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ABSTRACT

The free radical theory of aging is one of several theories developed to explain
differences in aging and longevity among species. According to this theory, aging is the
result of oxidative damage to proteins, DNA and membranes of cells due to the
inescapable production of free radicals during cellular respiration. | test the free radical
theory of aging as an explanation for the extreme longevity of the little brown bat, Myotis
lucifugus, which lives up to 34 years. One prediction of the free radical theory of aging is
that long-lived organisms produce fewer free radicals than short-lived organisms. In a
comparative study, | measured whole-organism oxygen consumption, free radical
production, and superoxide dismutase activity of M. lucifugus, short-tailed shrews
(Blarina brevicauda) and white-footed mice (Peromyscus leucopus). As predicted, free
radical production per unit of oxygen consumed was significantly lower in M. lucifugus
compared to the two non-flying mammals. In addition to a lower production, seasonal
variation in free radical production of M. lucifugus contributes significantly to reducing the
lifetime free radical production of these bats. In fact, after accounting for these seasonal
variations, the lifetime free radical production of all three species was similar
(approximately 0.2 mol H,O,/ug mitochondrial protein). A second prediction of the free
radical theory of aging is that free radical production increases with age as a
consequence of oxidative damage incurred by mitochondria. | tested this prediction by
comparing free radical production in adult, volant juvenile, and non-volant juvenile M.
lucifugus. Contrary to prediction, both groups of juveniles had significantly higher levels
of free radical production than adults. | propose that the decreased free radical
production in adults is the result of within-individual selection of efficient mitochondria
due to selective pressure created by the energetic demands of flight. Amplified DNA

sequences of the mitochondrial control region from adult and juvenile M. lucifugus
i



showed evidence of mitochondrial heteroplasmy (more than one haplotype in an
individual). The dominant mitochondrial haplotype in the juveniles varied among

individuals but converged on one haplotype in the adults, suggesting that mitochondrial

selection may be occurring.
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INTRODUCTION

BIOLOGICAL THEORIES OF AGING

Aging or senescence, which | consider synonymous in this dissertation, is the
progressive physical deterioration of an organism over time, ultimately resulting in death.
This process is intrinsic to the organism. Aging typically begins at reproductive maturity
and entails a functional decline of several physiological systems at the cellular, tissue
and organ level resulting in impaired maintenance of homeostasis (Austad 2001, Sohal
et al. 2002). Some organisms, such as prokaryotes (Bell 1988), some protists and some
fungi (Osiewacz 2002) do not appear to age. Among organisms that do senesce, the
rate of aging, and consequently longevity, varies considerably. Some ephemeral insects
die within days of emerging from the pupal stage while the longest-lived organism, a
Creosote bush found in the Mojave Desert (Larrea tridentata: Zygophyllacea), is
estimated to be 6,000 years old. The near ubiquity of the aging process and the
variability in longevity of organisms are intriguing and have lead scientists to investigate

and speculate on the causes of aging.

In 350 B.C., Aristotle wrote a treatise titled “On the longevity and shortness of life”. He
described old age as a consequence of the loss of warmth and humidity from the body.
Thus, man, the date palm, and the elephant are long-lived because their large size
prevents the dissipation of the warm humidity found in these organisms. He also
explains that “salacious animals and those abounding in seed” (i.e. organisms that mate

repeatedly) age quicker. Thus, the mule lives longer than the horse and the donkey, and




promiscuous males like the male sparrow, age more quickly than females of the same

species.

Over the centuries, hundreds of theories (Medvedev 1990) have been proposed to
explain the aging process and differences in longevity among species. Some of these
theories provide explanations that clarify Aristotle’s observations and make his ideas
seem not so far-fetched. Here | introduce theories of aging to serve as a conceptual
framework for my research, which focused on testing one of them: the free radical
theory. By no means is this summary comprehensive of all theories of aging, but rather
it is a snapshot of the theories that have had the greatest impact on the current state of

aging research.

EVOLUTIONARY THEORIES OF AGING: WHY DO WE AGE?

Weismann'’s theory (1882, 1891), that aging is a genetically programmed phenomenon
to control population size and avoid overcrowding, has been dismissed for several
reasons. The idea of an “aging gene” is incongruent with evolution since it is difficult to
imagine how such a gene would evolve when most organisms in the wild die young
(prior to senescence) due to extrinsic mortality factors and thus, natural selection cannot
exert influence on the senescent stage of an organism’s life (Kirkwood 2002).
Additionally, due to this early mortality, aging has no impact on the size of a given
population (Medawar 1952). Finally, if the “aging-gene” did exist, an individual with a
mutation that eliminates the effect of this gene would have a selective advantage over

other individuals and this mutation should theoretically spread throughout the population.




Three viable evolutionary theories of aging exist—the mutation accumulation theory, the
antagonistic pleiotropy theory, and the disposable soma theory. These theories are not
mutually exclusive and in the future we may find them to actually be part of a more

unified evolutionary theory of aging (Gavrilov and Gavrilova 2002).

Medawar (1952) proposed the mutation accumulation theory, which describes aging as
a by-product of the decreased effect of natural selection late in life. Any deleterious
mutation that exerts its effect early in life and thus decrease the fitness of an individual, a
combination of fecundity and survival, will be eliminated or its frequency significantly
reduced in a population. However, a deleterious mutation that exerts its effect late in
life, after the reproductive time of an individual, cannot be eliminated from a population
by nétural selection simply because the mutation has already been passed on to the
offspring of the individual. Thus, these mutations can accumulate in a population and
cause the deterioration of individuals at late stages of their lives—essentially causing
them to senesce. Evidence supporting this theory is controversial. Studies testing the
prediction that mutation accumulation should result in a positive correlation between
additive genetic variation of mortality rate and age, in other words that the dependence
of progeny lifespan on parental lifespan is greater in longer-lived organisms (Gavrilov
and Gavrilova 2002, Kirkwood and Austad 2000), have reached mixed conclusions

(Promislow ef al. 1995).

The theory of antagonistic pleiotropy, suggested by Williams (1957), recognizes that
mutations may have effects on not one but several traits of an organism and these
effects can be opposite and occur at different life stages. A mutation that increases the

fecundity and/or survival of an individual at a young, reproductive age will spread in a

3




population as natural selection will favor individuals with that mutation. The premise of
this theory is that mutations exist that carry a trade-off such that they increase fitness in
early life but have a deleterious effect late in life. Again, because the impact of natural
selection is reduced after the reproductive stage of life, mutations with these antagonistic
effects can easily spread in the population increasing the reproductive success of
individuals, but causing their deterioration later in life. Tradeoff between fitness
(especially fecundity) and longevity is a prediction of the antagonistic pleiotropy theory
and examples of this tradeoff exist in nature, e.g. semelparous species such as bamboo
and salmon. Another piece of evidence for this theory comes from an artificial selection
experiment conducted by Rose (1984). In this study, fruit flies (Drosophila
melanogaster) were bred for longevity and the resulting long-lived lines exhibited
decreased lifetime fecundity. In fact, in study organisms such as Caenorhabditis
elegans and D. melanogaster where single mutations resulted in increased lifespan,
there was invariably a concomitant compromise of either metabolic or reproductive

capacity (Sohal et al. 2002).

Related to the antagonistic pleiotropy theory, the disposable soma theory describes the
process of aging as a consequence of the tradeoff between using limited energy and
resources to maintain somatic cells or to increase reproductive output (Kirkwood 1977,
1996). An individual has a limited amount of resources and energy available to perform
all necessary biological functions, and therefore, it must decide how to invest those
resources. The individual may invest resources in reproduction to increase the number
of offspring it places in the next generation, or it may invest resources in maintaining
proper cellular function (DNA and membrane repair, antioxidant defenses, protein

replacement, etc.). An important factor in this tradeoff is extrinsic mortality—death due
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to predation, starvation, extreme weather, etc. If an individual is likely to die within a
couple years from birth, then it would be wasteful to invest resources and energy in
cellular maintenance that would allow it to live beyond those years. From an
evolutionary perspective, it would be advantageous for the individual to instead invest
those resources in increasing its reproductive output. Thus, according to this theory,
organisms should invest in cellular maintenance to the extent of allowing for
reproduction, but not to live indefinitely. A prediction of this theory is that organisms that
experience low extrinsic mortality should exhibit longer lifespans. Indeed, bats and
birds, which are able to fly away from precarious situations, are extremely long-lived.
Austad (1993) also found that an insular population of opossums (Didelphis virginianus)
had increased longevity relative to the mainland population of the same species, due to

a reduced risk of predation.

SYSTEM THEORIES OF AGING: HOW DO WE AGE?

in addition to the genetic control theory, Weismann proposed the wear and tear theory of
aging (1882). The basic principle of this theory is that cells, tissues and organs simply
wear out through use. At a young age, an organism’s repair mechanisms can
compensate for this wear and tear, but with time these repair mechanisms drop in

functionality and damage to the body accumulates, leading to senescence.

The neuroendocrine theory of aging builds on the wear and tear theory. The
neuroendocrine system of organisms regulates bodily functions including homeostasis
and sexual activity. Levels of hormones in young individuals are typically high and follow
well-regulated cycles. In older individuals, however, hormone levels drop and hormone

release loses its periodicity (Lamberts et al. 1997). This has dramatic effects on bodily
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functions including the reduced ability of older individuals to thermoregulate (Florez-
Duquet and McDonald 1998), decreased body mass and metabolic rate, and increased
risk of impaired glucose tolerance (Lamberts et al. 1997). While there is ample evidence
that hormone levels decrease with age, we have little evidence for a mechanism leading
to this decline aside from the hypothesis that the hypothalamus may be a pacemaker of

aging (Lamberts et al. 1997).

Another theory based on the decline of organ systems is the immunological theory
(Makinodan 1980). The immune system is the body’s defense against foreign
substances, bacteria, and viruses that enter the body. Over time, the immune system
exhibits decreased function associated with changes in immune cell populations and
their milieu. Fewer immune cells produce fewer antibodies with age, which decreases
the body’s ability to recognize and fight diseases. Additionally, immune cells lose their
ability to distinguish between self and foreign substances resulting in autoimmune
diseases such as lupus and adult-onset diabetes. These changes are associated with
the atrophy of the thymus, linking this theory with the neuroendocrine theory of aging.
Franceschi et al. (1995) developed the remodeling theory of aging based on results from
studies on human immunosenescence. However, rather than focusing on the decline of
the immune system associated with age, they were interested in addressing factors of
the immune system that contribute to longevity. The theory of remodeling proposes that
the body is continuously adapting to deteriorating changes and insults to the immune
system. Thus, immunosenescence is the result of the body’s inability to adapt to
damaging agents and stressors. Long-lived individuals do not necessarily have the best
immune system, but rather are more capable of adapting to stressors and their resulting

damage after an immune response (Franceschi et al. 2000).
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McCay et al. (1935) presented for the first time the life-extending effect of reducing food
intake in rats. Since then, caloric restriction has become an active area of research in
biological gerontology. Caloric restriction is the only experimental procedure that has
resulted in extension of maximum lifespan in several organisms (Merry and Holehan
1994) and this effect is the result of a reduced intake of calories rather than a change in
dietary nutrients (Masoro 2000). Several hypotheses have been proposed to explain the
effect of caloric restriction on longevity. Caloric restriction drives a decrease in
metabolic rate and thus an attenuation of oxidative damage due to free radicals, which
may result in increased lifespan. Masoro (1996) hypothesized that the maintenance of
low levels of glucose and insulin in the bloodstream may also partially explain the
antiaging effects of caloric restriction, as hyperglycemia and hyperinsulinemia are known
to cause aging-like damage (Kristal and Yu 1992, Lev-Ran 1998). Masoro (1998) has
also hypothesized that as a low-intensity stressor, caloric restriction may prepare
organisms to cope with more acute stressors thus contributing to life extension. Finally,
it is also possible that the restriction results in a delay in gene expression changes
associated with aging. Some transcription factors are influenced by the redox state of a

cell, which depends on calorie utilization in a cell (Lee et al. 1999, 2000).

In 1928, Pearl developed the rate of living theory based on observations made by Max
Rubner (1908). Rubner measured specific metabolic rates in five mammalian species
and calculated the amount of energy used by each species over a lifetime (Lifetime
Energy Potential or LEP). He found that the LEP for these five species were similar.
Pearl then formalized the rate of living theory, proposing that the longevity of an animal

is determined by its LEP. Thus, an organism with a low metabolic rate will live longer
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than one with a high metabolic rate. A large number of species follow this pattern of
longevity; however, there are some obvious exceptions. Birds, primates and bats all
exhibit a longer lifespan than predicted by the rate of living theory, and marsupials

exhibit shorter lifespan than predicted (Austad and Fischer 1991).

CELLULAR THEORIES OF AGING: HOW DO WE AGE?

Less than 35% of the variation in lifespan is attributed to heritability in nematodes, fruit
flies, mice and humans (Finch and Tanzi 1997). However, the critical role of genetics in
lifespan determination is exemplified by the artificial selection of increased or reduced
longevity in fruit flies (Rose 1984). The expression of genes can change with aging,
increasing or decreasing depending on the organism. These changes suggest an
important role of gene regulation in the phenotype of senescence, though it remains to
be determined which of these changes are causes or consequences of aging (Finch and
Tanzi 1997). Several genes have been associated with longevity. These genes may
influence longevity or are associated with particularly old individuals. In humans, the
frequency of the €2 allele of the apolipoprotein E gene is higher in centenarians than in
younger controls (Schachter et al. 1994) and the mitochondrial haplotype J is found in
higher frequency in ltalian and Japanese centenarians than in younger controls (De
Benedictis et al. 1999; Tanaka et al. 1998). Also, induced mutations in Caenorhabditis
elegans extend lifespan of this organism by 40 to 100% (Finch and Tanzi 1997). Other
pote(ntial longevity genes control homeostasis and celiular repair, or are associated with
age-related diseases. The gene responsible for Werner progeria is similar to the gene of
DNA helicases. Loss of function of these helicase genes results in impaired DNA
replication and repair, which leads to the accumulation of somatic DNA mutations
(Martin et al. 1996, Yu et al. 1997). While the importance of genetics to longevity is

8



clear, environmental factors undoubtedly influence the final phenotype of aging. For
example, queen bees (Apis mellifica) live 10-times longer than worker bees despite the

same genotype (Finch and Tanzi 1997).

Genetic mutations that accumulate over the lifetime of an individual may also contribute
to aging. The somatic mutation theory attributes aging to the accumulation of mutations
and errors in DNA sequences that are not corrected by DNA repair mechanisms
because these mechanisms become less effective over time. These errors result in the
production of non-functional proteins, which interferes with normal cellular activities.
Several studies support the notion that changes in gene regulation play an important role
in aging phenotype (Finch and Tanzi 1997, Graff et al. 1999) and that somatic mutations
in nuclear and mitochondrial DNA are linked to age-related diseases and senescence
(De Benedictis et al. 2001, Goyns 2002, Tanaka et al. 2000, Wallace 1992, 1995).
However, it remains to be determined if these mutations are causes of aging or
consequences of other underlying causes of aging such as oxidative damage (Goyns

2002).

Another genetic theory of aging is based on telomere shortening. Telomeres are the
physical ends of chromosomes and are involved in the structural stability of
chromosomes. Because DNA replication machinery cannot effectively replicate the
ends of chromosomes, telomeres become shorter with every round of DNA synthesis.
This shortening eventually affects the stability of the chromosomes resulting in
replicative senescence—a limited number of cell divisions. It has been suggested that
this senescence is responsible for the age-related decline of physiological function

(Campisi 1997). There is, however, little evidence for this theory (Austad, S. and
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Curtsinger, J. pers. comm.). Replicative senescence and telomere shortening have
been observed primarily in colonies of cells growing on media rather than in vivo.
Fibroblasts taken from human centenarians are still capable of undergoing 20 to 50
population doublings in culture (Dice 1993). Additionally, many of the aduit cells
important to aging are post-mitotic, such as brain and muscle cells. These cells rarely
divide if at all, so the length of telomeres in these cells is established at a very young

age.

Many of the cellular theories of aging focus on the accumulation of cellular products or
wastes, which are toxic to the cell. This accumulation is the premise of the waste
accumulation or garbage catastrophy theory (Brunk and Terman 2002). Over time, cells
produce more wastes than they are able to eliminate properly, suggesting the existence
of either inherently imperfect recycling machinery in the cell or an age-related decay of
this machinery. Above a certain level, these accumulated wastes or “biological
garbage” interfere with normal cell function ultimately leading to cell death. Several of
these accumulated wastes are the products of unwanted cross-linking bonds between
important macromolecules such as proteins, DNA, and lipids. The cross-linkage theory,
proposed by Bjorksten (1968), attributes aging to the accumulation of products from
cross-linking reactions. An obvious example of this cross-linkage is the loss of elasticity
of the skin due to the age-related accumulation of cross-links between collagen

molecules, causing skin to shrink and become less soft and pliable.

Another example of age-related accumulation of cellular products is lipofuscin.
Lipofuscin is often called age pigment as the amount of lipofuscin in cells increases with

age and the rate of accumulation is negatively correlated with longevity (Brunk and
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Terman 2002). This brown-yellow pigment forms in lysosomes as reactive oxygen
species cause cross-linkage between protein residues in the process of being recycled.
In fact, damaged mitochondria being degraded in lysosomes may continue to produce
free radicals, contributing to this process. Once formed, lipofuscin is not degradable and
cannot be removed via exocytosis. It can be diluted via cell division in mitotic cells, but
accumulates in postmitotic cells. Large accumulations of lipofuscin in lysosomes may
physically interfere with cellular processes, especially lysosomal activity, and may
jeopardize the stability of lysosomes causing the release of their contents into the

cytoplasm (Brunk and Terman 2002).

There is increasing evidence that the compounds that accumulate in cells with age are
formed by the oxidation of macromolecules and this oxidation is driven by the
inescapable production of free radicals during cellular respiration. The oxidative stress
or free radical theory of aging, developed by Harman (1956), attributes aging to the
accumulation of oxidative damage to mitochondrial membranes, proteins and DNA
caused by free radicals. Thus there is a correlation between longevity and the rate of
free radical production. Mitochondria are the main sites of free radical production in cells
(Richter and Schweizer 1997). Itis estimated that approximately 3-5% of metabolized
0, is converted to the superoxide anion (Chance et al. 1979). During cellular respiration,
electrons are shunted along the electron transport chain to power the maintenance of a
proton gradient across the inner mitochondrial membrane. This gradient in turn, powers
the conversion of ADP into ATP, the energy currency of all cells. Along the electron
transport chain, the electrons are transported by large protein complexes labeled as |, Ii,
Il and IV. Complex V (which does not transport electrons) is ATP synthase, the enzyme

responsible for the phosphorylation of ADP. The final electron acceptor in the electron
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transport chain is molecular oxygen, receiving electrons from complex IV and becoming
reduced to water. Molecular oxygen, although an oxidant, is a stable molecule because
its two unpaired electrons are located in different orbits and have parallel spins.
However, because of this, the conversion of oxygen to water requires the coordinated
and serial addition of four electrons to O, which is accomplished by the active site of
complex IV. Mitochondrial electron transport is imperfect resulting in the premature and
incomplete donation of electrons to O,. One and two electron reduction of O, results in
the creation of the superoxide anion and hydrogen peroxide, respectively. The
superoxide ion is then spontaneously or enzymatically dismutated to hydrogen peroxide
and ultimately these two radicals can give rise to the hydroxyl radical, which is assumed
to be responsible for initiating a chain reaction causing oxidative destruction of
macromolecules. Currently, the consensus is that complexes | and Ili are the main sites
of free radical production as they give up electrons to oxygen instead of passing them
further along the electron transport chain (Beckman and Ames 1998, Richter and

Schweizer 1997).

Because they are the sites of free radical production, mitochondria are particularly
susceptible to oxidative damage. As membrane damage accumulates, mitochondria
become less efficient at producing ATP because the necessary proton gradient that
powers ADP phosphorylation is disrupted. Damage to proteins and mtDNA likely also
accumulates, adding to mitochondrial inefficiency. A result of this damage is an
increased production of free radicals, which in turn leads to even more damage.
Ultimately, the damaged mitochondria of an old organism cannot meet the energetic

demands of cells, resulting in cell death.
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What is particularly attractive about the oxidative stress theory is that it provides a
mechanism for and links together many aging theories and phenomena. In the rate of
living theory, the negative correlation between metabolic rate and maximum lifespan can
be explained by increased free radical production resulting from increased cellular
respiration (Sohal et al. 2002). In the somatic mutation accumulation theory, mutations

may be the result of oxidative damage (Goyns 2002). Lipofuscin and other cross-linkage

products that accumulate in aging cells are also the result of oxidative damage to
macromolecules. While the current evidence in support of this theory is primarily
correlative (Van Voorhies 2001, Sohal et al. 2002), there is a large body of scientific
research geared toward finding causal relationships between free radicals and aging

phenomena and understanding the role of oxidants in the aging process.

This is not to say that free radical production and resulting oxidative damage are the sole
determinants of aging. The process of senescence is complex and likely influenced by a
variety of factors, but it is increasingly clear that oxygen radicals play an important role in
aging physiology. One theory that attempts to address the complexity of senescence is
the nétwork theory of aging (Franceschi 1989). According to this theory, cells are
continuously exposed to internal and external stressors including UV light, heat, gamma
radiation, toxins, oxidants, and viruses. Over evolutionary time, defense mechanisms
have evolved which allow cells to cope with these stressors and their damaging effects.
These defense mechanisms work in an interconnected and coordinated fashion and the
efficiency (or inefficiency) of this networked defense system is responsible for the aging
process. Consequently, when studying aging we must consider all defense mechanisms
rather than focusing on just one process. The power of this theory stems from its
integrative perspective and the conceptualization of aging as a consequence of the

13



balance between all stressors and all defenses of the body. However, in practical terms,
without a full understanding of individual stressors and mechanisms that have evolved to
deal with those stressors, we cannot construct the overall network described in this
theory. Therefore, | have chosen to focus my research on the free radical theory of

aging as my contribution to our integrated understanding of the aging process.
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CHAPTER 1

CORRELATION BETWEEN REDUCED FREE-RADICAL
PRODUCTION AND EXTENDED LONGEVITY IN BATS VERSUS

TWO NON-FLYING MAMMALS: A COMPARATIVE APPROACH

ABSTRACT

The extended longevity of bats, despite their high metabolic rate, may provide insight to
patterns and mechanisms of aging. Here | test predictions of the free radical or oxidative
stress theory of aging as an explanation for differences in lifespan between the little
brown bat, Myotis lucifugus (maximum lifespan potential “MLSP” = 34 yrs), the short-
tailed shrew, Blarina brevicauda (MLSP = 2 yrs) and the white-footed mouse,
Peromyscus leucopus (MLSP = 8 yrs) by comparing whole-organism oxygen
consumption, hydrogen peroxide production, and superoxide dismutase activity in heart,
kidney and brain tissue. Mitochondria from M. lucifugus produced half to 1/3 the amount
of hydrogen peroxide per unit of oxygen consumed compared to mitochondria from B.
brevicauda and P. leucopus, respectively. SOD activity did not differ among the three
species. These results are similar to those found for birds, which like bats have high
metabolic rates and extended longevities. The results support the contention that free
radical production is not directly proportional to metabolic rate and is a better predictor of

longevity than metabolic rate.
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INTRODUCTION

Research on aging and differences in longevity among species has been fueled recently
by the link between aging and diseases such as Parkinson’s and Alzheimer’s (Graff, et
al. 1999). With a few unicellular exceptions (e.g. some yeasts, Osiewacz 2002), all
eukaryotic organisms age. Determining differences in aging patterns among species
through comparative studies, and finding mechanisms underlying these patterns in long-
lived organisms is key to understanding the aging process. We have known for a long
time that bats are exceptionally long-lived mammals (many bat longevity records date
back to 1965-1975; Tuttle and Stevenson 1982). However, to date few studies have
focused on explaining the extended longevity of these animals (Bouliere 1958, Wilkinson
and South 2002) and no studies have attempted to test recent physiological theories of

aging in bats.

Several theories have been developed addressing ultimate and proximate causes of
aging (for a review see Austad 2001, and Kirkwood and Austad 2000). In general,
mammals follow the pattern of the rate of living theory (Pearl 1928); mammais with low
metabolic rates live longer than mammals with high metabolic rates. Bats, however, are
an exception. On average, bats live three times longer than other mammals with similar
basal metabolic rates (Austad and Fischer 1991). As an extension of the rate of living
theory, it has been proposed that the long lifespan of bats is attributable to hibernation
(Bouliere 1958), when bats reduce body temperature to just above ambient temperature
and slow down metabolism (Davis 1970). Wilkinson and South (2002) found that
hibernating bats tend to live longer than species that do not enter hibernation. However,
hibernation cannot be the sole determinant of bat longevity considering non-volant

mammals that hibernate show a lifespan predicted by their metabolic rates and many
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