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ABSTRACT

Trade-offs are widely recognized in biology, but the rules that govern them are
not yet well understood. Increased predictive power can be gained by treating trade-offs
as emergent phenomena governed by laws that are also emergent. The law-like nature of
trade-offs becomes evident when we subdivide examples by type.

Trade-offs can be A) probabilistic (e.g. the darkest individual in a population will
rarely be the biggest), B) based on the mutually exclusive allocation of resources (e.g.
roots vs. shoots), or C) based on extrinsic design limitations (e.g. high efficiency vs.
extreme robustness). Only design trade-offs are law-like, although the other two types
may be transformed into design limitations given strong selective pressures.

Between every two fitness-enhancing characteristics of an organism or
mechanism, a design trade-off must logically exist, preventing simultaneous
optimization. Selection’s tendency toward optimization reveals that fraction of design
trade-offs we come to empirically recognize. A particular trade-off can be evident both
within and between species. Trade-offs may be obscured by insufficient selective time,
noisy or fluctuating selective environments, and weak selection pressures.

A natural parallel exists between trade-offs in space, and in time. The interrelation
between these phenomena on the one hand, and niche-partitioning, competitive
exclusion, character displacement and phenotypic plasticity on the other is also
considered.

Chapter One describes the proposed theoretical landscape. Chapter Two describes
a senescence-causing trade-off between cancer prevention and tissue-repair capacity in
vertebrates. Chapter Three relates the latitudinal diversity gradient to a gradient of design
constraints that is a consequence of environmental fluctuation positively correlated with
latitude on all relevant time scales. A natural reconciliation between niche assembly and

community drift is proposed, and the effects of mate choice on diversity patterns is
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considered. Chapter Four argues that facultative human moral self-restraint is an
evolutionary response to an inescapable trade-off between the component of fitness that
results from success in competition within one’s lineage, and the component that derives

from the success of one’s group in competition with other lineages.
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Chapter 1

EVOLUTIONARY TRADE-OFFS AS A CENTRAL ORGANIZING
PRINCIPLE IN BIOLOGY

Trade-offs are negative relationships between desirable characteristics, and are
widely recognized across biology, but there is much about them that remains unclear. The
potential importance of trade-offs as an organizing principle has been discussed, and
previous attempts have been made to sketch the landscape (e.g. Stearns, 1992, pp. 72-90),
but much of the explanatory power of trade-offs remains unmapped and untapped. What
follows is an attempt to increase the utility of the trade-off concept by subdividing the
concept into natural types.

One of the reasons that trade-offs are incompletely known within biology is that
even the simplest biological organisms are unimaginably complex. Because we are
always working with a crude and incomplete understanding of the adaptations that
comprise a given organism, the natural tendency of evolution to modulate and balance
competing concerns may be obscured.

Additionally, as Stearns (1992) observes, trade-offs may be hidden by the way in
which we study. One might easily get the wrong idea, for example, about the well known
trade-off between a plant’s allocation of resources to above-ground and below-ground
structures. Clearly an individual plant must allocate each unit of resource in one direction
or the other, so there must logically be a trade-off. But you would not get that impression
if you measured the masses of roots and shoots of individuals sampled as you moved
from high altitude to low, because plants of a given species will tend to be larger in all
regards at lower altitudes, so root mass and shoot mass will be positively, rather than
negatively, correlated. In order to see the trade-off, we must control for variables that

either encourage or tax the plant as a whole.



One solution to the problem of trade-offs obscured by complexity (including
those masked by other variables) is to step out of the traditional boundaries of biology
and into parallel realms in which trade-offs are better understood. Engineers, for
example, work with trade-offs on a daily basis. And it is quite common to hear agreement
among them regarding principles, even laws, that have equal reason to be expected in
biology.

It is commonly asserted in engineering, for example—from computer science to
aviation—that two properties of a machine, program or mechanism can not be
simultaneously optimized. There is, however no such consensus in biology, and that is
striking because the corollary of that idea, Macarthur’s (1961) Jack-of-all-trades
principle, is known and accepted, strongly implying the applicability of the stronger
version from engineering within biology.

It is possible that there is some threshold of complexity above which these
engineering principles cease being applicable, but that constitutes special pleading unless
evidence of such thresholds emerges between the level of the most complex machines,
and the simplest organisms. Until then, we are justified in cautiously peering into fields
where the complexity is simple relative to the noisy biotic systems we primarily wish to
untangle (Csete and Doyle, 2002).

The other advantage of learning from engineered machines about the constraints
that shape the adaptive landscape (what engineers sometimes call ‘design space’) is that,
unlike biological organisms, one can have a very complete understanding of exactly what
each feature of a machine is intended to accomplish. That just isn’t the case in biology—
the dewlap of an Anolis lizard is a signal, but of what? That is unclear. And without
complete knowledge of the advantage provided by a trait, it is difficult to do a
cost/benefit analysis, which is at the core of understanding how any product of adaptation
trades-off against any other.

Trade-offs can usefully be divided into three types, probabilistic trade-offs,
allocation trade-offs, and those trade-offs arising from inherent design-constraints. And
dividing trade-offs in this way allows us to see that each has unique properties that must

influence how they interact with adaptive evolutionary forces.



Probabilistic trade-offs are the weakest of the three, and many such trade-offs will
be dismantled if sufficient selective advantage arises from doing so. Suppose, for
example that a female frog prefers males that are unusually large, and at the same time,
males that are unusually blue. And suppose further that size and color are largely
independent polygenic traits. From that female’s perspective, preference for large size
and blue color are likely to trade-off against each other. There will, for obvious reasons,
be few individuals in the remote right tail of the distribution for size, and there will be
few individuals in extreme blue tail of the color distribution. As a consequence, she is
likely to have a very difficult time finding individuals in both tails and, as with any trade-
off, she will have to prioritize the two considerations. That being said, if size and color
are not at odds for some functional reason, then selection by females could produce, over
time, large, intensely blue, males, thus eliminating the initial trade-off. If on the other
hand, there is a significant fictional relationship between size and color such that being
extreme in one regard has costs with respect to the other, then the probabilistic trade-off
will be converted into either an allocation trade-off, or a design constraint trade-off
depending on the functional nature of the relationship.

And the same can be seen in the world of machines. The likelihood that the
camera with the best light-metering will be the camera with the sharpest lens will initially
be low, unless there is demand for a camera with both an unusually sharp lens and an
unusually powerful light-meter, in which case, there being no obstacle to the production
of such a camera, one might well be built.

The second kind of trade-off, the type arising from the allocation of a limited
resource, is illustrated by the root/shoot example above. This is the type on which
Stearns’ (1992) review of the topic is primarily concerned. Allocation trade-offs arise in
any instance where a resource must be divided amongst competing concerns. The
existence of such trade-offs does not therefore depend on the past action of selection—an
allocation trade-off says nothing at all about the value of any particular division. A family
could spend twenty percent of its budget on food, ten percent on housing, investing the
remainder in lottery tickets and that would qualify as a three way trade-off, even though
the budget makes no financial sense. Likewise, an individual songbird could spend all its

time searching for mates out of season, thus failing to forage sufficiently to maintain



homeostasis and the trade-off would be just as real. Of course, in general, the division of
resources exhibited by organisms will quickly honed by selection to reflect an adaptive
division of the resource. The reproductively optimizing force of selection will tend to
convert such trade-offs into something that behaves like a design-constraint trade-off
(described below), with one important difference: allocation trade-offs can be eliminated,
at least in the short term, with supplemental resources. This is why the root/shoot trade-
off is obscured by changes in altitude—lower altitudes act like a supplement of resources
above that available at high altitudes. One can see the same effect using fertilizers,
supplemental light, water, etc. And the analogy holds into the realm of machines.

Consider the plight of a photographer trying to capture a picture of a moving
object while maintaining a large depth of field, such that things at various distances from
the camera are in sharp focus. The amount of light needed to get the right exposure is a
simple sum affected by two parameters, the time the shutter is open, and the size of the
aperture in the lens. For a given level of incident light, a particular exposure is required.
If the variables were continuous rather than discrete, then there would be an infinite set of
combinations of lens openings and shutter-speeds that would yield the right exposure.
But the particular combinations would yield different costs and benefits. Those
combinations with large apertures and fast shutter-speeds would freeze motion, at the
cost of a narrow depth of field (only a narrow band of objects at a given distance away
would be in focus). While, slow shutter speeds with small aperture openings will give a
large depth of field, at the cost of moving objects being blurred. But the trade-off
between depth of field and the freezing of motion evaporates if we supply large quantities
of extra photons (as with a flash), allowing us to produce the same exposure with the lens
opening small and the shutter set to a brief period.

The final trade-off type is the design-constraint trade-off. These trade-offs occur
simply because the same form cannot be optimized for two different tasks
simultaneously. Unlike the other two types, trade-offs that derive from design constraints
are emergent phenomena, unobservable until revealed by selection of sufficient strength
and duration to bump species up against them. The most important aspect of design
constraint trade-offs is that they are insensitive to resource supplementation, and thus

produce hard limits on what selection can and can not do. There are two important sub-



categories within design-constraint trade-offs: the degree of hardness is not universal.
Some design-constraint trade-offs are local optima that can be exceeded once an
‘innovation’ arises that allows circumvention. Others are global limits that can not be
exceeded for non-biotic reasons.

Design-constraints are likely to be the richest form of trade-off in terms of
untapped explanatory power, because they exist inherently at the frontier where the biota
meets its limitation. They are, in a sense, the primary geological force acting on the
adaptive landscape—Dawkins’ metaphor of Mount Improbable may explain how simple
processes can produce instances of mind boggling complexity, but design-constraints are
the reason Mount Improbable takes the shape it does, why creatures don’t rise forever
toward functional perfection.

But design-constraint trade-offs are also the most easily misunderstood because,
unlike allocation trade-offs that exist irrespective of selection, and unlike probabilistic
trade-offs that are destroyed by selection, design constraints are invisible until the
particular quadrant of the adaptive landscape in which they exist is explored by selection.
And an invisible trade-off may be mistaken for non-existent in the absence of a good
theoretical basis for imagining what must be there. If we mistake the revelation of a
trade-off for its invention, then we miss their most powerful feature: we do not have to
ask if there is a trade-off between capacity A and capacity B of an organism, nor should
we be surprised when we find that there is. We are in an important sense justified in
expecting these limits to exist between every two functional adaptations. And though
many of these of these hidden relationships may be insignificant in their effect, a large
number are, in one way or another, central to the way species divide time and space.

Examples are the key to understanding design-constraint trade-offs, and there are
many to choose from. Let’s start with the evolution of flight in bats from a gliding
ancestor. True powered fight is superior to gliding in many important regards. A flyer is
both more agile and more efficient than a glider, but between agility and efficiency, there
is a well established trade-off: agile bats (e.g. flower visiting Glossophagine bats, which
could properly be called ‘humming bats’) have short paddle like wings, while open space
bats that travel long distances, have long narrow wings (e.g. Molossid bats that roost in

very large colonies and must therefore fly farther to escape the intense local competition



for food). And no matter how well fed an animal is, there is no apparent way to evade this
trade-off, wings are either optimized in the direction of efficiency or in the direction of
agility, or they are a compromise between the two.

Significantly, birds show the same pattern, hummingbirds and frigate birds
representing their respective ends of the same trade-off. And the fact that organisms
discover extrinsic limits that are the same has deep implications within evolutionary
ecology. The fact of a high degree of lottery competition (Hubbell, 1997) existing in
habitats that also apparently favor a high degree of specialization (Fine et al, 2006) is
easily reconciled given the existence of extrinsic limits that constrain all taxa that reach
them.

But the diversity we find along a given design-constraint trade-off (different
organisms having evolved to accept different points on the spectrum of possibilities),
coupled with the paleontological evidence of the evolutionary trajectory taken by the
lineage on the way to the trade-off, suggests another important pattern. Birds and bats are
both thought to have evolved from gliding ancestors. And it stands to reason that the
emergence of powered flight, a complex trait, would initially have been crude—both
inefficient and clumsy. And as selection refined the trait, the intermediates would have
been increasingly agile and efficient, on average, each generation slightly more so than
the last. Creatures from this phase of evolution would appear not to be choosing between
mutually exclusive advantages, but rather improving generally.

And we have seen this same pattern in machines. The Wright Flyer (the first
successful powered airplane) was both incredibly clumsy and inefficient, and also the
first to take to the air because it was less so than any competing design. That initial
innovation over successful gliding designs engendered almost unimaginably rapid
refinement. At first there were not many types of planes, all planes carried one or two
passengers exposed to the air, and little else. But, these designs allowed furious
refinement, improving all the characteristics simultaneously. Ultimately, of course, trade-
offs did emerge and designs diversified, carrying a large load necessitating a substantially
different design than avoiding enemy fire, to take one example.

Another important pattern can be gleaned from the history of aviation. There have

been numerous innovations that allow designs to evade some previously limiting barrier.



The ailerons supplanted the Wright brother’s wing-warping technology, increasing the
maneuverability of planes. Tricycle landing gear replaced tail-dragging designs,
improving control and safety. And similar claims can be made for jets over propellers,
swept wings over perpendicular ones--the full list being extremely long.

There is also something interesting in the fact of certain designs persisting within
‘niches’ despite the existence of designs that are, in one sense or another, superior. Many
propeller-driven planes persist and ‘outperform’ jets for tight maneuvering and low
overall cost. And other types of niches also exist amongst machines. Helicopters are
useful where no runway is available for takeoff and landing, but this comes at a cost in
terms of the upper limits of the design. The upper limits for helicopter speed are quite
low compared to the limits on planes because, as the speed of the aircraft approaches the
speed of the tips of the rotor through the air, the retreating blade (the one moving in the
opposite direction) is effectively standing still relative to the air, thus generating no lift,
causing the aircraft to flop over. So, we can recognize a second trade-off in this machine
example, between the fast flight and the ability to land in a confined space, and this one is
the basis for a type of niche partitioning, much like the inversions of competitive
dominance we see between congeners in some habitat pairs (Fine, 2006).

Given the above arguments, design-constraint trade-offs become the most
profitable focus for a biologist. What pattern should we expect of design trade-offs in
complex entities? We have already touched on the fact that engineers expect the
optimization of any particular parameter to have negative impacts on the upper limits
possible for every other parameter, suggesting a universality to trade-offs—between
every two desirable characteristics, there exists a trade-off that can not be exceeded. This
claim strikes many biologists as a bridge too far, there being no intuitive currency to the
idea that coat color should negatively impact speed, for example. But the reality is that
there are feedbacks that force such a theoretical relationship to exist, even if it is not
manifest in living examples. Coat color is, after all, related to the tendency of a creature
to lose or retain heat. It also has a metabolic cost, and the apparatus that assembles
pigments no doubt involves mass that must be carried. But the fact of pair wise trade-offs
being ubiquitous is hidden by two facts within biology. First, organisms are never

optimized for a single task, but instead must succeed in at least several ways to pass on



their genes at all. Second, some trade-offs involve inherent negative relationships, but
with a bargain at one end such that evolution clumps all creatures at the same end.

Consider the claim that there is a trade-off between the safety and the efficiency
of a car. It is true that you can remove the seatbelts and airbags from a car, and improve
kilometridge by so doing. But the gains are so small and the cost in terms of safety are so
large that no reasonable person would do it. On other hand, reasonable compromises can
be made between these same two parameters. All else being equal, smaller cars are more
efficient and less safe because A) in a collision the smaller the object, the more violently
it is accelerated in a new direction, and B) because it necessarily has less deforming
material with which to dissipate the force of impact. The fact of a significant trade-off
and a trivial trade-off surrounding the same two parameters, safety and efficiency, is
instructive. It implies that trade-offs are not always straight lines as we typically
conceptualize them. Instead, they are more likely to abide by the law of diminishing
returns, whereby increasingly extreme measures produce accelerating costs as one moves
farther to either end of a given trade-off—much as you can make an efficient car that is
very unsafe, you can make an unbelievably safe car that is too expensive to drive. We, of
course, do neither and diversity is only seen in that middle ground where reasonable
people can disagree, or where different tasks demand different priorities.

And that may be the most important thing to know about trade-offs. The reason
we see so many implied by biotic diversity is likely related to the fact that a diminishing
returns curve stretched between two desirable characteristics has a central section over
which the tangent is close to 45 degrees (see chapter 3). We are likely to see diversity in
and around that section, but not at the ends such that we don’t even intuit the existence of
the ends—the ends are purely theoretical, selection driving species toward the center
where reasonable species can differ over particular strategies, divvying up space and
dime in ways that demand explanation.

What follows are three chapters that tackle four significant questions with the
same broad concept of trade-offs. Each involves a problem within evolutionary ecology
(broadly defined) that has, at least in some regard, persisted for a long period without a

consensus emerging about its evolutionary solution.



Chapter two involves a hypothesis that cancer, rather than being one of many
effects of senescence, is actually the opposite of senescence. Building on George
Williams’ theory of antagonistic pleiotropy, the chapter proposes that the risk of cancer in
early life is far greater than recognized, and that complex and highly effective
mechanisms have evolved that constitute a tumor failsafe, reining in runaway cell lines so
that they rarely interfere with our ability to reproduce. The specific mechanism proposed
involves the shortening of telomeres with each cell division in most somatic tissues of
vertebrates. Selection adjusts the upper limit on cellular reproduction, the Hayflick limit,
on a tissue by tissue basis such that each tissue exhibits an independent balance along the
design-constraint trade-off between tissue repair, and tumor resistance. When this
hypothesis was first published, it was a radical idea. In the years since Weinstein and
Ciszek (2002), many aspects have been tested and the idea now enjoys wide acceptance,
though there is still disagreement about whether this is the central mechanism underlying
vertebrate senescence, or one of several.

Chapter three seeks to explain the latitudinal diversity gradient using the logic of
design-constraint trade-offs. It is based in two central ideas, the first being that wide
climatic fluctuations on all relevant timescales in the temperate zones creates an temporal
hazard which resist adaptive solutions. As species evolve toward competitive efficiency
during mild periods (e.g. interglacial) they shed the robustness factors that got them
through the last harsh bottleneck (e.g. glacial period) because those factors have a cost in
competition and no present benefit. That renders such species vulnerable to extinction
when the harsh conditions return. Creatures that resist this tendency become vulnerable to
competitive exclusion during mild periods, and the oscillation between mild and harsh
conditions sets up waves of extinction, there being no level of compromise between
robustness and efficiency that resists both hazards indefinitely. The second set of
arguments in this chapter surround the ‘jack of all trades’ principle and its consequences
in relatively stable environments where competition exerts constant selective force in
favor of specialization. It is argued that such selection is likely to break up widely
distributed generalist species in tropical habitats into narrowly distributed specialist

fragments through parapatric speciation (see Fine, 20006), likely facilitated by reinforcing



selection exerted by females choosing males that exhibit evidence for adaptation to the
local environment.

Chapter 3 further addresses questions related to sexual selection. Females are
thought by most models of sexual selection to favor males on the basis of honest
indicators of good genes from which their offspring would benefit. But, if females
disfavor males that carry ‘bad’ genes, generation after generation, then bad genes should
become uncommon, rendering most of the efforts made by females in this direction a
needless expense. That expense should favor females that are indifferent to indicators of
quality because they get the benefits of past female choosiness without present cost. That
should trigger a wave of female indifference, which should set the stage for bad genes to
creep back in, drifting to increasing prevalence, at which point, female choosiness should
become increasingly valuable and, therefore, common. Yet we don’t see evidence of
waves of female indifference in species with choosy females. And there is a second
problem with such models. If good genes are indicated by costly displays in males, then
whatever advantage they provide to a female’s offspring must be diminished by the cost
she inflicts on her sons by favoring costly male display. Unless the benefit to daughters
outweighs the cost to sons, the displays and the preference for them should both be
disfavored. In this chapter I propose two, compatible hypotheses to account for female
vigilance in mate choice. The first involves the recognition that, especially in stable
habitats (e.g. relatively aseasonal tropical habitats), ‘good genes’ are likely to be defined
relative to local conditions that favor optimization in one direction in location A and,
because of the trade-off principle, an divergent direction in location B (e.g. Fine, 2006;
and see Hereford, 2009 for review of evidence of local-adaptation) Females in these
locations are likely view a given male in opposite terms. If his genes are superior at A,
they are likely to be inferior at B and visa versa. By imagining a local rather than global
meaning to ‘good genes’ female vigilance becomes the expectation. Males from other
locations are likely to be locally inferior, no matter how robust the may appear. And the
fact that such males are always being created in adjacent habitats forces females to
discriminate in every mating period.

In widely fluctuating habitats, a different explanation is proposed. The tendency

of temperate lineages to evolve towards decreased tolerances during mild periods creates
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the hazard discussed in chapter 3. But females are in a position to resist that tendency,
thus retaining robustness factors in their lineage if, as a period of harshness recedes, they
exhibit a preference for males with excess capacity demonstrated through costly display.
In this way, females can function as a ‘tensioner’, compensating for the relaxation of
selection that accompanies mild periods. A key prediction of this evolutionary tensioner
idea is that such displays should be recoverable such that males can skimp when times
are harsh (redirecting effort and materials toward survival), and display full strength
when times are good.

The final chapter describes a trade-off proposed to underlie moral self-sacrifice in
humans. It derives from the fact that ancestral humans had little ability to leave their
group and thus virtually all human fitness depended in the long run on the well being of
that lineage. That linkage implies that human fitness is a vector comprised of two
components, the two existing in a trade-off relationship. One component of a human’s
fitness derives from the person’s level of competitive success within that individual’s
group. The other derives from the success of one’s lineage against other lineages.
Jockeying for position within the lineage necessarily comes at a cost to the lineage. Thus
David Lahti and I (Lahti and Weinstein, 2005) propose a model in which humans monitor
threats to their lineage and exhibit a facultative tendency toward infighting when the
lineage is well positioned, and an inverse tendency to pull together and act familially
when the lineage is weak or jeopardized. Lineages are kin groups projected in time.
‘Lineage selection’ is a projection of kin selection deeply into the temporal dimension
and, as chapter 4 demonstrates, has the ability to account for the evolution of extreme

self-sacrifice, among other traits, without resorting to ‘group selection’.
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Chapter 2

LIFE’S SLOW FUSE:

TELOMERES, TUMOURS AND THE EVOLUTION OF
VERTEBRATE SENESCENCE

Abstract

This paper joins the evolutionary theory of senescence (antagonistic pleiotropy) with
recent findings in experimental gerontology. We argue that, in vertebrates, a telomeric
fail-safe mechanism prevents tumour formation by limiting cellular proliferation. The
same system unavoidably results in the progressive degradation of tissue function with
age. This senescent decline is caused by the combined effects of uncompensated cellular
attrition and increasing histological entropy, both of which begin at sexual maturity.
Extrinsic causes of mortality produce selection that pushes species toward an optimal
balance between tumour suppression and tissue repair. With that trade-off as a
fundamental constraint, selection adjusts telomere lengths—longer telomeres increasing
the capacity for repair, shorter telomeres increasing resistance to tumour formation. In
risky environments, where extrinsically induced mortality is frequent, selection against
senescence is comparatively weak, generally favouring better tumour suppression and
thereby a reduction in telomere lengths. In less dangerous environments selection more
strongly opposes senescence, tending to lengthen telomeres. In iteroparous organisms
selection further tends to co-ordinate rates of decline between tissues, so that no
particular organ generally limits life-span. The implications of these hypotheses for
experimental methods are significant and lead us to question the generality of a number
of widely cited results. In particular we are concerned that captive-rodent breeding
protocols, which are designed to increase reproductive output, simultaneously exert

strong selection against senescence and virtually eliminate selection that would otherwise
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favour tumour suppression. This unnatural selective regime appears to have had dramatic
effects on laboratory mice, elongating their telomeres and, consequently, making them
both unusually prone to tumour formation and unusually resistant to senescence. Use of
these animals may have confounded the interpretation of numerous experiments. A strain
of telomerase-negative mice, for example, required several generations to show signs of
accelerated ageing. This generational delay has led some workers to discount the
significance of telomere erosion and Hayflick limits in the normal senescence of
individuals. The inadvertent elongation of mouse telomeres may also have serious public
health implications, as it is likely that safety tests employing these models tend to
overestimate cancer risks and underestimate the risk of tissue damage and its natural

consequence, accelerated senescence.

Introduction

Why do we get tumours and Why do we grow old? These questions have become an
obsession in the biomedical community. But we view them as pieces of a much larger
puzzle: How is it possible for a highly differentiated, self-repairing organism composed
of millions, billions or trillions of cells to live long enough, in a mutagenic environment,
to reproduce, without a single cell escaping the normal developmental program and
becoming a deadly tumour? We regard mechanisms that allow for extensive tissue repair,
while inhibiting the frequent production of tumours, as major evolutionary innovations—
prerequisites to the evolution of life history strategies like those of most vertebrates. We
describe one such mechanism by synthesising knowledge from two approaches to

vertebrate senescence: evolutionary theory and experimental gerontology.

Historically, these approaches have been practised almost independently.
Evolutionists have remained largely unconcerned with the proximate mechanisms of
ageing and gerontologists have been lax about the ultimate explanations which underlie
their discipline. But comprehension of genetic and cellular machinery has now
progressed to the point that evolutionary theory and empirical findings have begun to
mirror each other. Not only can these two approaches now be profitably unified, but the
resulting synthesis can accelerate progress in both disciplines. For that to occur,

evolutionists and gerontologists need a common body of theory and knowledge as well as
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a language which allows for meaningful discourse. Below we develop a basic grammar

and illustrate the breadth of potential insights that derive from its use.

I. Synthesising two views of the ageing process

Senescence: the evolutionary approach. All else being equal, longer lives provide more
reproductive opportunities than shorter lives, therefore natural selection opposes
senescence. Compared to the immense challenge of building a self-assembling, ten
trillion cell organism (such as a human), the maintenance of such an organism should be

relatively simple'. Yet selection has failed to eliminate senescence from any vertebrate.

Elaborating on Medawar’, Williams' explained the persistence of senescence as
follows: Even in the absence of senescence, all lives would be finite because every
organism would ultimately die from accident, starvation, predation or disease. Since an
organism is always at risk of death, natural selection should favour early reproductive
opportunities over the potential for later ones. Accordingly, the force of natural selection
is never stronger than at the typical age of commencement of reproduction (when
reproductive potential is greatest) and its strength must decline from that point forward.
Therefore, traits that have beneficial effects early in life will tend to spread, even if they
are inseparably coupled with deleterious effects that manifest later in life. Individuals are
thus endowed with youthful vigour, at the cost of inevitable senescence. The power of
“antagonistic pleiotropy” to account for the evolution of senescence was mathematically

demonstrated by Hamilton®.

According to the theory, selection modifies a species’ rate of senescence (in
response to the distribution of mortality risks across the reproductive life-span) by
adjusting pleiotropic balances between longevity and youthful vigour: The greater the
risk of death between reproductive opportunities, the stronger the selective bias in favour
of youth, the faster the rate of senescence becomes. Giant tortoises, housed in protective
shells and living on remote islands, face few hazards during their reproductive lives,
producing a rate of senescence that is almost imperceptible. Conversely, spawning
salmon would face extreme hazards returning to sea and later attempting a second

journey upstream. The very low probability of future reproductive opportunities has
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yielded a semelparous life-history strategy in which all resources that can be mobilised
are invested in progeny rather than maintenance. These are the extreme cases. Most
vertebrates fall on the continuum in-between, selection producing finer adjustments based
on parameters that affect risk such as body size, defensive adaptations and the ability of

some vertebrates to fly out of harm’s way.

Extrinsic hazards can only produce such life-history refinements if selection
retains substantial power during the process of senescence. Though the force of natural
selection declines from the onset of reproduction, it remains strong throughout the
reproductive life-span, even as the effects of senescence are becoming increasingly
evident. Williams emphasised this point citing the example of the athletic decline that
afflicts men in their thirties, observing that “Surely this part of the human life-cycle

. 1
concerns natural selection.”

This point is persistently misunderstood outside of evolutionary biology. In
gerontology it is commonly asserted that senescence results from “unselected” late
effects of genes (e.g. refs. 4-6). Although the declining force of selection does eventually
approach zero, that fact is insufficient to explain senescence early in the reproductive life-

span, when selection is still very strong’.

Even in the extreme cases of senescent failures that occur so late that they may
actually be inaccessible to selection (such as Alzheimer’s disease), the effects are only
out of selective reach because senescence has already evolved. Extrapolating from the
mortality rates of humans on the cusp of maturity, Ricklefs and Finch point out that
“...if not for aging, 95% of us would celebrate our centenaries and 50% would reach the

seemingly astonishing age of 1200 years” (see also ref. 8, p. 29).

Selection continually minimises deleterious effects that manifest during the period
of reproduction and offspring-rearing. If we mistakenly believe that senescence is the
product of “unselected” effects, then we may harbour unwarranted hopes for therapeutic
reduction of senescence. Conversely, if we view senescence as the unavoidable costs that
remain after selection has acted to minimise harmful effects, then we will correctly view
senescence as the same daunting challenge for medical science that it has apparently been

for natural selection.
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A curious lack of antagonistic pleiotropies. In the four decades since antagonistic
pleiotropy was first proposed, no clear case of a senescence-causing pleiotropy has come
to light in vertebrates. This is odd in view of the fact that unique predictions of the theory
have been clearly demonstrated”''. We suspect that the failure to find relevant

pleiotropies is the result of confusion over the term itself.

Williams’ logic applies to traits with early benefits intrinsically tied to late costs.
It is not necessary for the costs and benefits to derive from multiple traits (as a narrow
definition of “pleiotropy” might seem to require), they may instead result from a single
trait for which the cost/benefit ratio increases with age'*. Furthermore, the trait need not
result from an individual pleiotropic gene; the combined effects of multiple genes may
produce emergent costs and benefits that cannot be separated by selection. To fall within
the rubric of antagonistic pleiotropy, it is both necessary and sufficient that (1) the
instantaneous cost/benefit ratio of a trait or system is initially less than one, becoming
greater than one at some point after the onset of reproduction and (2) the cumulative

cost/benefit ratio is less than one for the average individual.

Telomeres and senescence: the experimental approach. In 1961, Hayflick and
Moorhead"® made an important breakthrough in the experimental study of senescence.
They disproved the notion that normal vertebrate cells could divide an indefinite number
of times in vitro. They showed that normal somatic cell lines were limited in the number
of population doublings they could undergo before growth slowed dramatically, then
ceased. Later studies showed that the number of cell divisions occurring before the

14-16 . .
and decreases in humans with

‘Hayflick limit’ co-varies (between taxa) with life-span
cell-donor age'’. For many years these findings lacked a mechanistic explanation, but a

front-runner has now emerged'® (see also ref. 19).

DNA polymerase is unable to duplicate the tips of chromosomes, so a small

amount of DNA is lost with each successive cell division?*?!

. This progressive erosion
would be catastrophic if important genes were located at the ends of chromosomes. But

the ends of eukaryotic chromosomes consist of long, non-coding, repetitive sequences
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22,23
known as telomeres™

. Telomere loss may explain the mortality of somatic cell lines as
the erosion of telomeres below a critical length appears to trigger the shutdown of

. . . 24
replicative machinery™.

There must also be some means of adding telomeric DNA to chromosome ends,
otherwise germlines would be mortal as well. The reverse transcriptase telomerase
elongates telomeres*>>>’. Telomerase is active in gametogenesis and undetectable in the

vast majority of adult somatic tissues®®.

Several lines of evidence support the telomere erosion hypothesis for Hayflick limits:

¢ Telomere length diminishes with cell-line age in vitro and in vivo™",

* A remarkably diverse array of immortal somatic cell lines (from tumours, which

lack Hayflick limits ) express telomerase®*~>.

* Somatic tissues from patients with Hutchinson-Gilford (H-G) and Werner’s
syndromes (diseases of dramatically accelerated ageing) have reduced
proliferative capacities in vitro. H-G patients have short telomeres at birth'”.

. . . . Ce. 33
Werner’s patients experience rapid erosion of initially normal telomeres™.

The association of aberrant telomeres with apparently accelerated ageing suggests
that Hayflick limits may explain more than just the mortality of individual cell lines. The
limited proliferative capacity of somatic cells may underlie a general mechanism of body-

wide senescence.

This possibility led to an experiment, which yielded equivocal®® results. A strain
of laboratory mice with two disabled copies of a gene necessary for telomerase activity
was produced’. This telomerase-negative strain did exhibit accelerated ageing, but only
after six generations. Even then, the effect was not uniform. Mice in the sixth generation
seemed to senesce prematurely in some tissues and not others. These results strengthened
the argument that telomeric erosion is involved in somatic senescence, but suggested that
the role of telomeres in the phenomenon of senescence might be limited to those few

somatic tissues with high endogenous rates of turnover’®. The six generation delay was
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taken to imply that normal senescence, of the type that occurs in a single generation, must

involve important undiscovered factors®*. We will reinterpret these results below.

Telomeres and cancer. The connection among telomeres, Hayflick limits, and the
phenomenon of senescence is important whether telomeres are the primary mechanism or
just one of several. But, telomere regulation has significance beyond the issue of our
gradual decline with age. Telomere regulation appears central to another great enemy of

the old: cancer.

Activation of telomerase appears to be a necessary step in most transformations of

26,28 .
% The connection of cancer and senescence to the same

normal tissue into tumors
mechanism is not serendipity, it is a window into a fundamental trade-off, the balance of

which we may find difficult to improve.

The reserve capacity hypothesis: A synthetic search for the missing pleiotropy.
Juxtaposing an evolutionary perspective on senescence, with the gerontological and
oncological view of telomeres, it appears that limits on the proliferative capacity of
somatic cells (Hayflick limits) evolved as tumour suppressors that rein in runaway
cellular proliferation, but that these same limits preclude indefinite somatic maintenance,
causing gradual degradation of function. It seems the telomere/telomerase system is an

antagonistic pleiotropy of the type Williams' predicted.

Kipling®’ briefly proposed a similar interpretation (without reference to Williams’
theory), but there has been no apparent discussion of his idea or its implications.
Others™® have used the term “antagonistic pleiotropy” in this context, but have evidently
failed to appreciate the advances made by Williams' over Medawar”: the declining force
of natural selection with age is not sufficient to explain senescence during prime
reproductive years. Only when senescence is recognised as an inherent consequence of

design trade-offs can we fully understand the nature of ageing.

A new term facilitates discussion of vertebrate telomeres. We will use reserve

capacity to refer to the remaining quantity of population doublings that a differentiated
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cell can undergo (in vivo) before reaching its Hayflick limit. Reserve capacity decreases

over time with cell division.

The relationship of Hayflick limits to tumours is relatively straightforward. When
a cell is damaged such that it begins to over-proliferate, it ultimately reaches its Hayflick
limit and proliferation ceases. The greater the reserve capacity of the progenitor cell, the
larger the resultant mass of growth-arrested daughter cells will be. We regard this mass of
cells as a proto-tumour, each cell possessing the first of several mutations necessary for

tumorigenesis and cancer.

Because cells will tend to retain more proliferative potential early in an
organism’s life, younger individuals should tend to produce larger proto-tumours than
older individuals. Since each cell in a proto-tumour presents an equivalent opportunity
for the acquisition of telomerase activating mutations, we predict that proto-tumours
produced early in life carry a proportionally higher risk of becoming mature tumours than
proto-tumours generated late in life. This effect will be exacerbated by the fact that proto-
tumours formed at an early age will tend to have more time in which to accumulate
further genetic changes. The risk from any particular proto-tumour should diminish with
time, as growth-arrested cells expire and are lost. Risk reduction may be accelerated if
apoptosis is triggered by proto-tumour formation, but this would accelerate the

exhaustion of the neighbouring lineages that ultimately replace the lost cells.

Somatic senescence due to cellular attrition and increasing histological entropy. To our
knowledge, no explicit mechanism linking Hayflick limits to the phenomenon of

vertebrate ageing has been proposed. We offer the following first approximation.

Development continually increases histological differentiation and specialisation,
which are maximal when an organism becomes a reproductively capable adult.
Throughout life, damage and programmed cellular turnover result in cells being lost from
the soma and replaced. When cellular lineages exhaust their reserve capacity and are lost,

they must be replaced by neighbouring lineages, if they are replaced at all.

We propose that the uncompensated loss of some cellular lineages, coupled with

the replacement of other lineages by neighbours (adapted to slightly different roles),
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diminishes the optimal arrangement of cell types. By our model, body-wide senescence
results from the combined effect of (a) uncompensated cellular attrition and (b) increases
in what might be called histological entropy, both of which will diminish an organism’s
efficiency at accomplishing whatever tasks differentiation initially evolved to address.
Senescence of this type should progress at a non-linear rate, accelerating with age as

fewer cellular lineages maintain and repair an ever larger proportion of the body.

The ageing of human skin appears to progress as our model predicts. Skin
thickness decreases approximately 25% between the fourth and eighth decade of life®”,

and entropy increases:

“The epidermis of older individuals exhibits a marked variation in thickness
(often in the same histologic section) and a disparity in the size, shape and
staining quality of the basal cell nuclei under light microscopy. There is also a
loss of the orderly alignment of cells along the basement membrane and a
disruption of the gradual upward uniform differentiation present in the
epidermis of younger individuals... Electron microscopic studies show that the
basal cells of the flattened epidermis of old individuals lack villi... Deletion and
derangement of small blood vessels is found in aged skin, with sun-damaged

skin being the most severely affected.”*

Cardiovascular disease may provide an example of the negative consequences of
uncompensated cellular attrition and increasing histological entropy. Cells in portions of
the vascular system that sustain relatively high levels of wear and tear have short
telomeres, implying a history of cellular replacement*' and likely attrition of cellular
lineages. These areas fail to produce a protective layer of cells characteristic of younger
tissue, and consequently have an increased propensity to develop atherosclerotic

plaques™'.

One source, three sinks. Vertebrates use reserve capacity in growth, maintenance, and
repair; each process erodes telomeres, reducing proliferative potential. Though

antagonistic pleiotropy and accumulated damage hypotheses have traditionally been
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viewed as alternative explanations for senescence, the finite reserve capacity approach
integrates them. Damage, even if it is functionally repaired, will accelerate the ageing of
tissue by limiting the capacity for future maintenance and repair. The liver of a heavy
drinker, for instance, may function essentially as well at 40 as it did at 25, but should fail
more rapidly than the liver of a non-drinker, even if alcohol consumption ends before
damage is evident. Any factor that damages tissue, including mutagens, pathogens,
mechanical wear or trauma, oxidative stress and free radicals, will promote a local

increase in that tissue’s rate of senescence.

Selection should tend to optimise reserve capacities based on a species’ timing of
reproduction and the typical rate of cellular repair and turnover as well as the extrinsic
risk of mortality. Although telomere erosion begins at whatever point in ontogeny
telomerase is inactivated in the soma, selection should adjust reserve capacities so the
loss of cellular lineages does not begin before the usual age of first reproduction. In
iteroparous species, selection should further act to co-ordinate reserve capacities among
tissues so that senescence is synchronised throughout the body, thus minimising the
fitness cost that would accompany early senescence in any particular organ (as per refs.
1,3,42).

But, because of the stochastic nature of environmental insults, past selection
cannot predict the reserve capacity needs of individuals nor the organs on which they
depend. An otherwise healthy individual may die from the premature senescence of a
particular tissue (despite the synchronising force of selection) if the tissue has had an
unusual history of damage. Because rates of damage differ between conspecific
individuals, we should also expect dissynchrony of senescence rates between individual

animals, even in populations that are genetically homogeneous.

Selection can adjust telomere lengths based on species’ averages for parameters
such as the number of cells in each tissue of the body and typical rates of damage and
mortality. But selection based on averages will not produce ideal telomere lengths for
individuals. The optimal telomere length on a chromosome passed from a 5’6 father to
his 6°1” son will necessarily be a compromise (longer than optimal for the father and
shorter than optimal for the son). This constraint may explain why the positive

interspecific correlation between body size and longevity (addressed in ref. 1) is reversed
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within species. For example, even when the effects of obesity are controlled for, larger

43,44 45,46

humans and dogs™" tend to be comparatively short lived. The extra cell divisions
required to become larger, by diminishing reserve capacity at maturity, may shorten life-
span by reducing the capacity of larger individuals to maintain and repair their tissues.
We expect smaller individuals to suffer a greater per cell risk of developing tumours due
to longer-than-optimal telomeres at maturity. At the same time they should show an
increased resistance to other senescent effects. Since smaller individuals are composed of
fewer cells, we do not expect their increased per-cell tumour risk to fully counteract their
decreased rate of senescence. Therefore, within a species, smaller individuals should tend

to live longer.

I1. Reinterpreting experimental results:

Senescent cellular phenotypes: misregulation or adaptive response? Upon reaching a
Hayflick limit, many cell types begin expressing genes that were previously
untranscribed, and cease expression of previously active genes* . Several workers have
conjectured that somatic senescence of individuals results from the progressive

accumulation of cells with “senescent phenotypes”**~°

. To our knowledge no one has
proposed a mechanistic connection between these phenotypes and organismal ageing.
Instead, the phenotypic changes are asserted to result from “misregulation”. The implicit
assumption is that expired cellular lineages accumulate late enough in life that selection
lacks the power to regulate their function to the benefit of the organism. We propose a

contrary interpretation.

Williams' argued that late negative effects would spread if pleiotropically
associated with early benefits. He went on to argue that selection would then produce
modifiers that would minimise the harm caused by these late effects. We suggest that
“senescent cellular phenotypes” are actually adaptations that /imif the harm caused by the

expiration of cellular lineages.

The hypothesis that changes in gene expression associated with ageing are the
result of misregulation is apparently falsified by the very data used to support it. Ly et al.

*% compared gene expression amongst people from three age classes and children with H-
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G progeria. They found that 50% of the genes whose expression is altered in ageing (both
accelerated and normal) belonged to two classes, mitosis initiation and progression genes
(e.g. spindle formation) and extracellular matrix (ECM) modification genes. If
transcriptional changes were the result of misregulation then we should expect a random
pattern of changes reflecting a lack of stabilising selection on gene regulation. The fact
that regulatory changes were observed in groups of functionally related genes, suggests

that the shift in gene expression results from selection rather than a haphazard process.

In addition to the functional relationship between affected genes, the seemingly
co-ordinated direction of the regulatory changes was also suggestive of selection.
Mitosis-related genes tended to be downregulated with age. This is unsurprising as
“senescent” cells, which do not divide, are unlikely to need spindles or other mitotic

machinery.

In contrast to the down-regulation of mitosis-related genes, some of the genes
which modify the ECM were upregulated and others downregulated. Downregulated
genes were primarily associated with construction of the ECM while upregulated genes
tended to be associated with its disassembly. This is consistent with earlier findings
which suggest that “senescent” cells decrease the production of collagen and increase
production of collagenase, an enzyme which breaks down collagen and thereby facilitates

the remodelling of the ECM®.

We propose that selection has produced a system that locally breaks down the
ECM as cells are nearing their Hayflick limits, thereby facilitating cellular replacement.
Early in life, the ECM maintains the developmentally optimal placement of cells. But in
some circumstances this system may act as an impediment to cell motility. As cellular
lineages become unable to replace themselves, adjacent lineages may not be able to fill
vacated spaces with the ECM intact. Selection may have programmed senescent cells to
locally dismantle the ECM, paving the way for their eventual replacement by adjacent

lineages.

Lab mice and cloned sheep: life on strange islands. If individuals disperse from a high

risk environment to a low risk environment (e.g. a remote island) the resultant increase in
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longevity will enhance the potency of selection on late-life effects, eventually slowing the
rate of senescence'. The evidence that selection does this in the wild is strong’''. We
expect that, in vertebrates, selection adjusts telomere lengths to postpone senescence
under such circumstances. This adjustment must come at some cost, such as increased

risk of tumours and/or an increased burden from larger proto-tumours.

In the early part of this century, a small number of Mus musculus dispersed into a
novel environment: the laboratory. In breeding colonies there is no predation, no resource
limitation and the spread of pathogens and contaminants is controlled. Perhaps most
importantly, breeders are retired at 8 months®' so the mice that contribute most to future
generations are those that begin reproduction early, and sustain a high rate of
reproduction until the cut-off age. Such conditions are dramatically different than those in
the environment mice originally evolved to exploit, likely favouring a different pattern of

senescence.

The telomere systems of laboratory mice are hard to reconcile with the notion of
Hayflick limits as tumour suppressors or as the cause of senescence. Compared to
humans, lab mice have “ultra-long” telomeres, exceeding human telomeres by an order of
magnitude®®. Further, somatic tissues of lab mice produce telomerase, and can

“spontaneously immortalise” in culture.

We predicted that the long telomeres observed in laboratory mice would be
atypical for mice in general. Greider’s lab tested this with a survey of telomere lengths in
six species of laboratory mice with short histories of captivity. All six had telomere

lengths approximately one tenth of those in common lab mice (C. Greider, pers. com.).

The unusual telomere system of lab mice may be an unintended consequence of
captive breeding. Retirement of breeders after 8 months eliminates selection on late-life
effects. Tumour-forming mutations take time to occur, and the likelihood of tumour
initiation is presumably a function of the number of cells in the body, so in small bodied
animals like mice, tumours may be rare in the first eight months of life, even without the
telomeric fail-safe. Further, selection for sustained high reproductive output before 8
months should tend to eliminate any senescent effects occurring before that deadline.
Selection acting to simultaneously increase early reproductive output and eliminate

senescent effects may elongate telomeres. Because of the inextricable connection
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between tumour suppression and somatic maintenance, telomere elongation should
dramatically increase the risk of tumour formation, but any effects occurring after the
breeding cut-off will be selectively irrelevant. Selection for early high rates of
reproduction in the absence of selection for longevity should result in a strong propensity
for these mice to eventually die from tumours. At all ages, lab mice should be more likely
to die of tumours than wild mice raised in similar environments. Lab mice should also be
unusually resilient to somatic damage and show few signs of ageing other than tumour

formation. Alexander™ presents evidence consistent with this pattern:

“The most striking fact is that even very old [lab] mice (e.g., more than 2.5
years) when killed while still fit have remarkably few pathologies and are

almost indistinguishable from young animals.”

The hypothesis that an 8§ month breeding cut-off should select for non-senescent,
tumour prone mice seems, at first, paradoxical. Based on traditional evolutionary
thinking, one might expect the elimination of selection on late life effects to accelerate
senescence, not retard it. But in the case of mice, selection for high, sustained rates of
breeding appears to be the dominant factor. This would likely not be the case in much
larger vertebrates (which are necessarily composed of much larger populations of cells).
Each cell that retains the ability to divide has the potential to become a tumour. Thus, in
the absence of a scaleable tumour suppressor, the chance that a tumour will form and kill
an organism is a function of the number of cells in that organism. In lab mice, the tumour
suppressor has effectively been turned off, condemning them to form tumours but leaving
an early-life window of reproduction within which there is minimal senescent decline. In
a much larger organism, turning off the tumour suppressor would likely create such an
onerous tumour-burden that reproductive age would never be attained. This is especially
likely since larger animals tend to reach reproductive maturity later, increasing the

chance that a tumour will arise before reproduction begins.

Unfortunately, it has been widely assumed and asserted that “ultra-long”
telomeres are characteristic of “mice” or even “rodents” in general. The stark differences

between lab mice and humans led de Lange ' to argue:
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“...it seems very unlikely that mice use telomeres as a tumor suppressor system
and perhaps with good reason. Since the telomere barrier to proliferation does
not manifest itself until many cell divisions have passed, this mechanism may
not be useful for a small animal in which a 2cm mass of misplaced cells could

be life-threatening.”

We agree that the telomere system of small animals would need to arrest very
small growths to serve as a useful tumour suppressor, but the conjecture that “mice” do
not use this system is premature. The tissues of wild mice might have very limited

reserve capacities, thus protecting them from lethal growths and limiting their life-spans.

It is unfortunate that mouse strains with long telomeres were used to create the
telomerase-negative mice. If the experiment were conducted using mice recently derived
from the wild we predict that accelerated senescence would be observed in the first
generation. But even in such an experiment we expect that the acceleration of gross
senescent effects would be limited to high-turnover tissues because other tissues, which
typically use reserve capacity to repair damage, will tend to senesce minimally in a

protected environment.

The unique state of lab mice may lead to erroneous conclusions about
tumorigenesis. For example, based on evidence from mice with ultra-long telomeres,
Kipling®* speculates that “...telomerase expression in mouse tumorigenesis is an innocent
bystander rather than a necessary event.” Clearly, telomerase activity, telomere length
regulation and spontaneous immortalization must be investigated in newly domesticated

mice to separate experimental artefacts from natural phenomena.

Care must also be taken in interpreting the pattern of ageing in animals produced
through nuclear transfer cloning, such as the sheep Dolly. The nucleus that was used to
produce Dolly was taken from an adult sheep’”, and thus had shorter telomeres than a
normal sheep zygote, though as yet Dolly does not appear to be senescing abnormally™°.
Like lab mice, Dolly lives in a controlled environment, protected from the traumas,
illnesses and impurities of a wild or even a typical farm habitat. We expect Dolly to

senesce earliest in tissues with high endogenous turnover rates (because her need for
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damage repair is likely to be minimal), and to display early senescence compared to
sexually produced controls reared in the same protected environment. But compared to
normal sheep, her senescence may not appear accelerated, as it is likely being slowed by

her isolation from environmental insults.

Retarding senescence with caloric restriction: natural phenomenon or laboratory
artefact? Caloric restriction (CR) is the only experimental treatment shown to
dramatically increase longevity in vertebrates. Laboratory mice and rats placed on a
restricted diet live significantly longer than controls®’. This has been interpreted as
evidence that resource limitation slows the process of senescence. But if, as we suggest,
these animals have been selected to senesce minimally, then slowing senescence should

have little effect on their longevity.

We have argued that laboratory mice should overwhelmingly die of tumours. CR
may increase longevity in these animals by reducing the risk of tumour formation. CR
animals are approximately 1/3 smaller™® and exhibit slower cell replication’ than
controls. By stunting growth (reducing the number of cells in the organism), and by

reducing the rate of cell division, CR may simply reduce the likelihood of tumorigenesis.

Such positive effects might also occur in CR vertebrates with wild-type telomeres.
Further, by reducing body size, delaying maturation, inhibiting reproductive mechanisms
and slowing cellular turnover, CR should postpone the exhaustion of reserve capacity.
But CR, like famine, will likely interfere with normal homeostasis and repair, increasing
vulnerability to environmental insults. The opposing nature of these effects will likely
prevent CR from dramatically increasing longevity in vertebrates with normal telomeric

tumour suppressors.

III. Selective inactivation of the telomeric tumour suppressor

The counterintuitive nature of early development. If finite reserve capacity is an
evolved fail-safe against runaway cellular lineages, we must give special consideration to
those times and places where selection has disabled this mechanism. Telomerase is

present in the somatic tissues of embryonic placental mammals, but activity ceases before
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birth****®! To illustrate why selection responds differently to telomere erosion in early
versus late development, we will compare the distinct developmental profiles of two

processes: cellular population doubling and resource investment.

In the absence of telomerase, telomere loss is a function of the number of cell
population doublings, therefore division of a zygote into two cells would reduce the
mature body’s reserve capacity as much as the growth of a 5 trillion cell child into a 10
trillion cell adult (if all cells made an equivalent contribution to growth). The vast
majority of cellular doublings occur in early development when the absolute number of
cells is very small and the embryo is tiny compared to the adult it will become. In
contrast, parental investment of resources is /owest in early development and grows with
the embryo’s size. Because of this asymmetry, the resources placed at risk by early foetal

telomerase activity are minimal.

Spontaneous abortions are common in early foetal development, ending
approximately 50% of human pregnancies®”. Early spontaneous abortions are not without
cost. In many species breeding periods are narrowly timed and an aborted pregnancy may
eliminate a female’s reproductive output for the year. The cost of early spontaneous
abortions has apparently resulted in mechanisms that reduce such risks. For example,
maternal aversion to complex foods during early stages of pregnancy is thought to protect
the embryo/foetus from mutagens during an especially vulnerable period (reviewed in ref.
63). We propose that isolating the foetus from mutagens is particularly important while
telomerase is active, when runaway cellular proliferation would necessarily result in

abortion.

In humans the majority of prenatal cell divisions occur before the end of the fifth
month of gestation, while telomerase is maintaining telomere lengths. The period of
telomere maintenance ends, on a tissue-by-tissue basis, beginning in the fourth month and
continuing through the fifth month®>*°' After this point the foetus begins to accrue
resources in the form of body fat. In contrast to the rate of cell addition, which peaks in
the fifth month, then drops precipitously®, the great majority of prenatal weight gain
occurs in the later, telomerase-negative period. We interpret this developmental pattern as
a mechanism by which selection has minimised the resources placed at risk by

developmental telomerase activity.

29



Though early telomerase activity carries risks, a lack of telomerase during the
period of rapid cellular doublings would result in a substantial erosion of the telomeres,
accelerating the onset and rate of senescence later in life. It seems selection could solve
this problem by lengthening germline telomeres, thus adding reserve capacity to the
organism as a whole. Because selection has favoured telomerase activity (and its
associated risks) over a simple lengthening of telomeres, we expect foetal telomerase

activity also provides a significant benefit.

The nature of that benefit may relate to Williams’ argument that selection should
tend to synchronise senescence across the soma'. If finite proliferative capacities
determine the senescence rates of different tissues, and if those rates are to be
synchronised by selection, telomere lengths must be adjusted according to the typical
rates of cellular turnover of different parts of the soma. Simply lengthening germline
telomeres could not produce this synchronisation. If telomerase were never active in the
soma, the reserve capacity of a particular tissue would simply be an inverse function of
the total number of cell divisions that produced it from the zygote. In contrast, tissue-
specific telomerase activity can establish inter-tissue synchronisation. This could be
accomplished at any point in the lifecycle, but it is least costly in early development when
(1) the investment placed at risk is minimal, (2) the foetus is insulated from most
environmental mutagens, and (3) the number of potential runaway cells is relatively

small.

The reserve capacity of mature tissues can be set by adjusting the number of cells
in each tissue before telomere maintenance ceases. If it is demonstrated that organ
senescence is prenatally synchronised in such a manner, it will firmly establish that
patterns of senescence are products of natural selection, not incidental effects that occur

in the absence of selection.

After somatic telomerase is shut down, growth via cell division will reduce tissue
reserve capacity. Wistar rats that were growth-retarded prenatally (i.e. during telomere
maintenance), but grew to normal size after birth, had shorter telomeres in their kidneys
and shorter life-spans than control rats. Among humans, women that were short at birth

but grew to average or above average height had an increased risk of death from coronary
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heart disease®®. A similar pattern appears to exist in men®’, though it is confounded b
p pp g y

mortality risks associated with obesity rather than “catch-up growth”.

Cellular over-proliferation in early and late life: tumours of two natures. If the
shortening of telomeres is part of an adaptive tumour suppressor mechanism, why are
tumours most common late in life, when telomeres are shortest? Tumours may be divided
into two classes: (1) tumours which arise when telomere lengths are exceedingly long or
are being maintained by telomerase (these can occur at any point in the life-span,
including childhood); and (2) tumours arising when telomeres have become critically
short (primarily late in life). Reserve capacity limitation appears to counter early-life
tumours so successfully that we may fail to realise that a serious threat would otherwise
exist. The few systems in which telomere lengths are maintained provide a window into

life without the telomeric fail-safe.

Childhood leukaemia and lymphoma. Most of the tumours common in the elderly are
essentially unknown in children and young adults. The most common childhood tumours,
leukaemias and lymphomas, involve hyper-proliferative leukocytes (B- and T-cells) or
their progenitors. Leukocytes are responsible for our specific immune response which
“learns” to recognise pathogens. When a leukocyte is activated by a matching antigen,
the cell proliferates, creating a population of cells with variations of the progenitor cell’s
receptor formula. Iterated clonal selection allows the system to hone in on unfamiliar

pathogens and to track antigenic changes in an ongoing infection®.

Although most leukocytes will never be stimulated, the subset that become
activated must retain an extensive capacity to proliferate. Otherwise pathogens for which
immune cells have initially weak affinities would remain elusive, and rapidly changing
pathogens could exhaust the proliferative potential of the immune system. Instead,
leukocytes produce telomerase upon antigenic activation, allowing for extensive

69,70

proliferation”"". We suspect that telomerase activity, which is necessary to the

functioning of the immune response, but greatly diminishing the effectiveness of the
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telomeric failsafe, results in a disproportionate childhood risk of developing leukaemias

and lymphomas.

Germline tumours. Testicular cancer is essentially absent in boys, but beginning at
puberty (when gametogenesis begins) the incidence of testicular germ cell tumours
jumps, peaking between the ages of 20 and 34"". Germline tissue does not senesce, so
spermatogenic cells must maintain their telomeres throughout life, despite undergoing
very high rates of cellular proliferation. Spermatogenic cells lack a telomeric failsafe,
since they produce telomerase during gametogenesis™, which likely explains the
disproportionate occurrence of testicular cancer in young men. In female mammals
gametogenesis occurs before birth, so there is no increase in risk of germ cell tumours
with puberty. Indeed, minimisation of the fitness costs associated with germline tumours

may account for the evolutionary shift of female gametogenesis to the prenatal period.

Tumours late in life. Late-life tumours can arise by at least two pathways. A proto-
tumour cell which earlier became developmentally insensitive to signals halting growth,
may later gain a mutation that activates telomerase. This is statistically unlikely in any
individual cell, but since the many cells in a proto-tumour will all carry the initial growth-
stimulating mutation(s), the risk that one will gain an additional mutation increases with

the proto-tumour’s size.

The second pathway does not depend on telomerase or a population of cells at
increased risk. Typically cells cease proliferation when telomeres become critically short.
But a cell carrying a mutation that prevents such arrest may continue to divide and erode
the telomere below the threshold necessary to stabilise the chromosome ends. When that
occurs, chromosomes become unstable and fuse into closed structures’>. Such
chromosome instability has dramatic, unpredictable effects and may lead to excessive
growth even in the absence of telomerase. For example, the erratic telomere shortening
and resultant chromosomal aberrations characteristic of Werner’s syndrome results in

both tumorigenesis and accelerated senescence.
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A senescence ‘rescue’ mechanism: reactivation of telomerase in failing tissues.
Telomerase is believed to be inactive in nearly all healthy somatic tissues of adults, but
we suspect this is a significant oversimplification. Selection should balance the risk posed
by the early senescence of disproportionately damaged tissues against the risk of
tumorigenesis. If relatively early senescence of a tissue threatens the survival of the
individual, local activation of telomerase may be a worthy risk. If the exhaustion of
cellular reserve capacities was not due to hyper-proliferation, then telomerase can extend
the life of a failing tissue. We predict the existence of such a ‘rescue’ mechanism.
However, if the rescued section includes a proto-tumour, telomerase activation will likely
result in tumorigenesis. We expect localised activation of telomerase to increase with age
(as the proportion of the body threatened by imminent senescence becomes increasingly

large), and only a subset of such activation to be associated with tumours.

Reinventing the veal: Novel effects in the cloning of calves. Lanza et al.”> found that
calves cloned from “senescent” fibroblasts were born with unusually long telomeres. This
counterintuitive result suggests the possibility that the use of senescent cells may have
inadvertently triggered the rescue mechanism during cloning or development. In any
case, we predict that these cloned calves with long telomeres will have increased cancer
rates compared to sexually produced calves raised in a similar environment, and will

otherwise exhibit relatively delayed senescence.

Explaining rapid decline in Hutchinson-Gilford progeria. The failure of telomerase
reactivation may be relevant to Hutchinson-Gilford syndrome. H-G progeria is a
homozygous recessive condition’*”* which we predict results from two inactive copies of
a gene necessary for telomerase functionality. Without telomerase, the erosion of
telomeres during early development would be substantial, and could account for the
abnormal ontogeny and early onset of senescence in H-G patients. The inability to rescue
senescent tissues by selectively reactivating telomerase may account for the rapid decline
of H-G patients compared to normal elderly people. Consistent with our theory, H-G

patients are not known to get cancer’°.

33



Telomerase activity in epithelial tissues. Several types of basal epithelial cells (which
must proliferate extensively for normal functioning) express telomerase (reviewed in ref.
77). Yet basal layers are not a common source of tumours in young people. There are at
least two reasons: first, the basal layer is protected from superficial contact with
environmental mutagens. Second, progeny of the basal cells are sloughed from the body
regularly, likely purging hyper-proliferative cells from these tissues before they become a

danger’®,

IV. Conclusions

An optimal window of reproductive opportunity. Decreasing the rate of human
senescence and the threat posed by tumours are desirable medical goals. Shay and

Wright”® (also see ref. 80) have outlined a research plan to accomplish both:

“The key issue is to find out how to make our cancer cells mortal and our
healthy cells immortal, or at least longer lasting. Inhibition of telomerase in
cancer cells may be a viable target for anti-cancer therapeutics while expression

of telomerase in normal cells may extend lifespan.”

This illustrates the danger of isolating medical research from evolutionary
biology. If one believes that senescence results from a lack of selection, then it may seem
reasonable to pursue a technological solution to fill in where selection left off. But
evolutionary theory indicates that senescence results primarily from trade-offs, not from
incidental effects or a failure of selection. Once we recognise that longevity and tumour
suppression are antagonistic goals, the first question we should seek to answer is: How

well has selection optimised the balance between these traits?

It is not clear that selection has left much room for improvement. We suggest that
a staggering majority of our proto-tumour cells are already mortal, allowing only a
miniscule risk of tumorigenesis in the first four decades of life. And it is likely that
selection has already extended our life-spans by modifying telomere lengths and co-

ordinating the reserve capacities among our various tissues. It is a reasonable guess that
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maximum longevity cannot be greatly extended without a dramatic increase in the rate of
tumour formation, and that increasing the effectiveness of telomeric tumour suppression

would accelerate the ageing process.

Medical applications. If a simple modification of telomere-system parameters would
extend life without significant costs, selection would surely have made it. We are
therefore skeptical of attempts to favourably modify telomere regulation in healthy
people. But this does not im