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… all we can hope for is that the boldness of the scientist should be tempered with scruples, that he never forget that—in the immortal words of Bacon—“science, if taken without the antidote of charity, cannot help but be somewhat malignant and poisonous to the spirit.”

—Jean ROSTAND, Peut-on modifier l’homme ?



This warning could obviously have been addressed to the author of the lines below:



And even if we could prolong health until death is nigh, it would not be wise to give long life to all. We already know what problems arise when the number of individuals increases with no care being given as to their quality. Why increase the lifespan of people who are miserable, selfish, stupid, and useless?

—Alexis CARREL, L’homme, cet inconnu



In memory of all those whose lives were broken
by criminal ideologies fostered
by scientists with few scruples, like Carrel.

 

To our families.
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Prologue




How the Life Sciences Deal with Death


Death must be Copernicized.

E. Morin





Why devote an entire book to “natural” death? The reason for death seems clear in advance: death, the reader will say, the type that comes more or less directly from within the organism, is an absolute rule for living organisms, a consequence of aging, that slow degradation that is the inevitable mark of the passage of time. Any additional explanations seem superfluous, and the subject merits nothing more than a few consoling paragraphs. “Death is indeed useful,” our common sense whispers to us, “it plays a regenerating role, it eliminates the oldest (read: ‘the least useful’) to benefit the young.” Science writing for the general public often supports these conclusions. To give one example, Jacques Ruffié spoke of “the powerful selective advantage [of death], not so much at an individual level, but for the species” because “sexuality and accompanying death ensure change.”1

However, even a superficial examination of the living world reveals the first fissures in this seemingly flawless vision. What about the incredible variety of life spans? The human species, whose most hardy representatives live beyond 120 years, is lucky compared with the fly, which lives at most a few weeks or months, not to mention certain mayflies, whose adult life can be counted in minutes. But we humans are nowhere near the record of millenarian sequoias or the less well-known but much more impressive wild blueberry bushes that have lived for 13,000 years! The representatives of these species are all but immortal, and almost nothing but lightning or a lumberjack can kill them. Examples such as these suggest that death may not be programmed for all eternity into the very nature of the living, and that it is perhaps not an inescapable necessity. These examples also lead us to wonder why certain species seem to enjoy this exceptional good fortune, and how they managed to implement the biological mechanisms that allow them to resist time. For these species, a slogan like “make way for the young” decidedly does not apply!

The notion of absolutely necessary and universal death is not the only concept to show flaws on closer examination. As we examine the subject more closely, we will be led to challenge other preconceived notions, such as the existence of obligatory links between death and sexuality, and between death and the complexity of organisms. Simple organisms, which reproduce asexually, by fission or budding, can also age and die. Moreover, death is not the toll of the high degree of differentiation that typifies multicellular beings. Brewer’s yeast, though it is single-celled, nonetheless follows an aging curve that is very similar to our own.

These examples show that a strictly biological approach to death is possible only if, while searching for justifications rather than explanations, we avoid any attempt to moralize. We will discover the fascinating contribution of evolutionary theory to this approach, specifically in the reflections of German biologist August Weismann, more than a century ago. The interest and richness of this theoretical framework did not begin to be recognized until the 1950s. Even today, despite its great coherence and the vast amount of experimental data supporting it, Weismann’s theory remains unfamiliar to the general public, and even to scientists who work in other fields.

The study of the death of organisms cannot be conceived without an understanding of how cells, the building blocks of living beings, function. To illustrate this, let’s take another look at the sequoia. Its trunk is composed of living cells only on the youngest, outermost layers. The inside, which is almost the entire tree, is composed of dead cells. Although a sequoia, as an individual, is several thousand years old, none of its cells survives more than a few decades. Is there is a link between the life cycle of cells and the life cycle of the organism? The debate on this issue has been particularly heated. Alexis Carrel, during the first half of the twentieth century, asserted that the origin of aging and death was not to be found within cells. He claimed to have demonstrated that all cells were potentially immortal, provided that they were removed from the organism they were originally part of.

This dogma of cell immortality was not struck down until the early 1960s, when Leonard Hayflick discovered cell senescence, which manifests itself by an intrinsic limit in the ability of cells to divide. At that point, it became legitimate to look for the mechanisms of aging in cells in culture. And in 1964, the expression “programmed cell death” was coined to describe a different phenomenon, resembling a concerted suicide of entire groups of cells. Many authors had already observed it, in passing, as early as the mid-nineteenth century. The persistent lack of interest in this topic doubtless had the same roots as the fascination exerted by the dogma of cell immortality: How could the cell, the building block of living organisms, have anything to do with death? It took another twenty years before researchers realized the importance of cell death—before they demonstrated that cell suicide benefited the organism. This is indeed a case of death working for the good of life, particularly in the course of embryonic development, or in the nervous and immune systems. But if cell death goes awry, it can also threaten life, through cancer, AIDS, and neurological diseases. During the last decade, an entire field of research has opened up, and the explosion has been such that, (half) in jest, it has been predicted that “Death Sciences Institutes” will be created. To date, however, it cannot be asserted with certainty that programmed cell death, any more than cell senescence for that matter, plays a direct role in the aging and death of individuals. But both clearly have their place in the global understanding of normal aging and age-related diseases.

The passage from the cell to the organism is sometimes invoked in support of one of the preconceived notions mentioned earlier. Just as cell death can be programmed, for the benefit of the individual, it is said that the death of individuals may also be programmed to serve a larger design. This type of thinking is very reassuring. But do the biological data support it? This is the issue we attempt to analyze.

Let’s start down the path that leads to the “Copernicization” of death. After a brief overview of the beliefs of ancient times, our first stop will be Sweden in the eighteenth century, with the great naturalist Carl Linnaeus and his disciples.







1. Le sexe et la mort (Paris, Odile Jacob, 1986).




CHAPTER ONE

The biology of death: A Brief History





The fact that death is often feared, like a monster we dare not look at square on, is undoubtedly one of the reasons for the ignorance of science in this area.

Elie METCHNIKOFF





There is a “radical difference between physics and biology,” according to the philosopher Georges Canguilhem: “Illness and death in the living who have created physics, sometimes risking their lives, are not problems of physics. Illness and death of living physicists and biologists are problems of biology.”1 What subject could be more emotionally loaded than death?

Long considered a divine malediction or punishment, death seemed alien to living things. It was imposed on life, which was originally capable of eternity. Authors of classical antiquity, such as Aristotle, said it clearly: Lacking immortality, a privilege the gods have reserved for themselves, humans can perpetuate through their descendents. Reproduction is a means of escaping death to a certain extent, of communing with the gods.

Of the two boundary experiences of human life—namely reproduction and death—it is on the latter that the founding myths are based. Death, then, is excluded from a naturalist approach. This result is not surprising. Death, especially violent death, is observed almost immediately. The sudden disappearance of a loved one induces people to reflect on the meaning of life, much more than on the immediate or distant causes of death. In antiquity, there was little interest in studying the longevity of living species, although that period produced very detailed, and sometimes fanciful, descriptions of methods of reproduction.2 Nothing was too astonishing, nothing too marvelous, when it came to the engendering of the living, which indeed assumes extraordinarily diverse forms. After all, the relationship between the sexual act and the birth of a child is not obvious, and raises many questions. The mystery of death, on the other hand, is not so much death itself, which is inevitably commonplace, but its effect on the individual, for no one can report on the full experience.

The development of naturalism, in the eighteenth century, moved away from the view of ancient times by searching for a more rational justification for this imposed death which, of course, like all of creation, was still considered the fruit of divine will. Carl Linnaeus, the founder of biological classification systems, and his students provided the first and most complete attempt at rationalizing death. The son of a Swedish pastor, Linnaeus showed an early taste for botany, which led him to spend time studying plants at the expense of his schooling. Deemed unfit for serious studies, he became a cobbler’s apprentice. Fortunately, he was later led into science by a local doctor who recognized his talent. According to Linnaeus, divine wisdom imposed a natural order, which was based on four related phenomena: propagation, geographic distribution, destruction, and preservation. Simple calculations showed that “even one plant, if left unchecked by animals, could cover and envelop our entire globe”3 in a short time. This possibility, he reasoned, is why the “Sovereign Moderator” created predators, which “help… preserve a just proportion among all the species, thus preventing them from multiplying excessively to the detriment of man and animals.”4 Although “at first glance, we do not really admire the butchery and the horrible War of All against All,”5 Linnaeus posited that all scourges—including contagious diseases, aging, even war itself—were created by God for the greater good of all living things, since there must be a balance between births and deaths. Prey was not created for the predator; on the contrary, the predator works in the service of the prey by preserving a just proportion in the balance of nature. Without this, prey would be doomed to suffer famine—or even worse, it would eliminate other species by invading the planet.

According to the Linnaean school of thought, nothing was left to chance in the economy of nature, not even aesthetics: “So that fallen and dead trees do not remain useless to the Universe and no longer present such a sad sight, nature accelerates their destruction in a singular fashion…. How industriously nature works to destroy a single trunk!” Is it not admirable, for example, that: “the woodpecker, by pecking at rotten trees in search of insect larva, hastens their destruction so that they do not spoil the view for too long.” The agents of destruction also had their role for the common good of all creation. If we were unable to fathom the utility of divine works, Linnaeus reasoned, it was only through ignorance of the designs that inspired them. God did not create anything in vain, even death.

The French naturalist Georges Louis Leclerc, Count of Buffon, contested the classification system proposed by Linnaeus, his exact contemporary. (They were both born in 1707.) Nor did he share Linnaeus’s intransigent finalism. Buffon’s ideas had a much more modern-day resonance when he admitted that nature is not exempt from mistakes—that it “tinkers,” to use the term of François Jacob. But he proposed roughly the same ideas as Linnaeus on the fundamental balance of nature. Through the endless game of reproduction and death, Buffon reasoned, “the total quantity of life is always the same, and death, though it seems to destroy everything… does no harm to nature, which only shines the brighter. Nature does not allow death to annihilate species, but instead shows itself to be independent of death and of time by allowing individuals to be cut down and destroyed.”

In any case, death did not occupy a preeminent position with respect to reproduction, as it did in ancient times. The two were considered equal—essential features of the living, and in permanent opposition and balance. Thus, death was no longer deemed an original, immutable center around which life organized itself as best it could. The “Copernicization” of death was underway.

Opposition and complicated balance were also present in the vitalistic conceptions that were in vogue at the beginning of the Age of Enlightenment. According to the vitalists, living beings owed their existence, and especially their survival, to the action of a “vital principle” that constantly struggled against physical properties. Physical properties were equated to forces of death. In living bodies, vital laws had to be present in order to oppose physical laws. Life was defined as a negation, a force that defied physical laws. No one expressed this principle better than the great anatomist Xavier Bichat, who founded the study of living tissues, or histology. At the very beginning of his Physiological Research on Life and Death, published in 1800,6 Bichat coined the inescapable phrase that is still included in the definition of “Life” in most French dictionaries: “Life is the ensemble of functions that resist death.”7 The final outcome of the combat is played out in advance, because “it is the nature of vital properties to wear out.”

It was the very year of Bichat’s death, in 1802 (he was only thirty years old), that the word biology made its first appearance, penned by Jean-Baptiste de Monet, chevalier de Lamarck. He made a distinction between organic, “necessarily doomed to death,” and inorganic, which was immortal since it was not alive. The temporal finiteness of organisms was even considered a primordial characteristic: “A living body is a natural body limited in its duration, organized in its parts… possessing what we call life, and necessarily doomed to lose it, that is, to suffer death, which is the end of its existence.”8

We shouldn’t think, however, that Lamarck and Bichat agreed about the status of death, though both considered it a programmed part of life. Lamarck rejected vitalism: “Nothing is more unlikely, and in fact, is less proven, than this supposed ability that one attributes to living bodies to resist the forces to which all other bodies are subjected.”9 He believed that living matter and raw matter were governed by the same physical laws. If these laws produced extremely particular results when applied to living matter, it was because of the extremely particular organization of living things. There is only one type of natural law, namely physical laws; only those circumstances under which they are implemented change. Lamarck’s position was more philosophical than empirical10 as he had no specific data on the particular way in which living things were organized, and even less on the origin of life, which remains one of the most difficult questions of biology. Lamarck did, however, reject the idea that the organism was constantly opposing forces of death that were purely external: “It is not true, as has been said, that everything surrounding living bodies tends to destroy them.”11 Lamarck refused to see only destructive conflicts between the organism and its environment. His reflections on the adaptation of species to their habitat led him, as we know, to formulate one of the first coherent theories of the evolution of living things. In the same text, he looked at the fundamental problem of the distinction between natural death and accidental death, stating that “the cause that essentially leads to the death of each living body is within it, and not outside it,” because “it is the peculiarity of life to lead inevitably to death.” Lamarck placed death directly within the living, rather than making it the inescapable final effect of murderous exterior forces that gradually replaced supposed vital forces. According to Lamarck, then, death was, if possible, even more inescapable.

Lamarck’s path and posterity are somewhat poignant. In his Esquisse d’une histoire de la biologie,12 Jean Rostand notes that “the personality of Lamarck, despite his great value as a botanist and zoologist, had something that inspired mistrust in rational men… In the area of chemistry, in particular, his opinions bordered on the ridiculous… he wanted to ignore the discoveries of Lavoisier, whom he combats with the naïve assurance of the self-taught.” It is true that Lamarck, at the age of seventeen, had chosen to be a soldier! Quickly promoted to officer for his heroism in Germany, he was later seriously wounded and had to leave the army. In Paris, he dabbled in everything—banking, journalism, music, medicine, meteorology, botany, and the list goes on. His book Flore Française attracted the attention of Buffon, who had him appointed to the Jardin du Roi (the future Jardin de Plantes [Botanical Gardens]) in 1781. He became professor at the Museum of Natural History founded by the Convention, and in 1829 died blind, poor, and unknown. The successive reactionary regimes at the start of the century did not appreciate Lamarck, who had studied botany with Jean-Jacques Rousseau, and owed his professorship to the Revolution. From all points of view, “he came too late, he was an eighteenth century biologist lost in the nineteenth century” according to the historian André Pichot.13 With a little more distance, the influence of this scientist, who might have been considered the first true biologist, remains difficult to evaluate. His statue in the Jardin des Plantes in Paris was dedicated, in 1908 “to the founder of the doctrine of evolution,” but his ideas on this subject are used today primarily as a foil to present Darwin’s ideas, which have subsequently prevailed.14

There is no doubt, however, as to the influence of Claude Bernard, considered the founder of modern physiology. The “Bernardian Revolution” was a major scientific event of the second half of the nineteenth century, and Bernard died much decorated with honors. Bernard was a professor at the Collège de France and at the Museum of Natural History, as well as a member of the Académie Française and a senator. When he died in 1878, he was accorded a state funeral. There seems to be no comparison between this son of a winegrower, honored by the Second Empire and the republic, and Lamarck, the self-taught chevalier who disappeared virtually unnoticed, rejected by his contemporaries. It is even more striking to note that for both, the area in which they excelled was not the field that first attracted them. The young Lamarck wanted a military career, though his involvement in the military almost cost him his life. The young Bernard, at the time working as a pharmacist’s assistant in Lyon in order to make ends meet, had a literary soul. He even wrote a tragedy, Arthur de Bretagne. After reading it, the critic Saint-Marc Girardin advised the novice playwright to consider another career. Bernard accordingly took up medical studies. It proved to have been good advice.

More seriously, although Bernard quoted Lamarck infrequently, like Lamarck, Bernard refused to support the idea that there was a hypothetical life force specific to living organisms, in constant opposition to death forces—forces that were purely physical and chemical and supposedly located in the external environment: “It is not at all by struggling against the cosmic environment that the organism develops and stays alive; it is, on the contrary, through adaptation, in accord with this environment.”15 Of course, adaptation is synonymous with effort. According to Bernard, the organism strives constantly to preserve the strict internal conditions required for it to function properly. Thanks to sophisticated regulatory mechanisms, starting with those involved in nutrition, the organism manages to create and maintain its “internal environment” (to use Bernard’s term). This environment, composed by and for cells, succeeds in being largely independent from external variations. By reacting to external variations, the organism cancels them out; by adapting, it becomes free.16 It can be said, however, that because of this dynamic, organisms live both against and as a result of their environment. The environment, then, is simultaneously a promise and a threat: organisms “maintain their organization both because of and despite their openness to the exterior.”17

To illustrate this point of view, Bernard used two aphorisms: “Life is creation,” and “Life is death.”18 The second of these resolutely stated the exact opposite of Bichat’s famous definition—that life is the ensemble of functions that resist death. Indeed, Bernard continued,

in a living being, everything is created morphologically, organizes itself, and everything dies, destroys itself…. The organ is created…. On the other hand, the organs destroy themselves, disorganize themselves constantly, by their very processes…. The first of these two types of phenomena is unique, without direct analogy; it is particular, specific to living beings. The second, vital destruction, is on the contrary physical and chemical, most often the result of combustion, fermentation, putrefaction…. When we want to designate the phenomena of life, we are actually indicating the phenomena of death.


The manifestations of life studied by physiologists, Bernard concluded, consumed the living by the same processes at work “in the corpse after death.”

This death that Bernard reintroduced into life was above all the symbol of the physical and chemical laws that govern inert nature and leave behind a trail of damage and destruction. Similar processes are an integral part of life, even if they involve different procedures and conditions. “Vital destruction” and “organic creation” are both based on fermenting agents.19 “Existence is… nothing other than a perpetual alternation of life and death, composition and decomposition. There is no life without death; there is no death without life.” So what is the specificity of the living, apart from the intercession of particular molecules? It lies in the fact that organic creation is not only “chemical synthesis” but also “morphological synthesis.” It obeys a rigorous plan to construct the organism from a fertilized egg during development of the embryo, and then to maintain the form despite a constant renewal of substance.

Bernard had no explanation for this plan, which he realized was transmitted from generation to generation. He even believed that it was impossible to study experimentally: “We can hardly contemplate vital morphology, since its essential factor, heredity, is not an element in our power, and thus we cannot control it as we do physical conditions and vital manifestations.” Morphology, then, did not fall within the scope of physiology but rather within that of descriptive disciplines such as zoology and anatomy. What was most specific to life, he claimed, eluded scientific method.

Perhaps it is not surprising that Bernard, having decided not to deal with the development of an organism, did not say much about its death. Like his predecessors, he considered obsolescence and death to be general characteristics of living beings, much as he considered embryonic development to be a characteristic of living organisms.20 But to say that death was intrinsic to the living did not explain it any more than the reference to the “vital principle” by Bichat and the vitalists explained life. Their principle was not an explanation, but simply an observation. Death was apparently just the negation of life, to which it seemed to cling by the force of things, like the dark face of a shiny medallion. When life stopped, how could biology—“the science that studies life and living beings while they are living”21—not be reduced to silence?

One of the first people to describe the conditions for an experimental approach to natural death and its causes—and to tackle the issue seriously—was the French biologist (also of Russian origin) Elie Metchnikoff.22 In 1903, Metchnikoff coined the term gerontology to describe the scientific study of aging, as well as the term thanatology (which did not take hold as successfully), to describe the scientific study of death.23 According to Metchnikoff, this area of study was becoming urgent because “with the progress of medicine… future illnesses will not have the same magnitude that we currently see…. The problem of truly natural death, as the end of normal life, will become extremely important.” A disciple of Pasteur, Metchnikoff worked primarily on infectious diseases. The complete eradication of smallpox, declared in 1980 by the World Health Organization, proved that his efforts were partly justified. The definition of “truly natural death,” however, is still not clear, and the distinction between aging and illness is becoming increasingly important.24

Metchnikoff posed several essential questions: What exactly do we mean by “natural death,” especially for species capable of living a long time? Is there is a universal mechanism of natural death? What experimental system will enable us to study death without risk of confusion with other processes, in particular diseases? Unconvinced by observations made on elderly humans or higher order animals, in whom the changes could just as well result from disease as from an internal process of natural death, Metchnikoff preferred to study “beings whose organization is incompatible with prolonged life,” in particular insects such as the silkworm moth. In these moths, death is inevitably natural as long as they are protected from trauma and infection.

But it is incontestably to August Weismann that we owe the most serious investigations, starting in 1881, into the questions that are at the heart of our discussion: If the limitation of existence is not programmed from the outset in the structures of the living, where does it come from? Why, in most species, are living organisms, or even their cells, not immortal? What is the biological significance of death? The evolution of Weismann’s responses to these questions provides a helpful guide on a path strewn with confusion and paradox. This German biologist, basically unknown to the general public, is considered by some geneticists as one of the greatest biologists of all time, for his conceptual contributions in the fields of heredity and the evolution of species.

Born in Frankfurt in 1834, and showing an early enthusiasm for natural science, Weismann first went into medicine, which his parents felt would enable him to earn a good living. He hardly practiced as a doctor but instead quickly devoted himself to biology, becoming a professor at the University of Freiburg in 1866. Starting at about that time, a visual impairment gradually prevented him from using a microscope. Despite his great talent as an experimenter, however, this disease was perhaps providential, since it compelled him to devote himself to theoretical research on the essential problems of biology.

Weismann refused to consider death as a simple established fact, in the very nature of life:25 “We cannot see why the cells do not have an infinite capacity to multiply, which would allow the organism to live forever. Likewise, from a purely physiological standpoint, we do not see any reason why the organism should not be able to function forever.”26 Unlike reproduction, said Weismann, “death is not an essential attribute of the living substance.” Weismann thus completed the reversal of the ancient perspective. He claimed that the true primary phenomenon, without which life was not even conceivable, was reproduction, whereas death was not an essential part of life. Indeed, there are numerous examples that support his claim. Countless large trees have nothing to fear but lightning and chainsaws. If well maintained, bacterial cultures, as well as colonies of certain simple animals that divide by fission, seem eternal.

Accidental or artificial death due to unfavorable external conditions may, however, be considered inevitable in the long term. This outcome, however, is not what interested Weismann. Rather, it was “normal” or “natural” death due to “purely internal causes, programmed in the organization itself, as the normal end of life.”27 While acknowledging that “one of the most thorny problems of all physiology [is] knowing what is the cause of death,” he refined the distinction between external and internal causes, stressing that with age, “certain changes in the tissues damage their ability to function… and end up leading directly to what we call normal death, or result indirectly in death, by rendering the organism incapable of resisting harmful external influences of little importance.”28 Even in the second case, the final outcome is not totally accidental, because the organism has in fact paved the way for its own death, although without specifying the date or the means.


Giving a Meaning to Death
 (Why Does Death Exist?)

Weismann’s work fits directly into the framework of Charles Darwin’s theory of evolution by natural selection, proposed in 1858.29 It was in this framework that Weismann wanted to explain the hereditary characteristics specific to each living species. Longevity is clearly one such characteristic. Why are the life spans of an elephant and a mouse so different? Initially, Weismann sought to understand natural death in terms of direct biological utility, of primary adaptation: “It is only from the point of view of utility30 that we can understand the necessity of death.” And a bit further: “I consider that death is not a primary necessity, but that it has been secondarily acquired as an adaptation. I believe that life is endowed with a fixed duration, not because it is contrary to its nature to be unlimited, but because the unlimited existence of individuals would be a luxury without any corresponding advantage.”31 Since obviously every individual would prefer not to die, the disappearance of the oldest individuals could be useful only to the population or the species to which they belong.

Weismann’s reasoning, in 1881, was appealing: even animals that are potentially immortal nevertheless suffer wounds and injuries that progressively reduce their capacities; they are less and less capable of procreating. It is therefore “necessary that they be continually replaced by new more perfect individuals…. From this follows, on the one hand, the necessity of reproduction, and on the other, the utility of death. Worn out individuals are not only valueless for the species, but they are even harmful, for they take the place of those which are sound.”32 We cannot conceive of a life that is perpetuated without reproduction, since accidents of all kinds eliminate living beings little by little.33 On the other hand, “natural” death is not indispensable. However, because it is programmed into most species, we must try to figure out why it exists—or more accurately, why it appeared.

This first path explored by Weismann was flawed because of its circularity, which many authors (including Metchnikoff) criticized. How can we justify the appearance of a process that eliminates aged individuals? By the advantage provided by eliminating those who are the least capable. But admitting that the “old” are inevitably less capable than the “young” is simply to point out the effect being explained—that age is accompanied by a decrepitude that leads to death—without explaining the cause. The initial hypothesis postulates that the “young” are in better condition anyway: They will take the place of their elders without the need to call on a mechanism dedicated to this end, because the “old” are already disadvantaged when it comes to dangers of all sorts and the competition waged by their younger fellow creatures.




What Good Is Immortality?
 (Why Should Death Not Exist?)

Weismann in fact had done nothing more than shift the question. There was still no explanation as to why individuals shouldn’t be able to completely repair most of their injuries, which is just a way of reformulating the original question, why do the capacities of individuals generally decrease with age? After all, many organisms have considerable powers of renewal and regeneration: look at the legs of certain frogs, or simply our skin’s ability to heal. Why aren’t these capacities more extensive, or more effective? And why do they often decline with age, notably faster in certain species than in others?

Weismann realized that these first attempts to provide an answer were insufficient. His ideas on aging and death evolved considerably over the thirty years that followed his first attempts, in 1881.34 He was definitely on the right track when he suggested that, if an unlimited ability to reproduce was not indispensable, it was extremely likely to be lost. When could this occur? Never in the simplest organisms, such as bacteria, which multiply by dividing into two equal parts. Either both “offspring” have an unlimited ability to reproduce, or neither has. In the latter case, however, the species would not survive long. It is clear that a bacterium can at no time, through the generations of its descendants, survive without the ability to reproduce. The loss of this ability could be due only to an ultimately fatal accident.

This scenario is completely different for multicellular organisms. As Weismann wrote in 1883, most of a multicellular organism’s body may be viewed as nothing but “a secondary appendage of the real bearer of life—the reproductive cells.”35 Only these cells “are potentially immortal, in so far as they are able, under favorable circumstances, to develop into a new individual, or in other words, to surround themselves with a new body (soma).”36

In more erudite terms, Weismann distinguished between two major classes of cells: “germ” cells, which are directly involved in the reproduction of the organism, and “somatic” cells (from the Greek soma, which means “body”). This distinction between germ and somatic cells is the foundation for Weismann’s best-known contribution to biology, involving the science of heredity, which was still in its infancy at that time. In this work, we look only at the prospects that this distinction opens for understanding aging and natural death in living organisms.

The key to the problem was recognizing that all that matters, to ensure the succession of generations, is the immortality of germ cells. The rest of the body, the soma, need not be eternal. It is not eternally indispensable: it could in theory disappear as soon as it has transmitted its eggs, or its sperm or pollen, thereby producing at least one descendant and bringing it to reproductive maturity to ensure the continuity of the line. The immortality of the soma is accessory. But does this explanation show how immortality was lost?

In chapter 4 we examine the arguments that allowed Weismann, and many authors after him, to respond to this question in the affirmative. For now, let’s look more closely at what is meant by the potential “immortality” of the reproductive cells. The word immortality has a specific meaning in modern cellular biology: It designates not eternal survival but rather the capacity for unlimited cell division. When we say that germ cells are immortal, we recognize the continuity of the cell line—which, from the fertilized egg, forms the sex cells that in turn provide the potential starting point for the next generation. This immortality, however, is only potential and partial. It is potential because no individual of any species can be absolutely sure of reaching reproductive maturity, and then of finding a sexual partner (which in general is necessary) and finally leaving a viable descendant that itself reaches reproductive maturity. It is partial, because in each generation (except in certain modes of asexual reproduction), there is a combination of the maternal line and the paternal line. Whatever the case may be, this specific immortality of the germ line is indispensable not only for the preservation of the species but also for the preservation of life. As Weismann put it, somewhat poetically, life “since… its first appearance upon the earth, in the lowest organisms, has continued without break; the forms in which it is manifested have alone undergone change. Every individual alive today—even the very highest—is to be derived in an unbroken line from the first and lowest forms.”37





Death of Cells versus Death of the Individual

By insisting on the role of cells in the aging and death of organisms, Weismann laid the groundwork for research that continues today. However, the link between cell death and the death of the organism has proven to be more complex than he imagined, and remains a controversial issue.38 A simple diagram can illustrate the complexity of the problem. It is based on two pairs: life/death and cell/organism. Between the death of the organism and the death of its cells, the relationship seems quite obvious: the former results in the latter, immediately or shortly thereafter. Most cells are often in good condition at the time of an organism’s death, but when the organism dies, so do they. In Weismann’s period, cells were recognized as the basic unit of all living beings.39 Bernard had already suggested that “that which dies, like that which lives, is definitively the cell.” However, he believed that cell death in general was the consequence only of an injured, sick, or aging organism’s inability to maintain the composition of its internal environment. This rule had certain nuances. The death of the individual could sometimes be attributed to the death of certain essential cells, such as cardiac or nerve cells. But Bernard supposed that death was above all a global phenomenon that was not based on the autonomous functioning of the cells. Usually, the cells simply suffered the consequences of death.

Weismann, on the other hand, emphasized the inverse relationship between cell death and the death of the organism. He started from the observation that “the cells that form the living tissue base wear out as a result of their activity and function.” Worn-out cells are normally replaced to maintain the integrity of tissues, which are thus constantly being renewed; but the cells themselves ultimately wear out because “the ability of the cells of the body to multiply by dividing is not infinite, but limited.”40 This fact does not mean that the immediate cause of death is the halt of cell multiplication. Simply a slowdown can disrupt the replacement of worn-out cells. Certain vital functions are no longer being ensured, long before the final limit of cell division is reached. In any case, Weismann’s hypothesis led him to see “the natural death of an organism [as] the termination—the hereditary limitation—of the process of cell division, which began with the segmentation of the ovum.”41 Death is the final step in a life plan that starts with fertilization; it is written into the fate of each cell.

Weismann considered that death was programmed in multicellular beings through an intrinsic limitation in the ability of their somatic cells to multiply. That limitation was made possible by “the division of work” introduced by the first differentiation processes between somatic cells and germ cells. Only germ cells must imperatively be immortal. Furthermore, he suggested that the maximum size of the individuals of a given species could be determined in the same way as their maximum longevity, reducing “the limitations of the organism in both space and time to one and the same principle.”42 Is it not necessary, he reasoned, to regulate the natural ability of cells to proliferate for the organism to maintain a size compatible with the physiological and physical constraints affecting it? Not the least of which is gravity: an elephant-sized bird would certainly not be able to fly!

In 1932, Bidder reiterated Weismann’s suggestion on size control in adult organisms, observing a correlation between the indefinite growth of certain animals and their apparent absence of aging.43 The animals in question are often aquatic species, such as fish (e.g., scorpion fish, plaice, sturgeon), lobsters, certain mollusks, and perhaps some amphibians, all of which are less subject to the constraints of gravity. Any swimmer can appreciate the sensation of weightlessness in water, described by Archimedes’ principle. Likewise, if the size and longevity of numerous plant species do not seem intrinsically limited, it may be because these plants do not have to fight against the earth’s attraction in order to move about. Bidder proposed that aging and natural death in most species are simply side effects of the regulatory mechanisms that have been designed to limit growth—to prevent growth in excess of the maximum tolerable size at adulthood. Once the adult size is reached, these same mechanisms end up limiting the cell division required simply to renew the tissues. A mechanical image can be used to illustrate this idea. The tendency to grow is an accelerator, and brakes are supplied to compensate. Once growth has stopped, the brakes “regrettably” remain on, and their action ultimately prevails, definitively halting the machine and leading to death.

This tension, this fragile balance between the brakes and the accelerator, is indeed found within the cells, in the complex interactions that favor cell proliferation (oncogenes) and those that block it (anti-oncogenes). At the organism level, however, there is hardly any experimental support for Bidder’s conjecture today. It is not the size of organisms that directly determines their life span. The proposed link between indefinite growth and longevity has nevertheless provided rich teachings, and contemporary biology has confirmed most of Weismann’s intuitions on cell aging and its role in aging in general,44 although some controversy remains on this issue.

We cannot present the history of these ideas without mentioning the French surgeon Alexis Carrel, Nobel laureate for medicine in 1912, who that same year published an article titled “On the Permanent Life of Tissues outside Organisms.” The repercussions from publication of this work were immense. In it, Carrel directly contradicted the theories of Weismann45 after discovering that cells removed from a chicken survived and reproduced in culture much longer than the life span of the animal itself. It was not until 1961 that Carrel’s work was questioned seriously, and longer still before the likely origin of his error was recognized. Rewriting history is always dangerous. And yet, if Weismann’s ideas had been accepted as they deserved to have been, the biology of aging might have progressed much more rapidly. Carrel’s “demonstration” seriously discredited Weismann’s theories, thus diverting biologists from the study of cell senescence. The theoretical, even conjectural nature of Weismann’s work also gave rise to skepticism, at a time when experimental biology was seeking, not without difficulty, a concrete—and manipulable—substrate of heredity. History, with a capital H, could also have played a role. When World War I broke out, only two years after Carrel’s initial publication, Weismann, as an ardent German patriot, gave up all the scientific distinctions awarded by the “enemy.” He died that same year. His attitude and the fact that his articles were originally published in German may also have alienated non-Germanists.

Up to that point, the fact that cells wore out and disappeared was mentioned only to explain why individuals that were formed by cells deteriorated and died—or, inversely, cell death was considered a consequence of the individual’s death, which progressively led to the metabolic shutdown of all its cells. But let us return to the two pairs proposed earlier. There is theoretically a conceptual quasi-equivalence between cell death and organismal death, as the death of an organism’s cells is at once inevitable and inevitably negative for the individual. Cell death is apparently related only to pathological phenomena, or is only a marginal phenomenon in normal individuals. All that remains is to acknowledge the same equivalence between cell life and organismal life, and our diagram is complete.

It turns out that such a simple diagram is radically wrong. In fact, cell death plays a crucial role in the life of the individual, both during embryonic development and in adults. Symmetrically, the uncontrolled survival of a cell that should have died may place the organism in danger of dying.46 The best known example of this is cancer, but there are others. The life and death of cells, and of the individuals they form, in fact have a much more subtle relationship than we had imagined. It has taken a long time for this subtlety to impress itself on the scientific community. Despite the many prior experimental indications pointing to the physiological role of cell death,47 researchers had trouble recognizing the scope of this role; they showed even more resistance to this idea than to the concept of cell senescence. It is interesting to compare this change in thinking to the attitude concerning the death of individuals. Many people—biologists and others—have come up with ingenious explanations (though without any tangible proof, as we will see in later chapters) asserting that the death of individuals provides some potential advantage to the species. And although indications regarding the utility of cell death were there all the while, researchers long refused to consider this possibility, since it did not fit in with their intuitive diagram of the cell as a basic unit of living things. They simply could not believe that a cell could be deliberately programmed to die.
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  CHAPTER TWO


  The difficult measure of biological time


  

    


  


  Or, Getting Old Is Like Dying a Little… More


  

    The reader may be surprised that we have to devote an entire chapter to defining aging. Didn’t we say that our main topic was death? And after all, doesn’t everyone have ample indirect or direct personal experience with aging every day? But let’s take a look at the sometimes unexpected connections between death and aging.


    Defining aging turns out to be a much more difficult exercise than one would first imagine. Getting old is easy, one might say; you just have to live long enough. Accelerated-aging diseases, such as progeria or Werner’s syndrome, reduce the wait to just a few years. They show a sad and blindingly evident caricature of the ravages of time. The effects of aging are also evident in ninety- or one-hundred-year-olds, who are the subjects of many genetic studies on longevity.1 Even when people that age are in very good health, they are indubitably old. Their exceptional longevity seems, however, to be proof that they have aged less, or better, or more slowly, than average. But this “measurement” is taken after the fact, when almost the entire age category has passed away. To say that the survivors are more resistant to aging is tautological. It must be possible to define the aging of an individual other than by comparison with those who are already dead! We will see that this task, which appears so simple, has up to now proven to be impossible. Nothing measures the aging of an organism more accurately than the passage of time.


    

      
Aging and the Passage of Time


      In some languages, such as English and German, people start getting old literally at birth, as in the question “How old are you?” The passage of time certainly has something to do with aging and death. To clarify this connection, let’s start with the simplest living beings, bacteria. They reproduce by symmetrical division to create new identical cells. In this case, how can we talk about aging, since there is no individual2 whose existence can be followed over time beyond the few hours, sometimes even minutes, that a generation lasts? Only distinct, unequivocally identifiable individuals can age and die. As François Jacob stated, “bacteria do not die. They disappear as an entity: where there was one, there are suddenly two.”3 It is difficult to conceive of death that leaves behind no corpse.


      Still, the notions of death and age may have a meaning even for bacteria. Antibiotics and antiseptics are capable of killing bacteria. If a bacterium finds no more food, it ends up lysing—literally, it empties its contents, and its membrane dissolves. This is the clearest, most irremediable sign of the death of a cell. Also, certain bacteria have the ability to form a spore by a particular type of division. The spore is a resistant version of the bacterium that can survive a lack of food or extreme temperatures. It resumes multiplying as soon as the situation improves. How long can this lethargy last? The discovery in 1995 of bacterial spores twenty-five million years “old” suggests that there is virtually no limit other than that imposed by the physical preservation of the spore. Even if this spectacular result has not been confirmed, it gives us the opportunity to ask ourselves about the use of the word old. Their life having been suspended, the spores were comparable, for all these years, to a few fragments of inert matter. They are old in the same way that mountain ranges (like the Appalachians) or fossils are old: They have not really aged in the biological sense of the word. It would be better to say that they are ancient, and that they have been brought back to life, because they did not really live all those millions of years.4 Their resurrection is just as great a feat as their ancientness. Death is defined here by the inability to bring the spores back to life. The more time that has elapsed, the lesser the likelihood that they would survive more or less intact, still able to produce living bacteria.


      Everyone knows that the passage of time is accompanied by spontaneous changes that generally move in the direction of destruction and disorder. Physicists have provided a rigorous foundation for this intuition by developing a precise measurement for disorder, called entropy. The second law of thermodynamics says that a closed system can move only to a higher state of entropy (or, at best, remain stable, but only under certain unrealistic conditions that need not be discussed here). In much less scientific and less abstract terms, any set of objects, whether they be atoms, marbles, or galaxies, seek to occupy all the space available to them, taking into account the interactions that exist among the objects. Any ordered structure within this set ultimately disappears. This principle is how classical physics defines the arrow of time. The more time passes, the lesser the likelihood that a bacterial spore (or a fossil, or a treasure) will be found intact. This result has nothing to do intrinsically with the spore or the fossil or the treasure, except in terms of its initial ability to passively resist the ravages of time.
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