. Signals inside cells between organelles and molecules are much harder for scientists to observe, and these conversations are just now being discovered.

Are cellular conversations “intelligent”? Since no one can really define intelligence in nature, it is not possible to answer this question. Certainly, lifestyles of cells are complex and intriguing. Cells use back-and-forth discussions to ask questions, get answers, give feedback, gather information, call for each other, move through the body, and make decisions based on multiple inputs. Signals stimulate very specific actions, which are altered as situations change. The question about the implications of ubiquitous cellular communication explaining intelligence in nature is discussed in the concluding chapter.

THE BLOG AND REALIZATION

The central place of cellular signaling in nature dawned on me gradually. For forty years as a neuropsychiatrist, I witnessed the interactions of medical and mental events—effects of medical conditions on the brain and the actions of mind on the body. After extensive research, it became apparent that no one could say what the mind is or where it could be in the brain. This led to the question of where mind, or intelligence, might reside in nature.

Eight years ago, I began an exploration of mind in nature through my website, Searching for the Mind with Jon Lieff, M.D. Presenting detailed blog posts on the website each week was the best way for me to keep up with the most current scientific information and receive immediate feedback from readers. Daily interactions with many readers increased with a Facebook page (Searching for the Mind) and a Twitter account—@jonlieffmd. A large community of people, including top scientists, joined me in attempting to find where intelligence might be in nature.

Multiple blog posts considered remarkable functions of the human brain. Because of these, I was asked to write two guest blog posts for Scientific American about the close relationship of the wired and wireless brains and the creation of new cells in the adult brain. Other blog posts described amazing capacities in other animals’ brains—even the tiniest. For example, bees have the ability to retain kaleidoscopic memories of five miles of travel, use abstract concepts and symbolic language, and intelligently self-medicate. Another honor occurred when a top animal scientist, Marc Bekoff, asked me to write a joint guest post on his blog for Psychology Today. The article described unique types of intelligence in birds, lizards, and bees, whose brains are all quite different from humans’.

In all of these different brains, the same types of vital conversations occur among cells, but in different patterns. Similar cellular conversations are also found in plants talking with microbes to build nitrogen factors. One of the most intriguing plant discoveries in the new science of cellular communication is that almost all trees and shrubs in a forest are connected by conversations sent along long, microscopic threads of fungus cells, which function as wires. Through this internet of fungal wires, trees and other plants send signals to nourish and defend each other.

Perhaps most remarkable of all is communication among microbes. Unicellular microbes display unusual abilities for single-celled creatures, almost as if they have a brain. Somehow, they are able to make decisions from multiple simultaneous inputs. They demonstrate elaborate back-and-forth communication with each other, but, even more surprisingly, with much larger and more complex human cells.

Synthesizing and writing about the most current research from the best scientific journals led me to the startling conclusion that cellular communication is the basis of all current medical science, and of life itself. Everywhere we look, cells are talking to each other. This includes blood cells, immune cells, gut cells, brain cells, plant cells, and all microbes—even viruses, which some scientists don’t classify as being alive. It became apparent to me that signaling among cells is the way biology works.

I noticed that an overarching synthesis of conversations among cells is nowhere to be found in any books or journal articles. The time had come to put forth this thesis and the overwhelming evidence—hence The Secret Language of Cells. It synthesizes eight years of intensive analysis of the scientific literature and makes research understandable for the general science reader.

As science progresses, more and more detailed information becomes available—with a greater ability to observe smaller and smaller events in nature. Just recently, it has become possible to observe the specific conversations among cells. Even more recently, the first signals sent between viruses have been observed.

CELLULAR VIEWPOINTS

The Secret Language of Cells is divided into four sections. Each section can be read by itself. However, reading all sections gives a deeper understanding of the interrelationships of all the cells and how physiology works in health and disease.

The first section is about cells in the body—T cells, capillary cells lining the smallest blood vessels, traveling blood cells, platelets, gut cells, skin cells, and cancer cells. While each organ is unique and fascinating, the particular cells in this section are chosen as important examples that give insight into how all organs operate through cell communication.

The second section is about the brain—neurons, three types of supportive brain cells, two types of guardian barrier cells protecting the brain, and a chapter on the unique conversations that produce various chronic pain syndromes. The third section describes the world of microbe communication—among microbe species, with plants, and with humans.

A fourth section explains conversations inside cells—among organelles and other cellular components, such as mitochondria and protein factories. Section four also includes the description of a molecule that appears to send signals to these components. The conclusion begins to grapple with the implications of these ubiquitous cellular conversations.




SECTION I

THE BODY




CHAPTER 1

CELLS—THEY TALK ABOUT EVERYTHING!

CELLULAR COMMUNICATION is inherently complicated, with an immeasurable number of signals going in all directions at once. In the midst of billions of cells, a particular cell can rapidly make complex decisions and send signals that direct the efforts of many other cells to make our bodies work in amazing ways.

Before we delve into how specific types of cells—blood cells, gut and skin cells, cancer cells, brain cells, microbes, and more—use signals to perform their unique physiological functions, we’ll devote this chapter to discussing four areas that all cells appear to converse about, which was once unfathomable to even the most ardent researchers. These cellular conversations allow each cell to function with other cells in tissue throughout the body by knowing their appropriate size, their age, the time of day, and their own location.

While it is clear that individual cells are able to use the information that is described throughout this chapter in a variety of important ways, the mechanisms by which they do so are just now beginning to be discovered, and there is still much to learn. Finding individual minuscule molecules used as signals inside cells and tissues is extremely difficult, even as advanced imaging technologies are enabling us to view ever smaller details of cells. In further chapters, it will be seen that more detailed information is becoming available for many of the cells described.

DETERMINING THEIR PROPER SIZE

Cells come in many different shapes and sizes, but particular types of cells are usually produced within a narrow size range. For example, at least a thousand diverse types of neurons have specific sizes and shapes to fit into particular neural circuits. In other organs, it is not as obvious why cells are certain sizes.

Many influences determine cell sizes, such as input from the environment and signals from other cells. Cell sizes can be altered by signals from food particles or from molecules that are part of ordinary metabolic cycles. Cells can also increase size in new circumstances. Pancreatic cells, for instance, increase their size to make more insulin during pregnancy. But when these cells die because of the effects of diabetes, cell size stays the same, and the number of cells decreases.

Liver cells also increase in size during pregnancy. When fat cells enlarge, they signal changes in the extracellular matrix. Lymphocytes and microglia change size when immune cytokine signals trigger them to perform different functions. (Lymphocytes, microglia, and cytokine signals are all explained in the chapters ahead.)

Organs, too, have multiple techniques to maintain exact cell sizes, but these are not yet well understood. Even with differing environmental factors, they know what size the new cells should be. Cells produced from stem cells are not the size of the stem cell itself and can be ten times larger. The number of human cells, not the average cell size, makes one person larger than another. Even during rapid growth, organs maintain cell sizes. Two pancreatic cell types that are right next to each other are maintained at different sizes. Bone cells increase size by ten times when bone is growing.
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Lymphocytes in a lymph node. Electron micrograph. (Steve Gschmeissner/Science Source)

For an individual cell, size is determined by activity in phases of the multi-staged reproduction cycle for new cells. When new cells emerge, only certain-sized cells can proceed to the next stage in the process. For example, cells measure protein production as they go through different phases of the cycle. These levels of proteins become signals to tell a too-small cell that it has to stay in a particular phase longer to catch up in size. Cellular size is often increased between stages of DNA copying and the separation of the two DNA strands, for instance.

Sending secreted signal molecules from one cell to another is another technique used to alter cell size. These signals activate receptors on the second cell that signal internally to the nucleus to adjust the cell’s size. Signals include immune cytokine signals and growth factors (often proteins or hormones) that trigger cells to divide in order to produce new, smaller cells. Some signals increase growth and others decrease it. These factors have varied effects in different organs and are not yet well understood.

CELLS INFLUENCE THEIR OWN AGING PROCESS

Cells also can directly influence their own aging process. Cell aging has multiple distinct steps, and cells can make choices along the way. They can proactively use different rates of aging for various purposes. When healing a wound, for example, particular cells can age rapidly and die off to avoid producing severe body scars. In the fetus and during regeneration in adult organs, cells can use a rapid aging process to avoid making too many cells as a particular structure, such as an organ, is being developed. They can also preplan a tidy cleanup of dead-cell debris.

Cells use different genetic pathways to alter aging, including modifying how they reproduce. Cells can increase the rate of aging by shortening appendages (called telomeres) at the ends of DNA molecules. Cancer cells do the opposite—they enlarge the appendages to make themselves grow out of proportion.

Cells also produce an enzyme that can make the appendages longer or shorter, and new research has found a switch that turns this enzyme on and off. Multiple internal signaling pathways trigger the switch. These are pathways related to the repair of damaged DNA and they provide protection from destructive oxygen-based molecules produced in various metabolic processes that are related to cell stress.

Other major influences on cellular aging are pathways related to preprogrammed cell suicide, and these pathways are housed in mitochondria, the subcompartment of cells that provides energy and other important functions. The preplanned cell suicide pathway is used in a variety of circumstances in which maintaining the cell would be dangerous to the organism, such as a cell that has been infected by too many viruses and could spread infection.

With internal signals, cancer cells avoid triggers from mitochondrial metabolic pathways that stimulate the suicide pathway, enabling them to live much longer. With chronic stress, the opposite occurs in which cells use alternative metabolic pathways, triggered by mitochondria, to self-destruct. Also, immune signals can alter the normal cell-suicide mechanisms.

Two types of cell aging exist—acute and chronic. Acute aging is highly regulated during wound healing and in embryos to eliminate cells when their jobs are done. Signals are produced that stimulate aging for a particular group of cells in a section of tissue, but not the entire organ. They can trigger programmed cell-suicide pathways. Targeted cells rapidly age and die. This stops excessive scarring and other problems in the repair of organs, such as the liver.

Chronic aging occurs with cellular distress over time. It is random and generally considered to be “natural” cellular aging. For example, neurons that do not divide and can live for a century gradually accumulate random DNA damage and are eventually hurt by immune cytokine signals and inflammation. Aging cells gradually increase overall tissue aging by making it less functional. Then the entire body ages when cells stop multiplying, causing problems for the entire organism. Aging cells damage stem cell niches and destroy extracellular matrixes. Faulty cells impair structures. Aging cells stimulate damaging inflammation and send signals to make other cells begin to age. Signals for cellular division can stem this aging briefly. However, in the end, many stressors cause deterioration.

CELLS KNOW THE TIME OF DAY

Every cell has its own clock, and each type of tissue has its own specific set of internal clocks. Signals from the central brain clock coordinate physiological functions, such as metabolism and immune responses, with clocks in cells and tissue.

Single cells coordinate with the brain’s central clock as it responds to light and darkness cycles, bodily movements, and cycles of eating and fasting. Genetic loops in individual cells create oscillations that sync with other bodily rhythms. The brain coordinates and plans for specific activity related to the environment with these signals. Signals from the central brain clock to all cellular clocks anticipate the major activities of the total organism, such as eating and sleeping.

The first individual cell clock in evolution was developed in bacteria two billion years ago, and this was based on sun availability. In addition to enabling these bacteria to produce energy by photosynthesis, sun rays break DNA. At the same time, most cellular DNA repairs occur when the sun is bright. The first clock allowed microbes to plan ahead with resources for DNA repair when the sun was brightest.

Clock mechanisms and signals are complex and not yet fully understood. A mechanism in the gut that coordinates the cycles of two cells was discovered recently. Friendly microbes living near gut cells move in a timed pattern—a micrometer to the left, then right, then back. Back-and-forth signals from each position keep the microbes in sync with the cellular rhythms of the nearby gut lining.

An individual cell’s clock mechanism is based on timed feedback loops of interacting genes. Clock genes, components of the body’s internal timekeeping system, are both stimulated and inhibited by RNA and protein molecules. A gene is triggered, producing a protein or RNA, which then triggers a second gene in the circuit. The second gene product stimulates a third gene, and so on. These events form a cycle that lasts twenty-four hours.

Molecular tags are an important type of signaling device described throughout the book. Tags placed on proteins to protect DNA are also part of these clock loops. Tags can open or close the availability of particular genes that produce RNAs and proteins related to clock functions.

While all cells have the same basic genetic clock machinery, various RNAs and proteins specific to each type of cell and organ are signals that produce various clock functions. A huge amount of all RNAs—at least 10 percent—are related to tags and signals for clocks. Multiple layers of genetic regulation influence these cycles. For example, very recently a new form of regulation was discovered that alters three-dimensional structures of the DNA molecule in the nucleus. When the structure changes, it alters how physically close particular genes are to each other. Bringing certain genes near each other can synchronize clock functions.

Multiple influences affect clock rhythms. Signals from metabolic cycles alter specific RNAs and proteins to influence clock genes. Various chemicals in particular organs affect clocks in different ways. Global factors, such as temperature and other environmental conditions, alter gene function. Many of these complex clock signals for individual cells are not yet understood.

When tissue cannot sync with the central brain mechanisms, illness can occur. One issue that needs to be addressed is our twenty-fourhours-a-day, seven-days-a-week online culture, which pays no attention to the rhythms corresponding to daylight that were established in our distant evolution. Multiple other influences on our bodily clock functions are not yet well understood. For example, we don’t understand the clock cycles in the liver and pancreas, which operate on opposite schedules. We also don’t know how cancer cells are able to respond to particular rhythms to help them grow.

CELLS TALK ABOUT THEIR LOCATION

Cells need to know where they are in order to make multiple decisions. For example, a white blood cell needs to know its current location when traveling to an infection at another location. Cells near an infection send signals to these traveling immune cells along blood vessels, which then provide the directions for travel. This type of signaling for traveling white blood cells is described in chapter two.

Importance of Gradients

For cells in a developing tissue, location is often derived by using a chemical gradient as a measuring tool. In a fetus, for instance, a traveling neuron or stem cell must know where it is and where it must end up in the developing brain. Also, when cells participate in the growth of an organ or a limb, they need to know how they fit into the final shape, such as determining where the edges are.

When we measure something, we use a measuring rod that spans a distance. Cells can measure the distance that certain molecules have traveled, such as measuring these chemicals across groups of cells and the spaces in between. Cells located throughout the gradient determine where they are by picking up the gradient molecule with receptors, which measure the concentration of the molecule at their position. But for this measurement to be accurate, the gradient has to be steady and not fluctuating.

Establishing a steady state in a molecular gradient is based on many different factors, including the rate of molecular production, how rapidly the molecule diffuses through the tissue medium, and the rate of elimination of the gradient molecule when it is picked up by various receptors on cells. Other influences, such as temperature, metabolism, and inflammation, can affect gradient levels as well.

For a growing organ, a row of cells can produce gradient molecules at the same rate. Every cell in the path of the gradient takes up the molecules with receptors. Signaling molecules that form chemical gradients trigger particular genes inside the cell to determine the cell’s actions in relation to the growing tissue. This technique is used in forming a fly’s wing, for example, where signals from cells at the center of the tissue continue to stimulate new cells until there is a steep drop-off of the gradient that determines the edge. Gradients are an important way that body organs and types of tissue of very specific shapes are formed, but scientists are just learning exactly how this happens.

Gradients, Retinoic Acid, and Signaling

One important gradient that is beginning to be understood forms the structure of the fetal brain. It is based on various levels of retinoic acid, which is produced in two steps from dietary vitamin A picked up by cells. This metabolic pathway that produces retinoic acid is highly regulated by molecular signals, which makes maintaining the gradient and the cell’s calculations easier.

Regulation involves feedback loops of various proteins that regulate the multiple enzymes synthesizing the gradient molecule. In addition, cells produce a variety of diverse protein receptors with different sensitivities to eliminate the gradient molecule. These varied receptors are also regulated by feedback loops. In laboratory experiments, when the amounts of ingredients are altered, these cellular pathways adjust to maintain the gradient and produce the precise receptors needed. Somehow, neurons use this information to find their place in the developing fetus and build the brain precisely.

Stem cells in the fetus also compare the retinoic acid gradients with gradients of several other molecules. Cells can switch between measuring the two different molecular gradients. One cellular process is maintained until the switch occurs, and then the other begins. This recurs until the cell eventually makes a decision based on information from both. Stem cells use this mechanism to decide whether to divide in a particular spot in the developing brain. It is not yet clear how the switching technique is regulated.

It is quite remarkable that cells are able to know the exact shapes of organs, perform these location measurements, and send signals about these measurements. It is not yet understood how all of this works. But what is clear is that the daily maintenance of all tissue structures in the body is dependent on measurements and signals. As more is learned, perhaps we will find a way to exploit the stimulation of these signals to rebuild damaged organs.




CHAPTER 2

SIGNALS FOR MIGRATING WHITE BLOOD CELLS

AN ABUNDANT VARIETY of white blood cells respond to immune cellular conversations that identify invasions of microbes and injuries to tissues. These problems can be in skin, kidneys, liver, brain, lungs, or gut, among other organs. The first line of defense includes platelets, local capillary lining cells, and cells located in damaged organs. They begin the fight by first calling for help. Later, other immune cells and even neurons join in. A large number of white blood cells respond as fast as possible.

The most prominent white blood cells are neutrophils, which contain vesicles with large amounts of toxic molecules to fight microbes, scavenger cells living in blood and tissues, and lymphocytes (discussed in the next chapter). Responding to specific cellular signals, white blood cells are called to address trouble spots. Travel is not always easy, and their tasks are not simple when they arrive at the site. But they manage by using complex navigation modes to transit through drastically different environments, sometimes without nutrients and oxygen. They need constant help via signals from many other cells for these journeys.

RESPONDING TO AN EMERGENCY

The first phase of signal and response involves getting to the site. As white blood cells start to travel, they also join in the signaling by sending their own messages for more reinforcement cells to follow. Depending on the need, messages from tissue, capillaries, and traveling blood cells may tell bone marrow to trigger production of new cells. The assembled army is soon marching through blood and tissue.

White blood cells produce diverse receptors to receive signals related to multiple aspects of this trip. Signals from T cells alter other white cell behavior for the ensuing battle. Signals stimulate production of particular toxic molecules to kill the identified microbes. Because some signals only last a short time, tissue and cells that make up capillaries need to continue repetitive signaling until enough helper cells arrive at the site. Different situations require varied responses, such as those for trauma or infections. Infections need a large number of white blood cells. But in a clean wound, too many white blood cells can cause more problems.

Traveling cells keep up chatter with capillaries that are calling for help from the site of infection or damage. They also reach out to cells that line the larger blood vessels for assistance along the way. Cells in their path use chemical gradients to attract or repel them. Signals from these conversations create “sticky” protein molecules that enable the blood cells to grab onto lining cells as they move. This allows travel even against the flow of blood. Traveling cells may tether themselves to a lining cell and even rest there for a while. They may roll or crawl along lining cells and also grab on, as if pulling themselves up a rope.

Quite a lot of communication is necessary to get white blood cells to the problem area. Conversations include not just capillary lining cells but also the lining cells in gut and skin, neurons, supportive brain cells, and even molecular signals from the matrix outside of cells. Neuronal signals provide regulation of blood flow by directing it to the distressed region as much as possible. Neurons also signal to all local cells that white blood cells are coming.

[image: ]

After permission is given, a white blood cell exits through a lining cell. Electron micrograph. (Don W. Fawcett/Science Source)

Many Ways to Travel

White blood cells are masters of traveling within the extracellular matrix in between cells. They move with coordinated actions produced by dynamic internal scaffolding molecules. These flexible, rapidly changing cytoskeleton filaments constantly alter internal cell structures to produce “arms” and “legs” that propel white blood cells forward like amoebas. The filament structures also use motors that produce cellular movement similar to the motors that propel lengthening and shortening in muscle cells. These motors can alter the force in a variety of different ways needed for diverse terrain. Methods include rolling, tethering, and firm attachment.

Traveling cells can fluctuate between different techniques, such as pulling or pushing the cell body forward, in order to navigate on different surfaces—some sticky and others smooth. The leading edge can move in a gliding fashion. The filament structures in the cell are rapidly shoved to the front leading edge to provide an enlargement that moves the cell forward. After this, motors working on the fibers pull the rear to catch up. Motors also pull the nucleus along. In addition, external attachment molecules between the blood cell and capillary pull the cell forward.

Another travel technique uses various types of internal motors that push the cell’s inner substance forward into multiple protruding round areas, propelling the entire cell headlong. For this, molecular motors can also reach outside of the cell and attach to the lattice of molecules between cells, with molecules alternately grabbing and disengaging in rapid succession. Basically, the cell walks forward stepwise with two “feet” below that alternately adhere and release at different places.

By rapidly changing shape, white blood cells move quickly through many different environments. The round cell transforms into a polarized flat directional cell with a distinct front and a rear. In low-density matrixes, they use less motor activity. When tissue is compact, they need stronger motors in the rear. To get through a small crevice, they shrink and elongate the nucleus.

T cells (described at length in the next chapter) use all of these traveling techniques and more. They must find a small particle in large spaces, often with few helpers. They need even better homing signals and movement techniques in dense inflammation sites. T cells scan an entire region and can use simpler attraction techniques than other white blood cells. T cells also elongate their shape in unusual ways to move in even tighter matrixes. Unlike most other white blood cells, T cells change shape often and can find paths where they can become round again.

Arrival at the Site

One main category of white blood cells is scavenger cells, responsible for destroying bacteria and eating other foreign particles. There are several different types of scavenger cells—some embedded in tissues and others circulating in the blood.

When trauma has occurred in tissue—a wound in the arm, for instance—scavengers immediately respond by gobbling up some of the microbes that have lodged in the wound. As they do so, they signal to the lining cells in the nearby capillaries that an infection has occurred. In turn, the lining cells usher in neutrophils, the most abundant type of white blood cells that are considered “first responders.” Floating around the blood, neutrophils get the signal that danger is occurring, attach to the capillaries, and squeeze through the blood vessels to help attack the bacteria. In order for the neutrophils to get out of blood vessels and directly into tissue, signals from other immune cells have to loosen the barriers that normally contain the blood vessel. Even more signals are necessary in blood vessels near the brain, which have the most elaborate barriers.

Getting themselves out of the blood vessels and into tissue is just the beginning for the neutrophils. Traversing through tissue might require them to use other special travel techniques that rely on helpful signals from local cells. When more traveling cells finally arrive at the infected or injured site, neutrophil signals enable them to form clusters near the epicenter of the problem. First, several scouts move in, producing a strong signal for others to follow. Neutrophils relay these signals to those behind. Clusters build until several hundred cells have joined together into a mass. With larger numbers of cells, the entire area can be walled off.

SWARMING NEUTROPHILS

Neutrophils in the tissue have a wide range of attack options. In some situations, neutrophils form large moving clumps of cells that have been likened to insects swarming around a hub. As part of neutrophil swarming, they remodel a dense extracellular matrix, allowing clusters of cells to stay close to the action. Signals help coordinate clusters for positioning that can wall off the trouble spot. Some of the original cells in the center die, sending further signals that enlarge the swarm.

Neutrophils can each produce more than three hundred different toxic chemicals, store them in sacs inside themselves, and then release them against a target. These sacs are called granules because they looked like grains when first seen by microscopes. Another tactic uses enzymes that cut proteins to remodel the lattice between cells. Products of these incisions can also serve as new signals to call for help.

Toxic molecules to kill microbes often provide chemical reactions based on the instability of oxygen in the body. Oxygen is highly reactive and is dangerous if not carefully monitored. Producing unstable oxygen-based molecules that are highly reactive is a tactic to increase inflammation and to kill more microbes. These oxygen products are also used as regulatory signals, letting immune cells understand what is occurring. Another neutrophil technique is to make special traps for microbes. These netlike structures, which consist of DNA pieces and proteins, grab onto microbes to help destroy them.

Killer T cells use many different strategies in their work as well. They can chase viruses by dividing into two cells that move in different directions at once. One type grows many long arms and crawls between cells to slowly find cells infected by the virus. To maximize their search, sometimes T cells accumulate information by briefly touching multiple cells, one at a time. T cells store this gathered information from contacts by placing molecules in their nuclei, which produces more accurate navigation.

TAMPING DOWN ACTIVITY AND CHRONIC INFLAMMATION

As the fight with microbes is won, new signals provide different messages. They can tell white blood cells to slow inflammation in various ways, leave the scene, or, in some cases, help maintain chronic inflammation. Just as T cells produce special regulatory cells to stop excessive scarring, all white blood cells at the inflammation site tamp down their activities when the battle is over. Some signals for this endgame come from dying and dead neutrophils. These instructions alert scavenger cells to eat the debris and switch from the aggressive mode that produces inflammation to one of healing and repair of tissue. When there are too many blood cells left over, signals stimulate them to commit a programmed form of suicide.

Billions of white blood cells are produced each day. Until recently, they were thought to live only six hours, and most were thought to die by suicide. Recently, it was found that a select group lives much longer (perhaps months, although research is just emerging). Once inflammation is under control, new signals tell this surviving group to reverse direction and travel backward out of the inflammation site. A wide variety of signals from inside the wound and from the blood vessels shows that it is time for white blood cells to pack up. Cleanup scavenger cells tell them by direct contact or via secreted signals.

A small group of longer-living neutrophils travels back into the blood, where signals from other cells stimulate them to go work at another trouble spot. Capillaries on this new route and tissue cells at the new site take up the signaling. Finding signals that cause neutrophils to leave the scene of injury is a current research focus. It will help scientists develop medications to control dangerous infections by removing white blood cells that could contribute to debris at the wound site.

Even more recently, cellular conversations have been found that tell an even smaller group of neutrophils not to kill themselves or leave the site, but to stay and maintain chronic inflammation. Diseases of chronic inflammation have been closely tied to abnormal activity of the scavenger cells that are supposed to mop up the site when the battle is tamping down. Now, these diseases are also found to be related to neutrophil activity going awry.

Before, it was thought that both dead and dying white blood cells secrete signals, directing scavenger cells to eat them. As it turns out, there is a big difference between a dying neutrophil and a dead neutrophil. Only dead cells send these signals to tamp down activity. Dying cells send a recently discovered type of signal to maintain inflammation indefinitely.

Signals from dead white blood cells help to avoid scars and chronic infections. But when they are constantly dying for a long time, neutrophils continue to push for more aggressive behavior rather than cleanup. This produces chronic, damaging inflammation. Understanding these conversations of slowly dying cells is vital for future treatments of atherosclerosis, arthritis, and bowel disease.

Surprisingly, a friend of the white blood cell is the humble platelet cell, which, it turns out, is much more than a plug for bleeding. Chapter five shows how, even without a nucleus and DNA, tiny platelets are able to engage in elaborate communication, helping white blood cells migrate as well as regulating responses to inflammation.
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