Chapter 13

Dissecting the Processes of Aging Using
the Nematode Caenorhabditis elegans

Samuel T. Henderson, Shane L. Rea, and Thomas E. Johnson

Genetic variants that live longer than parental strains seem more
likely than shorter-lived variants to be altered in primary rate-limiting
processes that determine life-span.

I. Introduction

A. Caenorhabditis elegans as a Model
System for the Analysis of Biological
Function

Genetic analysis of C. elegans was
initiated by the epic paper of Sydney
Brenner (Brenner, 1974) in which the entire
genetic map of “the worm” was first pub-
lished. This paper also set the “style” for
C. elegans research and described about
30 years of work, much of it from the
hands of the author himself. Similar semi-
nal papers described the cell lineage of all
959 cells making up the soma and repro-
ductive system (Kimble & Hirsh, 1979;
Sulston & Horvitz, 1977), the systematic
cloning of the genome (Coulson et al,
1988), the entire DNA sequence (C. ele-
gans Sequencing Consortium, 1998), a
description of a gene expression “map”
using microarrays (Kim et al., 2001), and

—Johnson & Wood, 1982

an analysis of gene function using whole-
genome RNAi libraries (Kamath &
Ahringer, 2003). In little more than
30 vyears, this lowly round worm has
become, arguably, the best genetic model
system among metazoa, and certainly the
best species in which to study the genetics
of aging. Soon after the founding of
the National Institute on Aging in 1974,
a Request for Applications (RFA] was
issued stating that “Applications for
work on genetic analyses of aging in
C. elegans .. ..are welcome.” This RFA
was a harbinger of the future impact of this
species on the wunderstanding of the
processes of aging, the subject of this chap-
ter. Throughout its relatively brief history,
the study of C. elegans has relied on cur-
rent methodology in both molecular genet-
ics and in computer sciences, the first
allowing the breakthroughs and the second
allowing the wide dissemination of
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the results and rapid access to biological
materials and  information.  These
resources continue to be developed
with centralized bioinformatics resources
(http://www.wormbase.org) and genetic
stocks maintained by the C. elegans
Genetics Center.

B. C. elegans as a Model for Aging

C. elegans represents a relative newcomer
among model genetic systems used in the
study of aging. In fact, the species was not
even listed in the Index in the first edition
of the Handbook of the Biology of Aging in
1977. However, a full chapter appeared in
the next three editions (Johnson, 1990a;
Lithgow, 1996; Russell & Jacobson, 1985);
but the absence of a chapter in the fifth
edition, during a time of massive discover-
ies, leaves a huge amount of work to
be described and integrated by the authors
of this chapter. Prior to 1982, the worm
was used as a model for only a few aging
studies, especially into altered rates of
protein  synthesis during aging and
effects of drug interventions on longevity
(Epstein & Gershon, 1972; Rothstein,
1980). Undoubtedly, the main reason for
the prevalence of aging research on C. ele-
gans (“the worm”) in recent years has been
the ability to use increased longevity as a
gold standard for detecting genetic alter-
ations that change the aging process, as
highlighted by the excerpt serving as the
frontispiece of this chapter. The tremen-
dous success of the genetic approach to dis-
secting aging processes is noted by the fact
that some 200 or more genes have now
been found to extend life as a result of
hypomorphic (reduced function) mutations
in the worm. These results are now
commonplace, a far cry from the way
that the first gerontogene in the worm
was greeted in 1983 (Klass, 1983). (We will
use the term gerontogene [Rattan, 1985] to
refer to genes in which one or more alleles
extend life over that of the wildtype strain,
N2 Bristol.) This definition is necessarily
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broad in that it encompasses both gain-and
loss-of-function mutations. An alternate
term, longevity assurance gene (Lag),
coined by Jazwinski (D'Mello et al,
1994), wrongly implies that hypomorphic
mutants should be life shortening, and
thus is an incorrect approbation for these
genes, which lead to life extension and
slowed aging when hypomorphic. We
will also refer to the long-life phenotype
associated with any gerontogene as “Age.”
A word of caution: the success of C. ele-
gans research and the many highly cited
publications in journals such as Science
and Nature have resulted in an oversell of
the worm (and perhaps invertebrate mod-
els in general), and many results stemming
from this research have yet to be shown to
be relevant to human aging. Such problems
have been highlighted elsewhere (Austad,
2005; Johnson, 2003).

In the present review we have
attempted to cover most topics relevant
to C. elegans aging research that have
occurred within the last eight years.
Due to space restrictions, we could not
be exhaustive, and so we apologize to our
colleagues if their work has not received
mention. Although the vast majority of
researchers in C. elegans are geneticists,
we anticipate that the readers of this
chapter are not, so we have attempted
to define specialized genetic terms
wherever used. More than 50 reviews of
C. elegans aging studies have been
published, focusing especially on the iden-
tification and interpretation of mutants
that lead to life extension (Braeckman
et al., 2002; Finkel & Holbrook, 2000;
Gershon & Gershon, 2001; Guarente &
Kenyon, 2000; Hekimi & Guarente, 2003;
Johnson, 2003; Johnson et al, 2000;
Johnson et al., 2001; Kirkwood & Austad,
2000; Lithgow, 2001; Longo & Finch,
2003; Martin et al., 1996, Murakami et al.,
2000; Rea & Johnson, 2003; Tatar et al.,
2003; Tavernarakis & Driscoll, 2002;
Van Voorhies, 2001b). Other areas studied
in such reviews include resistance to
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stress, particularly reactive oxidants, and
metabolic alterations leading to increased
longevity. Moreover, automated resources
such as PubMed allow ready identifica-
tion of papers over all of this period.

I1. Biology of C. elegans

In the laboratory, C. elegans is typically
raised at 20 °C on a simple Escheriscia
coli diet, where an average wildtype
hermaphrodite will develop from egg
to adult (by way of four larval stages,
termed L1 to L4) in 3 days, produce 250
to 300 eggs over the next 3 to 4 days, and
live another 10 to 30 days. Timing of
these life-history traits is dependent on
temperature, since the worm can be
grown and maintained over the range of
10 to 25.5 °C (Klass, 1977; Figures 13.1A
and B). When growth conditions become
limiting, an alternative third-larval stage,
known as a dauer, serves as a migratory
form, allowing worms to find new sites of
bacteria in their native soil environment.
The dauer stage provides a “timeout”
from normal reproduction and aging and
can enhance the survival of an individual
by months (Klass & Hirsh, 1976).

There are two sexes in the worm—males
and self-fertilizing hermaphrodites—and
they age differently (Gems & Riddle, 2000;
Johnson & Hutchinson, 1993; Johnson &
Wood, 1982). As expected, due to its self-
fertilizing nature, C. elegans does not
show hybrid vigor (Johnson & Hutchinson,
1993; Johnson & Wood, 1982). Aging
worms display many behavioral, morpho-
logical, and molecular signs of senescence
(Johnson, 1990a; Lithgow, 1996; Russell &
Jacobson, 1985). Behavioral signs of aging
are first evident as decreases in sponta-
neous or stimulated movement, eating,
and defecation rates. Eventually, animals
stop moving and defecating altogether
(Bolanowski et al., 1981). Although old ani-
mals may not move, they still respond to
gentle prodding, and they can persist in
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this state for several days. Death is identi-
fied by a lack of spontaneous movement, a
lack of response to touch, loss of turgor
pressure, and visible tissue degeneration
due to bacterial invasion (Johnson & Wood,
1982). Movement has been considered as a
marker for robustness and for age or aging
itself; indeed the rate of decline in move-
ment is a predictor of life expectancy (see
Figure 13.1B, Johnson, 1987; Figure 13.1C,
Herndon et al., 2002).

Morphological changes also become
evident as worms age. Old worms look
old. Old animals take on a mottled, less-
defined look and begin to accumulate dark
pigments and lipofuscin (Bolanowski
et al., 1981; Klass, 1977). Closer examina-
tion reveals tissue degeneration, cell
vacuoles, and tissue borders of uncertain
distinction (see Figure 13.2) (Garigan et al,,
2002; Herndon et al., 2002). Section VII.C
will discuss these changes in more detail.
More extensive reviews of the general
biology of C. elegans are available in book
form (Riddle et al., 1997; Wood, 1988).

IMI. The age-1 Pathway
A. Historical Background

Molecular genetic analysis of aging in
C. elegans began with the startling dis-
covery of the first gerontogene. Michael
Klass (1983) identified long-lived
mutants using a brute-force approach
that few have utilized since (Duhon
et al.,, 1996). The mutants he found all
were in a single genetic locus, subse-
quently named age-1, and were mapped
and characterized by the Johnson
and Ruvkun laboratories (Friedman &
Johnson, 1988a,b; Johnson, 1990b; Morris
et al., 1996). Key to the rapid expansion
of interest in these Age mutants was the
demonstration that age-1 and another
Age mutant, called daf-2 (DAuer
Formation), both lengthened the life of
adult worms and, in addition, affected
the differentiation of the long-lived dauer
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Changes in Movement with Chronological Age
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Figure 13.1 Aging in C. elegans. Panels A and B depict survival curves for wildtype C. elegans hermaphro-
dites raised at 25.5 °C (panel A) or 24 °C (panel B). Lines represent fraction surviving at given interval after
hatching (time 0). Note extension of life span by lowered temperature. Hatched regions represent fertilized
eggs laid during each time interval. Shaded regions represent unfertilized eggs (oocytes) laid during each time
interval. Life span quickly declines once reproduction has ceased. Reprinted from Mechanisms of Ageing and
Development, Volume 6, M. R. Klass, “Aging in the nematode Caenorhabditis elegans: major biological and
environmental factors influencing life span,” pp. 413-429, Copyright 1977, with permission from Elsevier.
Panel C depicts how decline in movement correlates with increasing chronological age. Long-lived strains of
C. elegans not only show a slowed rate of aging but also a slowed rate of movement decline that predicts the
life expectancy and maximum life span of each strain. Reprinted from Proceedings of the National Academy
of Sciences of the USA, 84(11), T. E. Johnson, “Aging can be genetically dissected into component processes
using long-lived lines of Caenorhabditis elegans,” pp. 3777-3781, Copyright 1987, with permission from
author.Panel D shows classification of wildtype C. elegans based on movement at 12 days of age and older
(described in text). Class A animals move spontaneously, class B animals move only when prodded, class C
animals are alive but move only the head when gently prodded. Individual animals typically transit through
each class before death. Entry into class C is a redictor of death. Reprinted from Nature, Volume 419, L. A.
Herndon, P. J. Schmeissner, J. M. Dudaronek, P. A. Brown, K. M. Listner, Y. Sakano, M. C. Paupard, D. H.
Hall, &M. Driscoll, “Stochastic and genetic factors influence tissue-specific decline in ageing C. elegans,”
pp. 808-814, Copyright 2002, with permission from Nature Publishing Group.
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larva (Kenyon et al., 1993; Malone et al., humans. Central to this pathway is a
1996). plasma membrane-bound tyrosine kinase
(DAF-2 in worms [capital letters signify
the protein]) that acts to transduce signals
to responsive tissue following activa-
tion by insulin or insulin-like ligands. In
the worm, there are 37 genes that encode
The insulin/insulin-like growth factor putative insulin-like (ins) molecules
(IGF) signaling (IIS) pathway is (Pierce et al., 2001). The IIS pathway is
evolutionarily ancient and is found in also comprised of several sequentially act-
species ranging from worms and flies to ing components, all of which are present

B. Brief Overview of the
Insulin/IGF-Like Signaling (IIS)
Pathway

daf-16(mu86)

wild type

] daf-2(mul50)

daf-2(el370)

Figure 13.2 Old worms look old. Panels a-0 depict tissue deterioration in aging C. elegans. Reprinted
from Nature, Volume 419, L. A. Herndon, P. J. Schmeissner, J. M. Dudaronek, P. A. Brown, K. M. Listner,
Y. Sakano, M. C. Paupard, D. H. Hall, & M. Driscoll, “Stochastic and genetic factors influence tissue-spe-
cific decline in ageing C. elegans,” pp. 808-814, Copyright 2002, with permission from Nature Publishing
Group. Panels a-e depict animals carrying a ppy0-3::GFP/NLS transgene, which expresses nuclear localized
green fluorescent protein (GFP) in body-wall muscle cells. (a) Whole worm at day 8. (b) Whole worm at
day 14. Note loss of nuclear GFP signal due to fragmentation of nuclear structure over time. (c-e)
Individual muscle nuclei at days 7, 12, and 18, respectively. (f) A rare muscle nucleus (arrow) undergoing
autophagy at day 18. (g, h) Body wall muscle sarcomeres as detected by a ppy,.sMYO-3/GFP translational
fusion, highlighting myosin heavy chain A. Sarcomeres are shown at days 4 and 18, respectively. Note
extensive deterioration. (i-k) Electron micrograph (EM) cross-sections of body wall muscle (M = muscle,
MC = marginal cells, DM = deteriorated muscle, L = lipid inclusion). (i) Day 4, white arrow indicates sar-
comere. (j) Day 18, note loss of sarcomere volume. (k) Frayed sarcomere from a day 18 animal. (I, m) EM
cross-section of pharynx of day 4 and 18 animals, respectively. Note extensive disorganization. (n, o) EM
cross-section of cuticle, day 4 and 18, respectively. (p) Reprinted from Genetics, 161(3), D. Garigan, A. L.
Hsu, A. G. Fraser, R. S. Kamath, J. Ahringer, & C. Kenyon, “Genetic analysis of tissue aging in
Caenorhabditis elegans: a role for heat-shock factor and bacterial proliferation,” pp. 1101-1112, Copyright
2002, The Gerontological Society of America, reproduced by permission of the publisher. Panels depict tis-
sue deterioration over time in different mutant backgrounds. Left panels show animals at 2 days of adult-
hood; right panels show animals at 10 days of adulthood. Note extensive tissue degeneration in the
absence of daf-16, whereas conversely, decreasing daf-2 function preserves tissue integrity. Numbers in
upper right corner represent score of tissue deterioration on a scale of 1 to 5.
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in the worm: an insulin receptor substrate
(IRS-1), a phosphatidylinositol-3-kinase
(AGE-1), a phosphoinosotide dependent
kinase (PDK-1), a serum glucocorti-
coid kinase (SGK-1), two protein kinase
B homologs (also known as akt) (AKT-1/2),
and a forkhead transcription factor
(DAF-16) (see Figure 13.3C). A phos-
phatase (DAF-18 in worms and homolo-
gous to the human tumor suppressor
PTEN) also acts to counter the activity of
AGE-1. The role of this pathway in nema-
tode aging has been extensively reviewed
(Guarente & Kenyon, 2000). Most impor-
tantly, reducing the function of many
components of this signaling module
invokes prolonged life span and/or dauer
formation. In C. elegans, bioinformatics
and molecular analyses have predicted
most of the functions of this signaling
module in the absence of any biochemical
experiments. Molecular studies in C. ele-
gans have focused largely on the down-
stream target of this pathway—namely,
DAEF-16.

C. Details on the IIS Module

Inhibition of daf-2 by mutation or RNA
interference can dramatically increase
mean life span up to 150 percent (Gems
et al., 1998). DAF-2 is the sole member of
the insulin/IGF receptor tyrosine kinase
family in C. elegans (Rikke et al., 2000).
Although other putative insulin-like
receptors have been identified, they lack a
tyrosine kinase domain and have no
known functions (Dlakic, 2002). Like
the mammalian insulin receptor, DAF-2
is a single-pass transmembrane recep-
tor with an extracellular ligand binding
domain and an intracellular tyrosine
kinase domain. The tyrosine kinase
domain is well conserved between human
and worm, sharing six out of eight critical
catalytic residues and containing conser-
vative substitutions at the remaining two
sites. Mutations have also been identified
within the kinase domain that increase
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life span. For example, the commonly
used daf-2(e1370) allele is a P1465S muta-
tion within the kinase domain (Kimura
et al, 1997). The temperature-sensitive
alleles of daf-2 have been separated into
two classes (I and II) based on the severity
of their associated phenotype (Gems et al,,
1998). All class I alleles are dauer forma-
tion-constitutive (Daf-c), Age, intrinsically
thermo-tolerant (Itt), and exhibit low lev-
els of L1 larval arrest at 25.5°C. Class 2
mutants exhibit the class 1 defects as well
as some or all of the following: reduced
adult motility, abnormal adult body and
gonad morphology, high levels of embry-
onic and L1 arrest, production of progeny
late in life, and reduced brood size (Gems
et al., 1998).

Mutation of any one of several down-
stream components in the IIS pathway
also slows the rate of aging and increases
mean life span. age-1 (PI3Kinase) mutants
live 65 percent longer (Johnson, 1990b).
Similarly, alteration of pdk-1 increases
mean life span by 60 percent (Paradis
et al, 1999). C. elegans contains two
homologues of mammalian akt, called
akt-1 and akt-2, that appear to be func-
tionally redundant (Paradis & Ruvkun,
1998). It is possible to inactivate both
genes by either co-injecting double-
stranded RNA (dsRNA) into adult animals
and examining the resulting progeny,
which form dauers constitutively (Daf-c)
and localize DAF-16 to the nucleus
(Henderson & Johnson, 2001), or by feed-
ing akt-2(0k393) (a knockout allele of
akt-2) bacteria expressing dsRNA to akt-1,
which increases life expectancy about
20 percent (Hertweck et al., 2004). (This
method of inhibiting gene function is
called RNAi and is described in more
detail in section IV.B). The dauer observa-
tion illustrates the important point that
most IIS pathway mutations are hypomor-
phic so that growth at 25.5 °C results in a
Daf-c phenotype because dauer formation
is intrinsically temperature sensitive

(Riddle & Albert, 1997).
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Figure 13.3 Insulin/IGF-like signaling (IIS) in C. elegans. Panels A and B are reprinted from Current
Biology, Volume 11, No 24, S. T. Henderson and T. E. Johnson, “Daf-16 integrates developmental and
environmental inputs to mediate aging in the nematode Caenorhabditis elegans,” pp. 1975-1980,
Copyright 2001, with permission from Elsevier. Panels A (a)-(g) depict animals carrying a DAF-16::GFP
fusion transgene in the presence of the listed RNAi or mutant genetic background. Note nuclear local-
ization of DAF-16::GFP following reduction of the IIS components DAF-2 and AKT-1/2. Panel B (a)—(d)
depicts strong nuclear localization of DAF-16::GFP fusion protein in response to indicated stressors.
Panel B(e) depicts model of DAF-16 as “gerontostat.” Panel C gives an overview of the IIS pathway. IIS
influences both dauer entry at the L1 stage and life span at other stages. Environmental conditions, such
as food availability, are sensed primarily through ciliated sensory neurons located in the head and tail.
These sensory neurons secrete insulin-like peptides (for example, INS-18 and DAF-28) in response to
environmental cues. Other tissues, such as intestinal or gonadal cells, may also secrete insulin-like pep-
tides acting either as agonists or antagonists to the single insulin/IGF-like receptor, DAF-2. Positive sig-
naling through DAF-2 activates a conserved series of kinases (AKT-1/2, PDK-1, and SGK-1), which phos-
phorylate and negatively regulate the DAF-16 transcription factor. The mechanism of inhibition is
sequestration in the cytoplasm and the result is shortened life span. Inhibition of IIS allows DAF-16 to
accumulate in the nucleus, thereby activating or repressing a series of target genes, resulting in life-span
extension. Genes upregulated by DAF-16 include sod-3 (a mitochondrial superoxide dismutase), several
members of the small heat shock genes (sHSP), and OLD-1, a tyrosine kinase. Inhibition of IIS may
occur at many points, from improper sensory neuron development (for example, mutations in che and
osm genes) to mutations directly in components of the IIS pathway, such as daf-2, age-1, sgk-1, and pdk-1
mutations. DAF-16 may also be directly activated by stress by an unknown mechanism. DAF-2,
insulin/IGF-1 receptor-like tyrosine kinase; AGE-1, phosphaditylinositol-3-kinase; DAF-18, PTEN
homolog; PDK-1, phosphoinsotide dependent kinase; SGK-1, serum glucocorticoid kinase; AKT-1/2, pro-
tein kinase B homologs 1 and 2 (also known as PKB); DAF-16, FOXO-like forkhead transcription factor;
PIP3, phosphoinositide-3-phosphate.
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As mentioned, C. elegans contains a
large family of insulin-like sequences.
The genes frequently are found in clusters
and were likely derived from recent dupli-
cation events. The gene family shares
roughly 25 to 40 percent amino acid iden-
tity, yet they all contain signatures of
insulin-like molecules: A and B chains
and the potential to form at least three
disulfide bonds. Consistent with a role of
integrating environmental cues, many of
the ins genes are expressed in sensory
neurons or other neuronal cells (Pierce
et al., 2001) (see also section III.D). Given
the large number of insulins, some may
function as agonists, whereas others func-
tion as antagonists of the DAF-2 receptor.
Therefore, some are predicted to shorten
life span, whereas others may increase life
span. This appears to be the case. For
example, increased dosage of ins-1 has
been shown to promote dauer formation
and increase life span, suggesting it acts as
an antagonist (Pierce et al., 2001).
Conversely, ins-18 may function as an
agonist. Inhibition of ins-18 results in an
approximately 30 to 40 percent increase
in mean life span (Kawano et al., 2000).

Another possible DAF-2 agonist is
encoded by daf-28. daf-28 was first
isolated as a mutant, causing transient
dauer arrest and a modest increase
in life span (10 percent] (Malone &
Thomas, 1994). Li and colleagues later
identified DAF-28 as an insulin-like pro-
tein that was expressed in two pairs of
sensory neurons (ASI and AS]J) (Li et al.,,
2003). Importantly, the expression of a
daf-28::GFP fusion was found to be
downregulated by dauer-inducing envi-
ronmental cues—that is, starvation and
exposure to crude dauer pheromone
extracts dramatically decreased its
expression. These findings draw a paral-
lel between daf-28 and mammalian
insulin  signaling, where in both
instances conditions suitable for repro-
ductive development are biochemically
announced. The modest effects of daf-28
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mutation on increasing nematode life
span may be related to the redundancy
and complex expression pattern of the
ins genes in C. elegans (Li et al., 2003;
Pierce et al., 2001).

Recently, a homolog of mammalian
serum- and glucocorticoid-inducible kinase
(SGK) was identified in C. elegans. SGK
kinases are similar in sequence to AKT
kinases, and in mammals they are thought
to function in IIS through direct reg-
ulation of the mammalian homologs of
DAF-16 (Brunet et al., 2001). Analogously,
in C. elegans, SGK-1 may act in a complex
with AKT-1/2 and function to directly
phosphorylate DAF-16, thereby preventing
the latter’s nuclear entry and shortening
life span. Inhibition of sgk-1 by RNA
interference increased life span by approxi-
mately 70 percent (Hertweck et al., 2004).

A major function of active IIS is to
phosphorylate DAF-16, thereby excluding
it from the nucleus (see Figure 13.3A a-g).
Conversely, inhibition of TIIS causes
nuclear localization of DAF-16, leading to
increased stress resistance and life span
(Henderson & Johnson, 2001; Lee et al.,
2001; Lin et al., 2001). As indicated above,
inhibition of daf-2 by mutation or RNA
interference can more than double mean
life span; the precise degree depends on
the site of mutation and/or other manipu-
lations. Increases in both stress resist-
ance and longevity are, however, lost in
daf-16;daf-2 double mutants (Arantes-
Oliveira et al., 2003; Kenyon et al., 1993).
This epistasis of daf-16 logically means
that DAF-16 functions later in the path-
way than does DAF-2 (i.e., DAF-16 is
downstream of DAF-2), and it illustrates
the fundamental role this transcription
factor has in specifying life span.

D. Upstream Input into the IIS Pathway

Soil is the natural habitat of the free-
living nematode C. elegans, and when a
food source is exhausted, or in response
to other adverse conditions (such as high
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temperature or overcrowding), an alter-
native developmental program called the
dauer pathway is activated. The decision
to suspend reproductive development
and instead become a long-lived, growth-
arrested dauer is made at the first larval
stage (L1). Adverse conditions are sensed
by chemosensory and thermosensitive
mechanisms, whereas overcrowding is
detected by the local concentration of a
lipid soluble pheromone secreted by L1
animals (see Riddle & Albert, 1997). All
this information is integrated into the
decision to form a dauer. The dauer lar-
vae functions as a dispersal form and
exhibits behaviors that are adaptive to
this end, such as nictation, in which
dauers move to the surface and stand on
end, extending themselves into the air
sometimes as far as a few inches by mak-
ing long ropes of multiple dauers. Dauers
do not feed, are stress resistant, and can
live six to nine times longer than adults.
If dauer larvae are dispersed to a new,
more favorable environment, they will
resume development and become fertile
adult animals with normal life spans.
Therefore, dauers are often considered to
be a non-aging, or at the most, a very
slow-aging form (Klass & Hirsh, 1976).
The decision to enter the dauer larval
stage has been extensively studied (for an
overview see Riddle & Albert, 1997). It
consists of multiple parallel pathways
that integrate sensory input into the final
decision. Genetic and molecular analyses
have revealed that the dauer pathway
consists of two main arms, correspon-
ding to the IIS pathway and a transform-
ing growth factor beta (TGFB) pathway.
Formation of the dauer can be considered
the default pathway since active sig-
naling by the IIS and TGFB modules
are required to prevent dauer formation.
Therefore, mutations in many dauer
genes, such as daf-28, result in constitu-
tive dauer formation (Daf-c). Other genes
are required to form and maintain the
dauer, and mutations in these genes
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result in a dauer-defective phenotype
(Daf-d).

C. elegans senses its outside environ-
ment primarily through ciliated sensory
neurons located in the head and tail. The
major sensory neurons in the head
are contained within paired structures
called amphids. Each amphid contains
the ciliated endings of 12 sensory neu-
rons, a sheath cell and a socket cell,
which together form a pore to the exte-
rior. Phasmids are minor sensory organs
located in the tail and have a similar
structure to the amphids (Chalfie &
White, 1988). These sensory neurons are
used to monitor the environment, and
they function toward both aversive stim-
uli and attractants, such as bacteria
(food) and chemical messengers like
pheromones.

Many genes have been identified that
affect the function and development of
sensory neurons. These include classes of
genes that affect the animal’s ability to
detect a variety of chemical stimuli
(che) and changes in osmolarity (osm).
Mutations in these genes give rise to ani-
mals that are impaired in their ability to
detect their environment. These animals
frequently demonstrate a Daf-c pheno-
type at elevated temperature (27 °C)
(Vowels & Thomas, 1992). For example,
mutations in any of a number of che and
osm genes, such as che-2, che-11, che-13,
osm-1, osm-5, and osm-6, result in
greater than 90 percent dauer formation
at 27 °C (Apfeld & Kenyon, 1999). If
these animals are raised at lower temper-
atures, they do not form dauers, but are
long-lived. For example, che-2(e1033)
animals live approximately 43 percent
longer than wildtype at 20 °C. Other
che and osm mutants behave similarly,
with some exhibiting more than a doubl-
ing of life span, such as che-3(p801)
100 percent, che-11(e1810) 45 percent,
osm-1(p808) 37 percent, and osm-5(p813)
120 percent. In addition, several mutants
are known in which the amphids do not
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develop properly, such as mec-8(e398),
which exhibits a ~59 percent increase in
life span. In nematodes, it is possible to
directly test the role of amphids in life
span by ablating the structures with a
laser. Such sensory-deprived worms live
approximately 33 percent longer than
non-ablated animals (Apfeld & Kenyon,
1999).

The Daf-c phenotype of many Che
and Osm mutants suggests that their
increased life span may be regulated by
one of the dauer genes. In fact, all of
the increases in dauer formation and
longevity in the che and osm mutants
were found to be suppressed by muta-
tions in daf-16, the paragon Daf-d gene
(Apfeld & Kenyon, 1999). The depend-
ence of daf-16 on life-span extension
suggests that sensory cues are transmit-
ted through insulin-like signaling to
influence life span (see Figure 13.3C).

E. DAF-16

Modulating DAF-16  transcriptional
activity is a major function of insulin
signaling in C. elegans and, as described
above, nuclear localized DAF-16 plays
a necessary role in increased longevity.
A Lkey role for daf-16 in regulating
changes to environmental inputs was
demonstrated by Henderson and Johnson
(2001), who found that several different
environmental stressors caused nuclear
localization of DAF-16 (see Figure 13.3B
a-d). Additionally, the authors demon-
strated that simply increasing the dosage
of daf-16 resulted in increased stress
resistance and life span, while at the
same time slowed growth and reproduc-
tion (Henderson & Johnson, 2001).
Both of these outcomes are consistent
with DAF-16 functioning as a “geronto-
stat,” a regulator of aging. DAF-16 has
exactly the right properties for regulat-
ing response to hard times, as predicted
by evolutionary theories of aging. Under
conditions conducive to growth and
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reproduction. DAF-16 is phosphorylated
by the action of the upstream IIS ele-
ments and is consequently found in the
cytoplasm. The result is reproduction,
normal levels of stress resistance, and a
normal life span. Under difficult condi-
tions, especially reduced food concentra-
tion, DAF-16 instead moves to the
nucleus, where it stimulates the synthe-
sis of many transcripts leading to stress
resistance and increased longevity (see
Table 13.1). If these signals occur early
enough in life, then DAF-16 stimulates
dauer formation in response to environ-
mental stress. Kenyon has postulated
multiple downstream targets for the
IIS pathway at various stages of life in
her models of an active death program
causing aging (Alcedo & Kenyon, 2004)
but, using Occam’s razor, it seems more
likely that the genomic response to
DAF-16 activation is merely dependent
on the development stage of the worm
when environmental stress is encoun-
tered. We suggest that the primary role
of IIS and DAF-16 is not to cause aging
but to regulate the worm’s response to
stress and its metabolic reserves.

Given the importance of DAF-16 in
increasing mean life span, gene targets
of DAF-16 are likely to be highly
informative about the aging process.
Several authors have attempted to
identify targets of DAF-16 by use of
DNA microarrays and computational
methods. Murphy and colleagues (2003)
used both mutant animals and RNA
interference to look at daf-16-depend-
ent changes in expression that occur
when IIS is inhibited. The authors clas-
sify the genes into either Class 1 genes
that are upregulated (induced) in daf-2,
partial loss-of-function (lf) animals, or
Class 2 genes that were downregulated
(repressed) under the same conditions.
Interestingly, among the Class 1 genes
were several members of the small heat
shock genes, such as hsp-16.1, hsp-12.6,
hsp-16.11, sip-1, and hsp-16.2. Some of
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Table 13.1
Genes Regulated by DAF-16

Gene (Size Closest Match % Identity/% E Value Function in Function in
Amino Acids)  in Human Homology Size C. elegans Humans
(Amino Acids)
ctl-1 (497)2 catalase (527) 63%/76% (489) 0.0 Cytoplasmic Peroxisomal?
catalase
ctl-2 (500)2 catalase (527) 63%/79% (494) 0.0 Peroxisomal PeroxisomalP
catalase
mtl-1 (75) metallothionein  40%/47% (59) 2e-06 Metallothionein,  Antioxidant
3 (68) metal protective against
detoxification/ various ROS
homeostasis
sod-3 (218)¢ SOD2 (222) 61%/76% (217)  1le-77 Mitochondrial Mitochondrial
Mn SOD Mn SOD
vit-2 (1613)d APOB (4563""")  19%/36% (935)  4e-06 Yolk protein Main apolipoprotein
of chylomicrons
and low-density
lipoproteins
vit-5 (1603)d MNSI1 "7(495) 22%/45% (306)  le-07 Yolk protein Meiosis-specific

nuclear structural
protein

aThere are three catalase genes in C. elegans: Y54G11A.6 (ctl-1), Y54G11A.5 (ctl-2), and Y54G11.13. ctl-2 is differentially
spliced. There is a single catalase gene present in the human genome.

bMost organisms use either a PST1 or PST2 type signal for targeting proteins to peroxisomes (PEX). C. elegans only
contains machinery that accommodates the former. In line with this observation, ctl-1 (and Y54G11.13) lack a PST1

type, C terminal PEX targeting signal.

¢C. elegans contains two MnSODs (sod-2 and sod-3) and three Cu/ZnSODs (sod-1, sod-4 and sod-5). Humans contain
three SODs (SOD1, Cu/Zn cytoplasmic; SOD2 mitochondrial MnSOD; and SOD3 Cu/Zn extracellular). sod-2 of C.
elegans is the best match with SOD2 in humans (63 percent identity, E: 9e-82). sod-2 and sod-3 of C. elegans share 86
percent identity. Note that there are three types of SODs: the Cu/Zn, Mn, and Fe SODs. Only the latter two are

evolutionarily related.

dThere are six vitellogenin genes in C. elegans (vit-1-6). (KO9F5.2, C42D8.2, F59D8.1, F59D8.2, CO4F6.1, and KO7HS.6).
Probably all are APOB related molecules, despite proteins such as MNSI having higher domain homologies in the case of
vit-5 that skew BLAST results. vit-1, vit-2, and vit-6 are most related to APOB.

these same small heat shock genes are
upregulated by the hormetic treatments
that increase nematode life span that
are described below (section IV.A)
(Cypser & Johnson, 2002; Link
et al., 1999). Additionally, several other
stress-related genes, including antioxi-
dant genes, were upregulated, and these
included ctl-1 and ctl-2 (catalases)
(see Table 13.1), mtl-1 (metallothionein-
related cadmium binding protein), and
sod-3 (superoxide dismutase) (Murphy
et al., 2003). Class 2 (repressed) genes
included some genes with obvious roles
in reproduction, such as vit-2 and vit-5,
two vitellogenin (yolk protein) genes.
In addition, many other genes were

identified as upregulated or downregu-
lated, but speculation about what role
such genes could play in C. elegans life-
span extension, and how they might fit
into any simple aging framework, is dif-
ficult without further study.

In a separate analysis, McElwee and col-
leagues used microarrays to compare
RNA profiles of daf-2(e1370);glp-4(bn2) to
daf-16(m27);daf-2(e1370);glp-4(bn2)  ani-
mals (McElwee et al., 2003). Mutations in
glp-4 were included to sterilize the ani-
mals and prevent contamination with
progeny. Unfortunately, there was not a
large overlap of regulated genes between
the Murphy and McElwee data, a frequent
problem with microarray studies. Some
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common genes were present. For exam-
ple, McElwee and colleagues found that
some classes of heat shock genes were
upregulated, in particular hsp-70 and sev-
eral members of the hsp-16 family. In
addition, sod-3 was similarly found to be
upregulated. Here, both sets of results
confirmed earlier work implicating sod-3
as a DAF-16 target (Honda & Honda,
1999). Both groups used RNAI to test the
role of genes identified in the microarray
studies to see whether they were required
for increased longevity. Murphy and col-
leagues generally found that many genes
had small effects; typically, knocking out
single genes reduced life span of daf-
2(e1370) 10 to 15 percent, and few of the
genes had strong effects. Surprisingly, in
the case of sod-3 inhibition, Murphy
and colleagues found a 5 to 15 percent
decrease in life span, whereas McElwee
and colleagues actually observed a slight
increase in life span.

From these studies it has been diffi-
cult to identify a single factor that
may be leading to increased life span.
Nonetheless, several candidate genes
have been proposed. McElwee identified
a protease (ZK384.3) that when inhib-
ited in daf-2(e1370) animals shortened
their life span 33 percent (McElwee
et al., 2003). Others have found that
inhibition of single genes reduces daf-2
mutants back to wildtype. For example,
Melendez and colleaguesfound that
inhibition of bec-1, the C. elegans
ortholog of the yeast and mammalian
autophagy gene APG6/VPS30/beclinl,
reduced daf-2(e1370) life span back
to wildtype (Melendez et al., 2003).
In another experiment, Okuma and
colleagues also identified scl-1, a
gene required for long life of daf-2
mutant animals (Ookuma et al., 2003).
Murakami and Johnson identified the
old-1 gene as a key downstream target
of DAF-16 (section VILB). The OLD-1
protein is predicted to encode a single-
pass transmembrane protein with a
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short extracellular domain and cytoplas-
mic tyrosine kinase domain. C. elegans
contains several members of this class
of tyrosine kinase that may be unique to
nematodes (Rikke et al., 2000). OLD-1
expression was found to be upregulated
in the long-lived strains age-1(hx546)
and daf-2(e1370). Inhibition of old-1 by
RNA interference returned daf-2(e1370)
to wildtype life span; age-1(hx546);0ld-
1(mk1) double mutants also had wild-
type life spans (Murakami & Johnson,
2001). In addition, increased dosage of
the old-1 gene greatly lengthened the
life span of wildtype animals (Murakami
& Johnson, 1998). As a tyrosine kinase,
OLD-1 may function in a signaling path-
way downstream of DAF-16 to influence
life span. While much progress has been
made on how IIS influences life span,
clearly, further experimentation is
required to precisely define how DAF-16
exerts such profound effects on aging.

F. Conservation of the IIS Module in
Higher Animals?

Because of the central role of the IIS
pathway in transmittance of environ-
mental cues throughout C. elegans, it is
not surprising that this pathway appears
conserved and operates in a some-
what analogous function in mammals.
Although this does not necessarily
mean that hypomorphic mutations in
mammalian IIS homologs will be long-
lived, it is true that insulin signaling in
mammals not only plays a critical
role in maintaining glucose homeosta-
sis (Rea & James, 1997), but it also
acts to modify metabolism through-
out the body in response to nutrients.
In humans, for example, insulin can
generally be considered to signal that
nutrients are plentiful, and it promotes
glucose and fat storage. When insulin
signaling is decreased or inhibited, this
generally signals that nutrients are lim-
iting, so fat stores are mobilized (for an
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overview see (Saltiel & Kahn, 2001).
Insulin-like signaling can be considered
to function in a similar manner in C.
elegans. When resources are abundant,
insulin signaling is active, the dauer
pathway is suppressed, and reproduc-
tion is favored. If resources are scarce,
insulin signaling is reduced and the
non-reproducing, dispersal, dauer form
is favored. The IIS pathway is likely to
function not only in the dauer decision,
but also throughout the life of the ani-
mals to adjust to a changing environ-
ment (Henderson & Johnson, 2001).

The picture that has emerged from the
role of insulin signaling in C elegans is
shown in Figure 13.3, which summarizes
the various findings in the worm.
Increasing IIS is thought to sequester the
forkhead transcription factor DAF-16
in the cytoplasm and favor reproduc-
tive development and shorter life span,
whereas inhibition of IIS increases the
amount of nuclear localized DAF-16 and
leads to increased life span.

IV. Mutations in Mitochondrial
Components

Based on the large number of deleterious
mitochondrial disorders that have been
detected in humans (Wallace, 1999), it
seems almost heretical to propose that
reducing mitochondrial electron transport
chain (ETC) activity might extend life
span, but in C. elegans, several studies
suggest this to be true. The Mit
(Mitochondrial) class of long-lived mutants
(see Table 13.2) generally contain loss-or
reduced-in-function alterations in mito-
chondrial proteins. Almost all of these
mutations directly affect components of
the canonical ETC (or their proper func-
tioning), and most exhibit a 20 to 40 per-
cent increase in mean adult life span
(reviewed in Rea & Johnson, 2003).
Genetic epistasis experiments indicate
that almost all of the Mit mutants tested
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act independently of the insulin-like daf-2
signaling pathway.

A. Clk Mutants

The Clock (Clk) class of mutants (named
rather fancifully for abnormal functions
of biological clocks (Wong et al, 1995)
were found to result in a modest Age phe-
notype (Lakowski & Hekimi, 1996). This
class of mutants is heterogeneous and clas-
sified on the basis of their slow and non-
synchronous rates of development and
rhythmic behaviors, and also on the basis
of exhibiting “maternal-effect rescue,” (i.e.,
homozygous clk-1 animals born of a het-
erozygotic hermaphrodite are wildtype).
The clk-1 mutant, which is the best char-
acterized of the Clk family, has a defective
demethoxyubiquinone (DMQ) monoxyge-
nase, preventing synthesis of 5-hydroxyu-
biquinone, the penultimate intermediate
of ubiquinone (Q) (Brunet et al., 2001;
Jonassen et al., 2001; Stenmark et al,
2001), and consequently accumulates sig-
nificant quantities of DMQy. (Note that
the subscript refers to the number of iso-
prenyl units attached to the quinone ring
head group.) Early studies suggested DMQq
could functionally replace Qg as an elec-
tron acceptor at Complexes I and II, albeit
less effectively in the latter instance
(Miyadera et al., 2001). Although measure-
ment of the standard midpoint potentials
of Qy (+85 mV) and DMQ, (+68 mV) indi-
cated DMQ should be a less effective
antioxidant than Q, that was not the case;
instead, under certain conditions, DMQ
had a slower oxidation rate than Q
(Miyadera et al., 2002) (for potential rea-
sons see Joela et al, 1997). This led to the
suggestion that the life-span increase in
clk-1 nematodes might result from a
reduction in the amount of life damaging
reactive oxidant species (ROS) emanating
from their mitochondria (Miyadera et al,
2002). Substantial evidence, however,
weighs against a possible role for DMQq
in the longevity enhancement of clk-1
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Table 13.2
Age Genes that Affect Mitochondrial Function in C. elegans (Not Exhaustive)
Gene Mutation/ Function Phenotype” Homolog Notes® Reference
RNAi
nuo-2 RNAI ComplexI  Emb, Gro, Etv, - 30 kDa Subunit, (Dillin et al.,
(T10E9.7) Lva, Age™’ alternatively 2002)
spliced —
T10E9.7a & b
D2030.4 RNAi ComplexI  Gro, Age - B18 Subunit, L4 (Lee et al.,
arrest when 2003)
RNAI present
in egg
gas-1 fe21 ComplexI  Gas, Short- T26A5.3 49kDa Subunit, (Kayser et al.,
Lived Complex I 2001)
activity reduced
by 60%,
Complex II
activity
increased 2 fold,
T26A5.3
remained
undetectable
nuo-1 ual ComplexI  Emb, Lva (L3), - 51 kDa Subunit, (Tsang et al.,
Age Gonadal 2001)
development
arrested at
L2 stage
mev-1 knl Complex II ~ Short-lived - Large subunit of (Senoo-
memb-bound Matsuda
Cyt b (RNAi - et al., 2001)
Stp, Emb, Gro)
cyc-1 RNAIi Complex Il Emb, Gro, - Cytochrome ¢ (Dillin et al.,
Sle, Age 2002)
isp-1 qm150 Complex IIT  Gro, Age - Reiske Iron-Sulfur (Fenget al,,
Protein, RNAi - 2001)
Emb, Ste
F26E4.6 RNAi Complex IV Ste, Age - Subunit VII c, (Lee et al.,
Lva (L2) when 2003)
RNAI present
in egg
cco-1 RNAI Complex IV Clr, Emb, Gro, - Subunit Vb (Dillin et al.,
(F26E4.9) Ste, Age 2002; Lee
et al., 2003)
W09C5.8 RNAi Complex IV Ste, Age - Subunit IV, also (Lee et al,,
Gro when RNAi 2003)
present in egg
H28016.1 RNAIi Complex V. Emb, Gro, Etv, VHA-12 F1 ATPase 22- (Lee et al,,
Lva (L2/L3) (vacuolar) subunit 2003)
(isoform 1)
atp-3 RNAi Complex V. Emb, Lva, Age - ATP synthase ? - (Dillin et al.,
(F27C1.7) subunit 2002)
(oligomycin-
sensitivity
conferring
protein)

(continues)



374

Table 13.2

S. T. Henderson, S. L. Rea, and T. E. Johnson

(Cont’d)

Gene Mutation/ Function

RNAi

Phenotype*

Homolog Notes’ Reference

atp-2 ua Complex V Lva (L3), Age

clk-1 uQ

biosynthesis

qma30,
e2519,
qmb51

Mitoch.
Leucine
tRNA
synthetase

Irs-2 mg312 Gro, Ste, Age

Mitoch.
Carrier

F13G3.7 RNAIi Age

B0261.4 Mitoch.
Ribosomal

Protein

RNAi Bmd, Emb,

Gro, Age

Mat, Gro, Age

Y49A3A.2
(vacuolar)

F1 ATPase
22- subunit,
L2 arrested
gonad,
RNAi — Emb,Ste
- DMQ Mono-
oxygenase,
Bacterial UQg
is an essential
dietary
supplement
Adults small
(L4 size),
decreased
pumping and
defecation rates,
probable null
(and ETC null)
probable IMM
dicarboxylate (?)
exchanger, RNAi
effect daf-16
dependent
- Similar to mouse
L47 protein,
mildly Gro when
RNAI present

in egg

(Tsang et al.,
2001)

(Jonassen
et al., 2002)

LRS-1
(cytosolic)

(Lee et al.,
2003)

Y43C5B.3 (Lee et al.,

2003)

(Lee et al.,
2003

*Bmd: Body morphology defect; Clr: clear; Gas: Volatile-anaesthetic sensitive; Gro: Slow growth; Emb: Embryonic lethal;
Etv: Embryonic terminal-arrest, variable; Lva: Larval arrest; Mat: Maternal effect; Sle: Slow embryonic development; Ste:

Sterile; Stp: Sterile progeny.

tSubunit designations are based on Bos Taurus nomenclature, IMM: Inner Mitochondrial Membrane.

** Animals were not long lived in Lee et al., 2003.

nematodes. First, three cIk-1 alleles (e2519,
gm30, and gm50) have been identified that
all accumulate the same amount of DMQy
(Jonassen et al., 2001) but differ in the
severity of both their clk-1 lesion and cor-
responding increase in life span (Wong
et al., 1995). Second, mice homozygous for
a clk-1 mutation developmentally arrest at
day 10.5 and later die despite the presence
of DMQg (Nakai et al., 2001). Finally, more
recent  studies using the  yeast
Saccharomyces cerevisiae reveal DMQ
cannot functionally replace Q at either
Complex I or I (Padilla et al, 2004).
Indeed, it is now clear that the original

clk-1 mitochondrial studies were con-
founded by the presence of Qg obtained
from their bacterial food source, which
they retained for use in their own mito-
chondria (Jonassen et al, 2001). Even
at levels less than 5 percent that of
the endogenous Qq, exogenous Qg appears
sufficient for both development and fertil-
ity of clk-1 mutants. When, however, clk-1
animals are cultured on bacteria unable to
produce Qg, they arrest at the L2 larval
stage—strongly implying that DMQy can-
not replace a critical requirement of Qg
(Jonassen et al., 2002). More recent studies
in mice have similarly shown that low
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levels of Qg can overcome fetal lethality
(Nakai et al, 2004). If not DMQy, what
then might be responsible for the longevity
enhancement of cIk-1 animals?

Two hypotheses have recently been
proposed. Santos-Ocana and colleagues
(Padilla et al., 2004) showed that in the
yeast S. cerevisiae, mutations in coq’/
that corresponded to the nematode clk-1
alleles e2519, gqm30, and gmb50 resulted
in a dramatic reduction in the c-type
cytochromes of the ETC. The reduction
in cytochrome c¢ levels partially corre-
lated with the severity of the mutant
coq7 allele. These researchers found that
exogenous Q was sufficient to rescue
both the cytochrome ¢ phenotype and
respiration, leading them to suggest that
in clk-1 nematodes, low levels of bacter-
ial Qg may begin to perform a similar
function and, furthermore, that this low
level of ETC activity might correlate
with both survival and low levels of ROS
production (see section IV.D). On the con-
trary, though, these researchers also dis-
covered that the presence of DMQg in
yeast correlated with oxidant sensitivity,
not resistance as suggested by Miyadera
and colleagues (2001), but that low levels
of Qg prevented this. To reconcile this
DMQ pro-oxidant finding with low ETC
ROS production, they suggested that bac-
terial Qg may function in conjunction
with DMQy at sites such as the Qy site
of Complex III to swap reducing equiva-
lents from DMQy to Qg and subsequently
move electrons down the ETC, simulta-
neously invoking a function for DMQg
and countering its pro-oxidant properties.

In another study, Morgan and colleagues
(Kayser et al., 2004b) extensively charac-
terized mitochondria from clk-1 and N2
worms that had each been cultured in lig-
uid medium and fed wildtype E. coli.
Their key finding was that Complex I in
clk-1 mitochondria operated at ~30 per-
cent of the activity level observed for N2
mitochondria when examined using
endogenous quinone carriers only (DMQy,
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Qjg, and rhodoquinone). Oddly, Complex II
remained unaltered. This defect was found
not to be due to a reduction in maximal
attainable Complex I activity, nor to a
reduction in the activity of Complex I sub-
strate transporters; rather, it was shown to
be specific to the types of endoge-
nous quinones present. DMQg could not
functionally replace Qo. These findings
were in direct contrast to earlier studies
(Felkai et al., 1999; Jonassen et al., 2003;
Miyadera et al., 2001), which reported
there were no differences in Complex I
(NADH oxidoreductase) activity in clk-1
animals. As pointed out by Kayser and col-
leagues, these earlier studies presumably
either missed the observation due to the
absence of appropriate wildtype controls,
or they failed to include inhibitors that
discounted possible nonspecific NADH
oxidation (Kayser et al., 2004a). In a set of
parallel studies, Kayser and colleagues
(2004a) also showed that cIk-1 nematodes
display a reduced level of oxidized mito-
chondrial proteins relative to those from
wildtype animals. These findings led to
the suggestion that senescence in clk-1
animals might be delayed because of a
lowered electron flux through Complex I
and a consequent reduction in oxidative
damage—consistent with the free-radical
hypothesis of aging (Harman, 1956).

B. Screens Using RNA Inhibition (RNAi)

With the advent of genomic RNAI
libraries (Kamath & Ahringer, 2003),
it became feasible to screen the entire
C. elegans genome, one gene at a time,
for longevity-enhancing, loss-of-function
mutations. Both the Kenyon and Ruvkun
labs (Dillin et al., 2002; Lee et al., 2003)
independently unveiled the surprising
finding that the (presumed) downregula-
tion by RNAi of many mitochondrial
genes paradoxically extended worm life
span (see Table 13.2). Of particular note,
the Ruvkun group found that of the 5,690
genes they screened, 1.8 percent extended
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life span by 5 to 30 percent relative to
wildtype; 15 percent of these encoded
mitochondrial  proteins. Interestingly,
almost all affected components of the
ETC, and there seemed no preference for
one complex over any other. Many of the
mitochondrial genes inactivated by RNAi
did not have redundant genetic homologs,
and almost all caused a reduction in adult
size. Also, similar to clk-1 and other Clk
mutants, each RNAI led to a reduction in
many physiological rates. Furthermore,
many of the RNAi clones induced alter-
ations in mitochondrial morphology, and
the treated animals exhibited no obvious
relationship between their relative resist-
ance to either HyO, or paraquat (Lee et al,
2003) and life extension. Indeed, there was
often no relationship between H,O, and
paraquat resistance. Perhaps the most
surprising finding, however, was that the
life-span enhancing effects of the RNAi
clones were only observed if the RNAi
was fed to animals during the larval period
(Dillin et al., 2002). This was despite evi-
dence showing animals fed the same
RNAi as adults caused an equivalent
reduction in the total amount of whole
worm ATP. These findings suggest that
specific, mitochondrial-dysfunction sig-
nals have to be sensed some time during
development for animals to adapt with an
increased life span. Rather disappointing
were the findings that there were no over-
laps between the sets of mutants found in
the two different laboratories. Our own
studies suggest, however, that the efficacy
of RNAi-mediated life extension is very
dependent on subtle differences in condi-
tions (Rea et al., unpublished).

C. isp-1, Irs-2, and frh-1

Several Clk-like Mit mutants have been
identified that do not exhibit maternal-
effect rescue but do display slowed devel-
opment and rythmicity. Two of these
mutants have been characterized in detail:
isp-1 and Irs-2 (see Table 13.2). isp-1(qm50)
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was identified in a screen for mutants that
specifically displayed a Clk-like phenotype
without a maternal effect, and it exhibits
an ~80 percent increase in mean adult life
span at both 20 and 25°C (Feng et al,
2001). isp-1 encodes the Rieske iron-
sulphur protein subunit of Complex IIL
The gm50 mutant allele contains a mis-
sense point mutation, the result of which
is postulated to affect the redox potential
of the 2Fe-2S cluster housed in the head
region of the ISP-1 protein. This region
normally acts to transfer single reducing
equivalents within Complex II from
ubiquinone to cytochrome cl when the
former resides in the Qp binding site of the
cytochrome b subunit. It has been postu-
lated that the gm50 mutant allele results
in fewer electrons moving down this high
affinity arm of the Q-cycle (Mitchell, 1975)
and hence onto cytochrome c. Consistent
with this idea, oxygen consumption is
reduced by 60 percent in L1 larvae (Feng
et al, 2001). Based on this finding, as
well as the observed increase in resistance
to the redox cycling molecule paraquat,
it was postulated that a reduction in elec-
tron transfer may translate into a reduction
of life-shortening ROS production. That
is, generation of ubisemiquinone within
Complex III might be reduced. Normally,
ubisemiquinone is thought to be formed at
two sites during the Q-cycle, first when
ISP-1 oxidizes Q at the Qp site, and again
when a second molecule of fully oxidized
Q essentially retrieves the second electron
held at Qp via the low affinity arm of the
Q-cycle (Iwata et al., 1998).

Irs-2(mg312) is perhaps the most
interesting of the Mit mutants. This
mutation was identified in a screen for
genetic alterations that increased nema-
tode life span in a daf-16-independent
manner (Lee et al., 2003). At 20 °C, Irs-
2(mg312) exhibits a 200 percent increase
in life span relative to wildtype animals.
This reduces to only a 30 percent
increase at 25 °C. Irs-2 encodes a mito-
chondrial tRNA synthetase. The mg312
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allele encodes a truncated version of
this protein that is predicted to be inac-
tive. The mitochondrial genome of C.
elegans encodes 12 polypeptides, all of
which are components of the ETC—
specifically, cytochrome b, subunits I-III
of cytochrome c oxidase, the a-chain
of the Fo ATPase, and subunits 1-6 and
4L of NADH dehydrogenase (Okimoto
et al., 1992). The purported absence of
these 12 subunits in Irs-2(mg312) sug-
gests this mutant might have no ETC
activity.

In humans, defective expression of the
mitochondrial protein frataxin causes
Friedreich ataxia, a hereditary neurodegen-
erative syndrome characterized by progres-
sive ataxia that is associated with reduced
life expectancy (Puccio & Koenig, 2002).
In mice, homozygous inactivation of the
frataxin gene is embryonic lethal (Cossee
et al, 2000). Frataxin is required for
the proper assembly of Fe-S clusters,
which in turn are necessary for the proper
functioning of key components of the
ETC (Huynen et al, 2001). Ventura and
colleagues (2005) generated a nematode
model of the frataxin defect and found
that reduced frh-1 expression resulted in
extended life span as well as resistance to
some stressors (Ventura et al, 2005).
These findings make frh-1 the latest mem-
ber of the Mit class of long-lived worm
mutants and also underscore the earlier
point that worms do not always replicate
phenomenon seen in humans.

D. Hypotheses for Longevity Extension
of the Mit Mutants

Reactive oxygen species (ROS) encompass
a variety of destructive, short-lived com-
pounds that include the likes of superox-
ide, the hydroxy radical, nitric oxide, lipid
peroxides, and many xenobiotic interme-
diates. They are a likely cause of senes-
cence (Droge, 2003; Finkel & Holbrook,
2000; Golden et al., 2002; Martin et al,
1996; Nohl, 1994; Sohal, 2002) and most
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of the ROS in the cell comes from the
energy-generating process of oxidative
phosphorylation in the mitochondrial
ETC (see Chapters 5 and 6, this volume).
Complexes I and III, and to a lesser extent
Complex II, are the major sites of ROS
production in C. elegans (Kristal &
Krasnikov, 2003; Senoo-Matsuda et al,
2001). One simple explanation, then, for
why the Mit mutants are long-lived may
simply be that these animals generate
fewer reactive species, either because their
ETCs are not in use or, if they are, the
inner mitochondrial membrane potential
might be reduced. But could it really be so
simple? Inhibitor studies using purified
mitochondria have long shown that super-
oxide production becomes elevated when
upstream ETC sites become loaded with
reducing equivalents. One could easily
imagine that for at least some of the Mit
mutants, their mitochondria might
become overt radical generators. Perhaps
in this instance such signals might initi-
ate life-long, or life-lasting, protective
responses that are the equivalent of
hormesis (Lithgow, 2001; Rattan, 2001;
Van Voorhies, 2001a) (see section VIA).
Yet for all Mit mutants, it would seem
that two problems evidently still exist:
how to generate ATP in the absence of a
functional mitochondrial ETC, and how to
get rid of their reducing equivalents?
Many helminthes are capable of employ-
ing alternate pathways for generating
ATP while simultaneously maintaining
redox balance (Barrett, 1984). This also
appears to be the case for the nematode
C. elegans (Foll et al., 1999), where such
mechanisms seem necessary in a species
that must make its living in a sometimes
anoxic and/or hypoxic soil environ-
ment. Indeed, mutants in daf-2 lead to
increased survival under just such condi-
tions (Scott et al., 2002). It is in this light
it has been proposed (Rea & Johnson,
2003) that the Mit mutants could be
long-lived because they are forced to
use alternate mechanisms for ATP and
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redox balance (see Figure 13.4)—the
consequence of which would be lowered
ROS production and its concomitant dam-
age. However, for now at least, the physio-
logical basis for the long life of the Mit
class of mutants remains unknown.

One of the most intriguing puzzles of
the Mit mutants revolves around the find-
ing that the life-span enhancing effects of
the RNAi-mediated mutants was only
observed if RNAi was fed to animals dur-
ing the larval period (Dillin et al., 2002).
RNAIi is generally a knockdown, rather
than knockout, technology, suggesting
there may be residual ETC activity in the
long-lived Mit mutants—at least enough
to get them partway through larval devel-
opment and to avoid dauer formation. All
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the Mit mutants are characterized by
either sterility or a reduced brood size and
egg-laying rate (Dillin et al, 2002; Lee
et al., 2003; Shibata et al., 2003; Wong et
al., 1995). Gonad development accelerates
at the L4/young adult stage at the same
time as the total amount of mitochondrial
DNA undergoes a 30-fold expansion (Tsang
& Lemire, 2002). clk-1 mutants in which
gonad expansion is blocked fail to show an
extended life span (Dillin et al., 2002). This
observation implies that low levels of Q,
per se, in somatic tissue are not enough to
extend life span. Furthermore, it suggests
that another signal generated elsewhere in
the organism acts to alter somatic cells.
Since a 30-fold increase in mitochondrial
DNA accompanies germline expansion at
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Figure 13.4 Under anaerobic conditions, energy generation in nematodes can proceed by the many path-
ways depicted, but not all are common to every species. Redox balance is maintained by regulating the
amounts of various reduced and oxidized end-products excreted. Only terminal end-products and key
metabolic intermediates are shown. Some pathways remain hypothetical.
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the L4 and YA stages (Tsang & Lemire,
2002), it is reasonable to assume there
must normally be a particularly intense
requirement for mitochondrial oxidative
metabolism at this developmental point.
We suggested (Rea & Johnson, 2003) that
for clk-1 and other Mit mutants, the
inability to meet this very specific and
time-dependent need for mitochondrial
activity is the trigger that ultimately leads
to their increased longevity. Presumably,
activation of the alternate energy-produc-
ing pathways just mentioned occurs at this
time. This idea provides a simple expla-
nation for why the RNAi Mit mutants
have a time-dependent requirement for
RNAi addition to signal a life span
increase.

E. Relevance to Human Aging

If we suppose the life extension of Mit
mutants results exclusively from using
alternate energy-generating pathways,
then we must ask, do they have any rele-
vance to human aging? The answer is yes.
First, certain tissues in the adult human,
such as keratinocytes, run almost exclu-
sively on lactate fermentation (Ronquist
et al., 2003). Indeed, whole periods of
human development (e.g., organogenesis,
Jauniaux et al., 2003; New, 1978) require
hypoxic, and possibly even anoxic, condi-
tions. Second, the Mit mutants confirm a
long-held suspicion that general aerobic
mitochondrial activity (and ROS forma-
tion) contributes significantly to normal
aging (Hartman et al., 2001; Kayser et al,,
2004b; Nicholls, 2002). Thus, the Mit
mutants may hold a key through which
we can now unlock and define parame-
ters necessary for long life.

V. Caloric Restriction

In C. elegans, restriction of caloric intake
(CR), in three distinct ways, has been
demonstrated to extend life span: by reduc-
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ing food (bacteria) concentration (Klass,
1977), by growth in axenic media (De
Cuyper & Vanfleteren, 1982; Houthoofd
et al, 2002), and by genetically reducing
feeding rate (Eat mutants) (Lakowski &
Hekimi, 1998) (see Figure 13.5). The first
CR studies, undertaken by Klass (1977),
demonstrated that reducing the levels
of food (bacterial concentration) greatly
increased life span—increasing mean sur-
vival approximately 60 percent—but at the
same time significantly decreased repro-
duction to less than 25 percent of animals
fed high concentrations of food. The most
dramatic increases in life span have been
reported when nematodes are grown in
axenic (semi-defined) media (Houthoofd
et al, 2003), where about a threefold
increase in life span has been observed for
the wildtype strain N2. Under CR condi-
tions, worms develop and reproduce
slowly and exhibit increased stress resist-
ance. For example, wildtype animals
grown in liquid axenic cultures at 24 °C
have a generation time of 5.5 days, 3 days
longer than when raised on bacteria.
Furthermore, animals raised in liquid
axenic cultures demonstrate remarkable
thermotolerance, roughly 50 percent better
than bacteria-fed animals (Houthoofd
et al., 2002).

A. CR and the IIS Pathway

The increase in life span that occurs by
raising animals in axenic media is largely
independent of the insulin/IGF-1 signal-
ing pathway (IIS). In fact, IIS seems to
work in combination with CR to extend
life span even more. Because daf-16 is
required for the life span increases found
in IIS mutants, Houthoofd and colleagues
(2003) asked whether daf-16 played a sim-
ilar role in axenic cultures. Intriguingly,
daf-16 mutants still exhibited greatly
extended mean life spans in axenic
media, increasing the mean ~150 per-
cent, about the same as that observed for
wildtype animals. In addition, daf-16 (If)
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Figure 13.5 Caloric restriction in C. elegans. Caloric restriction (CR) can be imposed on nematodes by
several mechanisms, including growth in axenic cultures, decreasing food concentrations, and by genetic
mutation (e.g., Eat mutants such as eat-1, 2, 6, 13, and 18, which impair the animal’s ability to feed). Each
of these methods results in nutrient deprivation at the cellular level and increased life span. The mecha-
nism may work through decreased TOR (let-363) activity, increased SIR-2.1 activity, or both. Decreasing
Iet-363 activity has been shown to inhibit protein translation and increase protein degradation as well as
increase life span. Similarly, increasing dosage of sir-2.1 increases life span in C. elegans through a daf-16-

dependent mechanism.

mutants also showed greatly increased
thermotolerance, roughly 80 percent bet-
ter than bacteria-fed controls. Growth in
axenic media also seems to work syner-
gistically with inhibition of IIS. Raising
daf-2(e1370) animals in axenic cultures
leads to dramatic increases in longevity,
increasing the mean to 300 percent that
of daf-2(e1370) and 525 percent of N2-fed
live bacteria (Houthoofd et al., 2003), a
remarkable seven-fold increase in adult
life expectancy, which is the current
record (Houthoofd et al., 2004).

B. Eat Mutants

Another approach to CR in C. elegans has
been to inhibit the efficiency of the ani-
mal’s ability to feed. C. elegans feed by
pumping bacteria into the buccal cavity

using a pharynx. Numerous Eat mutants
have been identified that have reduced
pharyngeal pumping rates and therefore a
presumed reduced food intake. As a class,
the Eat mutants are thin and have a mot-
tled appearance, similar to starved worms
(Avery, 1993). Many of the Eat mutants are
long-lived; their percent increase of life
expectancy varies with gene and allele—
for example, eat-1(ad427) 33 percent, eat-
2(ad465) 29 percent, eat-3(ad426) 11 per-
cent, eat-6(ad792) 36 percent. Similar to
the axenicly grown animals, the increase
in life span afforded by eat-2(ad465) was
found to be largely independent of daf-16,
such that daf-16(m26);eat-2(ad465) double
mutants lived ~36 percent longer then
daf-16(m26) alone (Lakowski & Hekimi,
1998). However, not all Eat mutants were
long-lived, some in fact were short-lived—
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for example, eat-5(ad464)-6 percent, eat-
7(ad450)-35 percent (Lakowski & Hekimi,
1998). This may be similar to decreasing
caloric intake below required levels for
CR, which also shortens life span in
rodents (Masoro, 1998), or simply to other
complications.

C. TOR

If CR works by nutrient deprivation, it
might be possible to mimic the effects
by inhibiting nutrient sensing or
uptake mechanisms. A major nutrient-
sensing mechanism across species is
the Target Of Rapamycin (TOR) gene.
The TOR gene encodes a large protein
that is a member of the phosphatidyli-
nositol kinase (PIK)-related kinase
family. TOR acts by sensing nutrient
availability and regulating transcription
and translation, and exerts an over-
all control on cell growth and proli-
feration. TOR may be activated by
amino acids or charged tRNAs and
promotes translation while inhibiting
protein degradation. Inhibition of TOR
by rapamycin result in blocks in trans-
lation and increases in protein degrada-
tion (for overview see Rohde et al,
2001). C. elegans contains a single TOR
homolog called Iet-363 (or ceTOR), and
inhibition of the gene suggests that
LET-363 plays a role in C. elegans simi-
lar to other species. Loss of let-363
function results in larval arrest at the
L3 stage, with severe intestinal atrophy
and the appearance of refractile intes-
tinal vesicles, which may be autophagic
(Long et al, 2002). Inhibition of
let-363, either by mutation or RNA
interference, also increases life span of
wildtype animals about 35 percent
(Meissner et al.,, 2004; Vellai et al.,
2003). Similar to the effects of the eat
mutants and growth in axenic cultures,
the life-span increases conferred by
inhibiting let-363 were also independ-
ent of daf-16 (Vellai et al, 2003).
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Mutations in the Drosophila homolog
of Tor have been shown to extend life
(Kapahi et al., 2004).

D. SIR2

Studies in the yeast Saccharomyces
cerevisiae identified the SIR2 and NPT1
genes as part of another metabolic sens-
ing mechanism involved in caloric
restriction. NPT1 is required for nicoti-
namide adenine dinucleotide (NAD)
synthesis, whereas SIR2 encodes an
NAD™* dependent deacetylase (Lin et
al., 2000). The involvement of these
genes in the longevity conferred by CR
in yeast led to the model that SIR2
functions to sense the levels of NAD™
and thereby regulate gene expression by
deacetylating histones (for a review, see
Lin & Guarente, 2003). This model was
based on findings that revealed that
overexpressing SIR2 in yeast increased
life span (Lin et al., 2000). The C. ele-
gans genome contains four putative
SIR2-like genes, sir-2.1, sir-2.2, sir-2.3,
and sir-2.4. Of these genes, the one
most similar to yeast SIR2 is sir-2.1.
Tissenbaum and Gaurente (2001)
showed that increased dosage of sir-2.1
increased the life span of C. elegans.
They constructed an extra chromoso-
mal array and integrated lines that har-
bored increased dosage of the sir-2.1
gene and found that in multiple inde-
pendent lines, these strains exhibited
increased life span, with the largest
being a 37 percent increase (Tissenbaum
& Guarente, 2001). Surprisingly, unlike
CR manipulations in nematodes, the
increase in life span conferred by
increased dosage of sir-2.1 was found to
be dependent on daf-16. Furthermore,
sir-2.1 overexpression did not further
increase the life span of long-lived daf-
2(e1370) animals, both suggesting that,
in C. elegans, sir-2.1 acts via IIS to
increase life span.
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E. Summary Thoughts

The IS independence of axenic media
and Eat mutants is surprising because in
mammals CR is known to reduce insulin
and IGF levels, and it seemed logical to
assume the benefits of mammalian CR
stem from reduced IIS. Yet this may high-
light a fundamental difference in the way
nematodes and mammals utilize insulin
and IGF. Several lines of evidence suggest
that in C. elegans, insulin-like proteins
are secreted from neurons based on direct
chemosensation of the environment.
First, studies on the effect of defective
sensory neurons and life span demon-
strate that disrupting the function of
the sensory neurons results in increased
dauer formation (Vowels & Thomas,
1992) and life span (Apfeld & Kenyon,
1999). Second, many of the ins genes are
expressed in neurons (Pierce et al., 2001),
and in the case of daf-28, the level of
expression is lowered during food depri-
vation (Li et al., 2003). The secretion of
insulin by sensory input would be analo-
gous to Beta cells secreting insulin when
an animal smells food. Instead, in mam-
mals, insulin is secreted in response to
nutrient availability in the bloodstream
and in particular ATP levels within the
Beta cells. In mammals, therefore, insulin
levels more accurately reflect food con-
sumption, whereas in worms it is rela-
tively easy to disconnect food availability
from food intake. Eat mutant animals
still sense food is available and secrete
normal amounts of insulin, yet do not
take in as many nutrients as the wild-
type, thereby disconnecting CR from IIS.

These results suggest that, in C. elegans,
decreased nutrient intake exerts a life-
span-prolonging mechanism that is inde-
pendent of IIS signaling. Consistent with
this interpretation is the finding that
eat-2(ad465);daf-2(e1370) double mutants
live longer than either single mutant
(Lakowski & Hekimi, 1998), and that
axenicly grown daf-2(e1370) also exhibits
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large increases in life span (Houthoofd
et al., 2003). One possible transducer of this
IIS independent signal is let-363 (ceTOR);
when inhibited, it extends life span in a
daf-16-independent manner (Vellai et al,
2003). The mechanism of action remains
unknown but may be related to increased
protein turnover, or perhaps decreased pro-
tein translation (Long et al, 2002). Yet
other CR-related interventions such as
increased dosage of SIR-2.1 exhibit a daf-16
dependent function on life span, indicating
that some metabolic integration with
insulin signaling is occurring. This type of
metabolic signaling may measure intracel-
lular energy levels to alter transcriptional
activity. A direct role for the SIR2 class of
proteins in regulating the FOXO class
of transcription factors comes from studies
showing that mammalian SIR2 can
deacetylate FOXO1 and increase its activ-
ity (Daitoku et al, 2004). Further work
will elucidate the interconnectedness of
these pathways.

VI. Other Non-Genetic Ways
to Extend Life

A. Hormesis

A direct prediction of the link between
stress resistance and aging is that increas-
ing the level of expression of stress genes
in the absence of a deleterious stressor will
increase life span. Conversely, decreasing
the ability to express stress genes may
decrease life span. The extensive genetic
and molecular tools available to nematode
researchers have led C. elegans to become
a good test of these predictions.

One method for increasing expression
of stress-response genes is to expose the
animals to a stressor that is not damaging
to the animal yet is sufficient to induce
a stress response. This has been given
the general name of hormesis. Hormesis
has been observed in response to a broad
variety of harmful physical agents and
environmental stressors. The common
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demonstration of hormesis is the observa-
tion that exposure to one type of stressor
results in much greater resistance to subse-
quent challenges by the same stressor (for a
review, see Minois, 2000). This is true
in C. elegans (see Figure 13.5); for example,
exposing adult animals to 35(C for 2 hours
leads to significant increases in thermotol-
erance 12 hours later (Cypser & Johnson,
2002). Such treatments also lead to upregu-
lation of stress-response genes, such as the
small heat shock genes like hsp-16.2 (Link
et al., 1999). Identical treatments (2 hours
at 35&deg; C) also increase mean life span
~23 percent, whereas longer treatments
reduced life span. Other stressors have also
resulted in increased life span in C. elegans.
Notably, exposure to hyperbaric oxygen
(95 percent, 40 psi for 8 hours) increases
mean life span ~20 percent. Exposure to
the latter condition has been demonstrated
to increase the expression of antioxidant
genes such as glutathione S-transferase
4 (gst-4) (Link & Johnson, 2002).
Importantly, though, not all stressors result
in hormesis or increased life span in C. ele-
gans (e.g., treatment with ultraviolet light).
This likely represents a species-specific
response, as C. elegans, a soil dwelling
nematode, may not be commonly exposed
to ultraviolet light and thus may not retain
the capacity to respond to such a stress.
The potential mechanism leading to an
increased resistance to some later chal-
lenge by the same stressor is conceptually
simple, but the increase in life span is not.
Cypser and Johnson examined the role of
genes in the dauer pathway known to
affect life span on the hormetic response
in C. elegans (Cypser & Johnson, 2003).
They found that several dauer-defective
genes (daf-12, daf-16, and daf-18) were
required for heat-induced increased life
span, whereas those same genes were only
weakly required for the subsequent ther-
motolerance. Genes in the other arm of
the dauer pathway, daf-3 and daf-5, had
no effect. This suggests a significant role
for a subset of dauer genes in long-term
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adaptation to stress. In particular, those
homologous with IIS may play a promi-
nent role. Consistent with a role for
daf-16 in hormetic life-span extension
is the observation that the DAF-16 pro-
tein is nuclear localized in response to a
variety of stressors and may generally
function to prepare the animal for adverse
conditions (Henderson & Johnson, 2001).

B. Drug Interventions that Extend Life

An elixir for life extension has been a goal
of mankind for eons, probably since our
species first gained self-awareness and the
ability to sense our own mortality (Post &
Binstock, 2004). The recent discoveries of
genetic interventions that lead to life
extension have obvious implications for
life (and health) extension in humans.
Two of the authors Samuel T. Henderson
and Thomas E. Johnson have even been
involved in commercial enterprises to
develop interventions that might extend
human life and health, as have other
researchers in this field. C. Kenyon and
L. Guarante, the founders of Elixir Phar-
maceuticals, have most notably promoted
life-extension drugs based on their funda-
mental discoveries in mnematodes and
yeast, respectively. See Johnson (2003; in
press) for a more complete discussion.
Several other investigators have used
C. elegans to screen for compounds that
lead to life extension (for a review, see
Sampayo et al, 2003). Babar and col-
leagues used wortmanin and LY294002,
compounds that specifically targeted the
AGE-1 protein (PI3K), and found modest
effects (Babar et al., 1999). Worm life span
was extended by about 20 percent, and
both thermotolerance and the tendency to
form dauers were also increased. Extracts
from Ginkgo biloba have been reported
to extend life by 8 percent (Wu et al,
2002), as has tamarixetin, purified from
this extract. Utilizing a few synthetic
compounds developed by Eukarion that
mimic SOD and catalase activity (SCMs),
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Figure 13.6 Hormesis. Reprinted from | Gerontol A Biol Sci Med Sci, 57(3), J. R. Cypser and T. E. Johnson,
“Multiple stressors in Caenorhabditis elegans induce stress hormesis and extended longevity,”
pp. B109-B114, 2002, Copyright The Gerontological Society of America, reproduced by permission of
the publisher. Panels A and B depict increased thermotolerance and life span, respectively, of wildtype
C. elegans when pre-exposed to a modest heat challenge. Too much stress is damaging for the animal, as
seen by pretreatment doses >4 hours. The right panel depicts an overview of the hormesis pathway. Mild
stress may activate stress genes without causing damage. Such stressors may act through the transcription
factors HSF-1 and/or DAF-16 to elevate stress genes such as small HSP and gst-4, resulting in increased
stress resistance and life span. Similarly, stress proteins may be elevated in the absence of a stressor by
increasing gene dosage through creation of transgenic lines. This has been demonstrated for hsf-1, mot-1,

old-1, and hsp-16.2 (see text for details).

thus reducing the levels of intracellular
free-radicals, Melov and colleagues (2000)
reported dramatic life extensions of about
120 percent in both mean and maximum
life span in C. elegans (see Figure 13.7)
(Melov et al., 2000). Controversy exists as
to replicability and generalness of the
effects of these SCMs, and it may be that
these compounds have limited usefulness
(Sampayo et al., 2003).

An interesting addition to the list of
proven pro-longevity drugs (at least in the
worm) appeared as this chapter was going
to press. Evason and colleagues (2005)
showed that ethosuximide and other anti-
convulsants approved for human use also
extend the life of the worm. Both mean
and maximum life were extended by as
much as 50 percent. These extensions

were partially dependent on daf-16 but
seemed independent of other longevity
pathways and mutants. These results were
dependent on activity of the drug and
stimulated early egg lay in the worm as
well as hyperactivity consistent with a
neuromuscular target (Evason et al., 2005).
We speculate that a possible action of the
drug is to stimulate the muscular system,
which is the first system to degenerate,
and thus stimulate increased longevity.

VII. Other Discoveries
A. Stress Response

Inhibition of the IIS pathway not
only increases life span but also leads to
large increases in resistance to a variety
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Several exogenously applied compounds have been

shown to increase life span of C. elegans. LY294002, a PI3K inhibitor, increases life span 15 percent
through inhibition of AGE-1 activity. EUK-134, a superoxide dismutase/catalase mimetic, increases life
span by 44 percent. Survival curve reprinted with permission from Science, 289 (5484), S. Melov, J.
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of stressors (Johnson et al., 2000; Johnson
et al., 2001). This has been best studied
in the age-1 mutant. The long-lived
age-1(hx546) allele shows resistance to
a remarkable number of stressors, includ-
ing hydrogen peroxide (Larsen, 1993),
paraquat (Vanfleteren, 1993), ultraviolet
light (Murakami & Johnson, 1996),
heat (Lithgow et al., 1995), the potent bac-
terial pathogen Pseudomonas aeruginosa
(Mahajan-Miklos et al, 1999), and to
MPTP, a compound used to produce a
mouse model of Parkinson’s disease
(Johnson et al, 2002). Such strong
increases in stress resistance have been
reported in other components of the IIS
pathway as well. Inhibition of sgk-1
resulted in resistance to both heat and
paraquat (Hertweck et al, 2004). In all
cases, gains in stress resistance appear
to require a functional daf-16 gene.
Although correlation does not mean
causality, most Age mutants of C. elegans
(see Figure 13.8), and indeed in many other

species, also demonstrate increased stress
resistance (Finkel & Holbrook, 2000).
A common theme therefore appears to be
that both the genetic and environmental
manipulations that increase life span also
increase resistance to exogenous stress (for
an overview, see Johnson et al., 2000). An
immediate corollary presents itself—that
organismal life span might be increased by
either reducing the generation of endoge-
nous damaging molecular species or by
increasing the organism’s ability to repair
damage from them. This in many ways is
similar to evolutionary theories of aging
in which life span can be considered a
tradeoff between devoting metabolic
resources to reproduction versus cellular
maintenance (Martin et al., 1996).

Three groups have used the tight rela-
tionship between increased stress resist-
ance and increased longevity to select for
mutants that increase stress resistance
and then ask whether these show
increased life span (de Castro et al., 2004;
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Figure 13.8 Stress resistance and life span correlate. Reprinted from Experimental Gerontology, Volume 35,
No 6-7, T. E. Johnson, J. Cypser, E. de Castro, S. de Castro, S. Henderson, S. Murakami, B. Rikke, P. Tedesco, &
C. Link, “Gerontogenes mediate health and longevity in nematodes through increasing resistance to environ-
mental toxins and stressors,” pp. 687-694, Copyright 2000, with permission from Elsevier. This figure depicts
positive correlation between resistance to various stressors and life expectancy in many long-lived C. elegans
strains. (a) Heat (35° C until death). (b) UV (2000 J/m2). (¢) Juglone, a superoxide generator (240 uM) until death.
(d) Food deprivation (growth in liquid media with low food, 10° bacteria/ml). All values are normalized against

the corresponding wildtype, N2, internal control.

Munoz & Riddle, 2003; Sampayo et al,
2000). Using increased stress resistance as
a surrogate marker for increased longevity
served as a very effective enrichment
strategy. These results are consistent with
a causal relationship between increased
stress resistance and increased longevity
but do not prove it.

Another commonly encountered stres-
sor is low food availability. One well-
studied outcome of mild food reduction
is increased life span. This treatment has
been extensively studied since its first
report by McCay and colleagues over
60 years ago (McCay et al., 1935) and has
been referred to as either caloric restric-
tion (CR) or dietary restriction (DR) and

was reviewed above. Similar to the con-
cept of hormesis, where too great a stress
is harmful, too great a restriction in calo-
ries is also deleterious to the organism,
while mild 20 to 40 percent reduction in
ad Iib amounts of food intake has been
shown to increase both life span and
stress resistance (for a review, see
Masoro, 1998). This has been extensively
reported in rodent models, where CR
increases life span 30 to 40 percent. CR
also increases resistance to a variety of
stressors, such as thermotolerance (Hall
et al., 2000). Importantly, CR also fre-
quently has consequences on reproduc-
tion. Reducing calories and body fat will
cause a reproductive pause in female
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mammals. This halting of reproduction
may be regulated by neuroendocrine sig-
naling, which slows reproduction until
resources become more abundant (for a
review, see Nelson et al, 1995). The
mechanism by which CR increases life
span is not fully understood, yet the
decrease in fertility and reciprocal
increase in stress resistance is consistent
with CR inducing a shift in the alloca-
tion of resources away from reproduction
and toward somatic maintenance.

B. Overexpression Mutants, QTLs

Another method to increase expression
of stress response genes is to introduce
transgenes that either increase dosage or
constitutively express stress response
genes (see Figure 13.5C). This was first
done by Murakami and Johnson, who
showed that overexpression of the old-1
tyrosine kinase (TK) gene led to
life extension and increased stress resist-
ance in a DAF-16-dependent manner
(Murakami & Johnson, 1998) (see section
IIL.E). Yokoymana and colleagues intro-
duced a transgene into C. elegans carry-
ing a muscle-specific promoter driving a
member of the HSP70 family (HSP70F,
also known as mot-1). The resultant trans-
genic lines showed a 43 percent increase
in mean life span (Yokoyama et al,
2002). In a similar set of experiments,
Walker and Lithgow increased the dosage
of the small heat shock genes, hsp-16,
and found slightly increased life span
(Walker & Lithgow, 2003). Furthermore,
Hsu and colleagues found that increasing
the dosage of heat shock factor (hsf-1), a
key regulator of stress-response genes,
also increased wildtype life span approx-
imately 40 percent (Hsu et al., 2003).
Similar to the Cypser and Johnson
hormesis experiments, the increased life
span conferred both by increased dosage
of hsp-16 and hsf-1 were dependent on
the presence of a functional daf-16 gene,
suggesting that the transcription factor

387

DAF-16 may work in coordination with
hsf-1 to control the expression of small
heat shock genes and other stress-
response genes (Hsu et al., 2003).

A corollary to hormetic increases in
life span is that increasing the produc-
tion of internal stressors or inhibiting the
ability of the animal to respond to stress
might lead to shorter life span. The
mev-1 mutant has been shown to have a
defect in the large cytochrome c subunit
of mitochondrial Complex II and to
result in profound shortening of life (Ishii
et al, 1998). In a RNA interference
screen for progeric phenotypes, inhibi-
tion of hsf-1 was found to result in accel-
erated tissue aging and shortened life
span (Garigan et al, 2002). Inhibit-
ing hsf-1 by RNAi was also found to
shorten the life span of long-lived strains
of C. elegans such as those in the IIS
pathway, for example, daf-2(e1370), sug-
gesting that HSF is required for long life.
Although inhibiting hsf-1 had the most
profound effects on life span, inhibition
of any one of four small heat shock
genes, hsp-16.1, hsp-16.49, hsp-12.6, or
sip-1, has also been reported to shorten
the life spans of both wildtype and daf-
2(e1370) animals (Hsu et al, 2003).
Therefore, stress-response genes may
play a key role in preserving the integrity
of cellular components and ultimately
specifying life span. In addition, it
appears that stress-response genes work
together with other signaling pathways
to influence aging.

The first long-lived strains to be pro-
duced in C. elegans were not made by
inducing mutants or making transgenes
but by a much more traditional quantita-
tive genetic approach: generating recom-
binant inbred (RI) strains (Johnson, 1987;
Johnson & Wood, 1982). Several studies
have utilized these RI strains to detect
and map genes (quantitative trait loci, or
QTLs) specifying life span, fertility, and
other life-history traits (Shook &
Johnson, 1999; Shook et al., 1996). Shook
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and colleagues (1996) and Shook and
Johnson (1999) found four major QTLs;
two showed genotype-by-environment
interactions, and genetic epistasis and
pleiotropy was also detected. Ayyadavara
and colleagues (2001, 2003) have tuned
this approach to even higher levels, and
may be converging on the genes under-
lying individual QTLs for life span in
C. elegans, which has so far proven prob-
lematic (Ayyadevara et al, 2001;
Ayyadevara et al., 2003). In general, these
QTLs specify only one trait and show lit-
tle antagonistic pleiotropy or tradeoffs
between different traits.

C. Biomarkers of Aging

Several studies have revealed that the
behavioral declines and tissue degenera-
tion seen in old worms can be slowed by
alterations that increase life span. For
example, Age mutations lead to both
increased mobility and fewer morphologi-
cal signs of degeneration over time (Duhon
& Johnson, 1995; Garigan et al., 2002;
Herndon et al., 2002; Hosono et al., 1980;
Johnson, 1987). The decrease in physical
markers of aging in long-lived mutants is
consistent with the hypothesis that these
manipulations affect the fundamental
aging process itself. A point often over-
looked in the above studies is that C. ele-
gans populations are typically isogenic and
usually maintained in a homogenous envi-
ronment. Despite this, there is a large vari-
ation in age at which animals die. The
rates of decline in both behavioral and
morphological signs of aging are also quite
variable among individuals. This het-
erogeneity within identical populations
reveals the stochastic nature of aging
(Kirkwood & Austad, 2000).

Herndon and colleagues (2002) classified
aging isogenic populations of C. elegans
into three classes of animals: Class A,
those that are highly mobile; Class B, those
that do not move unless prodded; and
Class C, those that do not move, even
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when prodded, but do twitch their heads in
response to touch (see Figure 13.1D;
Herndon et al., 2002). These behavioral
markers are very good predictors of life
span, such that progression to Class C
proved to be a better marker for life
expectancy than chronological age. With
increasing age, tissue degeneration became
more evident, particularly in muscle cells.
In a related set of experiments, Herndon
and colleagues utilized both a translational
reporter construct, consisting of green fluo-
rescent protein (GFP) fused to myosin
heavy chain A, and electron microscopy to
visualize changes in sarcomere integrity in
young and old animals (see Figure 13.2).
Such experiments revealed that, like mam-
mals, C. elegans show signs of sarcopenia
with age. Sarcomeres were found to
become disorganized and contained fewer
myosin thick filaments per sarcomere unit
in older animals. In very old animals
(18 days), muscle cells were frequently
smaller and highly invaginated, especially
in Class C animals. The appearance of sar-
copenia is consistent with the observed
decline in locomotion of old animals.
Interestingly, neurons did not show gross
signs of morphological disturbances with
age, suggesting that different tissues may
age at different rates (Herndon et al., 2002).

In another effort to identify markers
that change with age, Lund and col-
leagues analyzed gene expression using
whole-genome microarrays made by the
Kim lab to study changes during chrono-
logical aging of the worm (Lund et al,
2002). They collected worms at six ages,
providing a rich database of age-specific
changes in gene expression. Using a rig-
orous statistical model with multiple
replicates, they found only 164 genes to
show statistically significant changes in
transcript levels with chronological age.
This represents less than 1 percent of
the genes on the arrays, much less than
had been found in other studies. They
found that expression of heat shock pro-
teins decrease as a class; no changes
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Internal
Environment

were seen in genes that respond to oxida-
tive stress, as a class. The largest
changes were increased expression of
certain transposases in older worms,
consistent with higher mortality risk
due to a failure in homeostenosis and
destabilization of the genome in older
animals. Interestingly, changes in mito-
chondrial stability had been seen (Melov
et al, 1994), and these alterations
appeared to be reduced in the age-1
mutant (Melov et al., 1995).

VIII. Summary

Many manipulations (both genetic
andenvironmental) increase life span in
C. elegans (see Figure 13.9). For all its
complexity, there does, however, appear
to be a common theme. Many alter-
ations that increase life span may be
considered to “fool” the animal into sig-
naling that resources are either scarce or
damaging agents are present, when in
fact they are not. This may lead the
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animal to invest resources into somatic
maintenance and thereby minimize
damage to cellular constituents. If, for
example, signals are inappropriately sent
that oxidants are present, the animal
may then devote resources toward repair
of oxidative damage, resulting in a
longer life span. Such a scenario would
be disadvantageous in the wild, where
reproduction is more important than a
longer life span and resources cannot be
wasted. (The inability of age-1 mutants
to survive in a competitive experiment
with wild type animals under changing
environmental conditions supports this
notion; Jenkins et al, 2004; Walker
et al., 2000). With this framework in
mind, interventions that increase life
span in C. elegans can be put into three
broad categories. First, non-stressful
alterations to the animal lead to the acti-
vation of stress-response pathways under
conditions that do not require them.
These include manipulation of sensory
and signaling pathways. Second are alter-
ations that reduce the availability of
resources to a point that repair pathways
are activated but are not damaging to the
animal. One simple example of this is
caloric restriction. Third are non-lethal,
stressful interventions that stimulate
stress genes to a point where the benefi-
cial effects of the stress response out-
weighs the harmful effects of the stres-
sor—such interventions can be broadly
defined as hormesis.

So at the end we see there is no aging
program per se. Life is measured by what
extent resources are directed from repro-
duction to maintenance; aging is simply
a byproduct of the program we call life!

References

Alcedo, J., & Kenyon, C. (2004). Regulation of
C. elegans longevity by specific gustatory
and olfactory neurons. Neuron, 41(1), 45-55.

Apfeld, J., & Kenyon, C. (1999). Regulation of
lifespan by sensory perception in

S. T. Henderson, S. L. Rea, and T. E. Johnson

Caenorhabditis elegans. Nature, 402(6763),
804-809.

Arantes-Oliveira, N., Berman, J. R., &
Kenyon, C. (2003). Healthy animals with
extreme longevity. Science, 302(5645), 611.

Austad, S. N. (2005). Diverse aging rates in
metazoans: targets for functional genomics.
Mechanisms of Ageing and Development,
126(1}, 43-49.

Avery, L. (1993). The genetics of feeding in
Caenorhabditis elegans. Genetics, 133(4),
897-917.

Ayyadevara, S., Ayyadevara, R., Hou, S.,
Thaden, J. J., & Shmookler Reis, R. J.
(2001). Genetic mapping of quantitative
trait loci governing longevity of
Caenorhabditis elegans in recombinant-
inbred progeny of a Bergerac-BO x RC301
interstrain cross. Genetics, 157(2),
655-666.

Ayyadevara, S., Ayyadevara, R., Vertino, A.,
Galecki, A., Thaden, J.J., & Shmookler
Reis, R.J. (2003). Genetic loci modulating
fitness and life span in Caenorhabditis
elegans: categorical trait interval mapping
in CL2a x Bergerac-BO recombinant-inbred
worms. Genetics, 163(2), 557-570.

Babar, P.,, Adamson, C., Walker, G. A,
Walker, D. W,, & Lithgow, G. J. (1999). P13-
kinase inhibition induces dauer formation,
thermotolerance and longevity in C.
elegans. Neurobiology of Aging, 20(5),
513-519.

Barrett, J. (1984). The anaerobic end-products of
helminths. Parasitology, 88 (Pt 1), 179-198.

Bolanowski, M. A., Russell, R. L., &
Jacobson, L. A. (1981). Quantitative
measures of aging in the nematode
Caenorhabditis elegans. 1. Population and
longitudinal studies of two behavioral
parameters. Mechanisms of Ageing and
Development, 15(3), 279-295.

Braeckman, B. P.,, Houthoofd, K., &
Vanfleteren, J. R. (2002). Assessing
metabolic activity in aging Caenorhabditis
elegans: concepts and controversies. Aging
Cell, 1(2), 82-88; discussion 102-103.

Brenner, S. (1974). The genetics of
Caenorhabditis elegans. Genetics, 77(1),
71-94.

Brunet, A., Park, J., Tran, H,, Hu, L. S.,
Hemmings, B. A., & Greenberg, M. E.
(2001). Protein kinase SGK mediates



CHAPTER 13 / Dissecting the Processes of Aging Using the Nematode Caenorhabditis elegans

survival signals by phosphorylating the
forkhead transcription factor FKHRLI1
(FOX03a). Molecular and Cellular Biology,
21(3), 952-965.

Chalfie, M., & White, J. (1988). The nervous
system. In W. B. Wood (Ed.), The nematode
Caenorhabditis elegans (pp. 337-393). Cold
Spring Harbor: Cold Spring Harbor Press.

C. elegans Sequencing Consortium. (1998).
Genome sequence of the nematode
C. elegans: a platform for investigating
biology. Science, 282(5396), 2012-2018.

Cossee, M., Puccio, H., Gansmuller, A.,
Koutnikova, H., Dierich, A., LeMeur, M.,

Fischbeck, K., Dolle, P., & Koenig, M. (2000).

Inactivation of the Friedreich ataxia mouse
gene leads to early embryonic lethality
without iron accumulation. Human
Molecular Genetics, 9(8), 1219-1226.

Coulson, A., Waterston, R., Kiff, J.,

Sulston, J., & Kohara, Y. (1988). Genome
linking with yeast artificial chromosomes.
Nature, 335(6186), 184-186.

Cypser, J. R., & Johnson, T. E. (2002,).
Multiple stressors in Caenorhabditis
elegans induce stress hormesis and
extended longevity. Journals of
Gerontology Series A: Biological Sciences
and Medical Sciences, 57(3), BL09-B114.

Cypser, J. R., & Johnson, T. E. (2003). Hormesis
in Caenorhabditis elegans dauer-defective
mutants. Biogerontology, 4(4), 203-214.

Daitoku, H., Hatta, M., Matsuzaki, H.,
Aratani, S., Ohshima, T., Miyagishi, M.,
Nakajima, T., & Fukamizu, A. (2004).
Silent information regulator 2 potentiates
Foxol-mediated transcription through its
deacetylase activity. Proceedings of the
National Academy of Sciences of the USA,
101(27), 10042-10047.

de Castro, E., Hegi de Castro, S., & Johnson, T.
E. (2004). Isolation of long-lived mutants in
Caenorhabditis elegans using selection for
resistance to juglone. Free Radical Biology
and Medicine, 37(2), 139-145.

De Cuyper, C., & Vanfleteren, J. R. (1982).
Oxygen consumption during development
and aging of the nematode Caenorhabditis
elegans. Comparative Biochemistry and
Physiology, 73A, 283-289.

Dillin, A., Hsu, A. L., Arantes-Oliveira, N.,
Lehrer-Graiwer, J., Hsin, H., Fraser, A. G,
Kamath, R. S., Ahringer, J., & Kenyon, C.

391

(2002). Rates of behavior and aging specified
by mitochondrial function during
development. Science, 298(5602), 2398-2401.

Dlakic, M. (2002). A new family of putative
insulin receptor-like proteins in C. elegans.
Current Biology, 12(5), R155-R157.

D’Mello, N., P,, Childress, A. M.,

Franklin, D. S., Kale, S. P, Pinswasdi, C., &
Jazwinski, S. M. (1994). Cloning and
characterization of LAG1, a longevity-
assurance gene in yeast. Journal of
Biological Chemistry, 269(22),
15451-15459.

Droge, W. (2003). Oxidative stress and aging.
Advances in Experimental Medicine and
Biology, 543, 191-200.

Duhon, S. A., & Johnson, T. E. (1995).
Movement as an index of vitality:
comparing wild type and the age-1 mutant
of Caenorhabditis elegans. Journals of
Gerontology Series A: Biological Sciences
and Medical Sciences, 50(5), B254-B261.

Duhon, S. A., Murakami, S., & Johnson, T. E.
(1996). Direct isolation of longevity mutants
in the nematode Caenorhabditis elegans.
Developmental Genetics, 18(2), 144-153.

Epstein, J., & Gershon, D. (1972). Studies on
ageing in nematodes IV. The effect of
antioxidants on cellular damage and life
span. Mechanisms of Ageing and
Development, 1, 257-264.

Evason, K., Huang, C., Yamben, I.,

Covey, D. E, & Kornfeld, K. (2005).
Anticonvulsant medications extend worm
life-span. Science, 307(5707), 258-262.

Felkai, S., Ewbank, J. J., Lemieux, J. J., Labb, C.,
Brown, G. G., & Hekimi, S. (1999). CLK-1
controls respiration, behavior and aging in
the nematode Caenorhabditis elegans. Embo
Journal, 18(7), 1783-1792.

Feng, J., Bussiere, F., & Hekimi, S. (2001).
Mitochondrial electron transport is a key
determinant of life span in Caenorhabditis
elegans. Developmental Cell, 1(5),
633-644.

Finkel, T., & Holbrook, N. J. (2000). Oxidants,
oxidative stress and the biology of ageing.
Nature, 408(6809), 239-247.

Foll, R. L., Pleyers, A., Lewandovski, G. .,
Wermter, C., Hegemann, V., & Paul, R.J.
(1999). Anaerobiosis in the nematode
Caenorhabditis elegans. Comparative
Biochemistry and Physiology. Part B,



392

Biochemistry e Molecular Biology, 124(3),
269-280.

Friedman, D. B, & Johnson, T. E. (1988a). A
mutation in the age-1 gene in
Caenorhabditis elegans lengthens life and
reduces hermaphrodite fertility. Genetics,
118(1], 75-86.

Friedman, D. B., & Johnson, T. E. (1988b). Three
mutants that extend both mean and
maximum life span of the nematode,
Caenorhabditis elegans, define the age-1 gene.
Journal of Gerontology, 43(4), B102-B109.

Garigan, D., Hsu, A. L., Fraser, A. G,,
Kamath, R. S., Ahringer, J., & Kenyon, C.
(2002). Genetic analysis of tissue aging in
Caenorhabditis elegans: a role for heat-
shock factor and bacterial proliferation.
Genetics, 161(3), 1101-1112.

Gems, D., & Riddle, D. L. (2000). Genetic,
behavioral and environmental determinants
of male longevity in Caenorhabditis
elegans. Genetics, 154(4), 1597-1610.

Gems, D., Sutton, A. J., Sundermeyer, M. L.,
Albert, P. S., King, K. V., Edgley, M. L.,
Larsen, P. L., & Riddle, D. L. (1998). Two
pleiotropic classes of daf-2 mutation affect
larval arrest, adult behavior, reproduction
and longevity in Caenorhabditis elegans.
Genetics, 150(1), 129-155.

Gershon, H., & Gershon, D. (2001). Critical
assessment of paradigms in aging research.
Experimental Gerontology, 36(7),
1035-1047.

Golden, T. R., Hinerfeld, D. A., & Meloyv, S.
(2002). Oxidative stress and aging: beyond
correlation. Aging Cell, 1(2), 117-123.

Guarente, L., & Kenyon, C. (2000). Genetic
pathways that regulate ageing in model
organisms. Nature, 408(6809), 255-262.

Hall, D. M., Oberley, T. D., Moseley, P. M.,
Buettner, G. R, Oberley, L. W., Weindruch, R,,
& Kregel, K. C. (2000). Caloric restriction
improves thermotolerance and reduces
hyperthermia-induced cellular damage in old
rats. FASEB Journal, 14{1), 78-86.

Harman, D. (1956). Aging: a theory based on
free radical and radiation chemistry.
Journal of Gerontology, 2, 298-300.

Hartman, P. S., Ishii, N., Kayser, E. B.,
Morgan, P. G., & Sedensky, M. M. (2001).
Mitochondrial mutations differentially
affect aging, mutability and anesthetic
sensitivity in Caenorhabditis elegans.

S. T. Henderson, S. L. Rea, and T. E. Johnson

Mechanisms of Ageing and Development,
122(11), 1187-1201.

Hekimi, S., & Guarente, L. (2003). Genetics
and the specificity of the aging process.
Science, 299(5611), 1351-1354.

Henderson, S. T., & Johnson, T. E. (2001).
daf-16 integrates developmental and
environmental inputs to mediate aging in
the nematode Caenorhabditis elegans.
Current Biology, 11(24), 1975-1980.

Herndon, L. A., Schmeissner, P. J.,
Dudaronek, J. M., Brown, P. A,

Listner, K. M., Sakano, Y., Paupard, M. C,,
Hall, D. H., & Driscoll, M. (2002).
Stochastic and genetic factors influence
tissue-specific decline in ageing C. elegans.
Nature, 419(6909), 808-814.

Hertweck, M., Gobel, C., & Baumeister, R.
(2004). C. elegans SGK-1 is the critical
component in the Akt/PKB kinase complex
to control stress response and life span.
Developmental Cell, 6(4), 577-588.

Honda, Y., & Honda, S. (1999). The daf-2 gene
network for longevity regulates oxidative
stress resistance and Mn-superoxide
dismutase gene expression in Caenorhabditis
elegans. Faseb Journal, 13(11), 1385-1393.

Hosono, R, Sato, Y., Aizawa, S. 1., & Mitsui, Y.
(1980). Age-dependent changes in mobility
and separation of the nematode
Caenorhabditis elegans. Experimental
Gerontology, 15(4), 285-289.

Houthoofd, K., Bracckman, B. P,,

Johnson, T. E., & Vanfleteren, J. R. (2004).
Extending life-span in C. elegans. Science,
305(5688), 1238-1239.

Houthoofd, K., Bracckman, B. P,

Johnson, T. E., & Vanfleteren, J. R. (2003).
Life extension via dietary restriction is
independent of the Ins/IGF-1 signalling
pathway in Caenorhabditis elegans.
Experimental Gerontology, 38(9), 947-954.

Houthoofd, K., Braecckman, B. P, Lenaerts, L.,

Brys, K., De Vreese, A., Van Eygen, S., &
Vanfleteren, J. R. (2002). Axenic growth up-
regulates mass-specific metabolic rate,
stress resistance, and extends life span in
Caenorhabditis elegans. Experimental
Gerontology, 37(12), 1371-1378.

Hsu, A. L., Murphy, C. T., & Kenyon, C.

(2003). Regulation of aging and age-related
disease by DAF-16 and heat-shock factor.
Science, 300(5622), 1142-1145.



CHAPTER 13 / Dissecting the Processes of Aging Using the Nematode Caenorhabditis elegans

Huynen, M. A., Snel, B., Bork, P, &

Gibson, T.J. (2001). The phylogenetic
distribution of frataxin indicates a role in
iron-sulfur cluster protein assembly.
Human Molecular Genetics, 10(21),
2463-2468.

Ishii, N., Fujii, M., Hartman, P. S., Tsuda, M.,
Yasuda, K., Senoo-Matsuda, N., Yanase, S.,
Ayusawa, D., & Suzuki, K. (1998). A
mutation in succinate dehydrogenase
cytochrome b causes oxidative stress and
ageing in nematodes. Nature, 394(6694),
694-697.

Iwata, S., Lee, J. W., Okada, K, Leg, J. K,,
Iwata, M., Rasmussen, B., Link, T. A.,
Ramaswamy, S., & Jap, B. K. (1998).
Complete structure of the 11-subunit
bovine mitochondrial cytochrome bcl
complex. Science, 281(5373), 64-71.

Jauniaux, E., Gulbis, B., & Burton, G.J.
(2003). The human first trimester
gestational sac limits rather than facilitates
oxygen transfer to the foetus: a review.
Placenta, 24 Suppl A, S86-S93.

Jenkins, N. L., McColl, G., & Lithgow, G. .
(2004). Fitness cost of extended lifespan
in Caenorhabditis elegans. Proceedings
of the Royal Society of London Series
B-Biological Sciences, 271(1556),
2523-2526.

Joela, H., Kasa, S., Lehtovuori, P., & Bech, M.
(1997). EPR, ENDOR and TRIPLE
resonance and MO studies on ubiquinones
(Q-n): comparison of radical anions and
cations of coenzymes Q-10 and Q-6 with
the model compounds Q-2 and Q-0. Acta
Chemica Scandinavica, 51(2), 233-241.

Johnson, T. E. (1987). Aging can be genetically
dissected into component processes using
long-lived lines of Caenorhabditis elegans.
Proceedings of the National Academy of
Sciences of the USA, 84(11), 3777-3781.

Johnson, T. E. (1990a). Caenorhabditis
elegans offers the potential for molecular
dissection of the aging processes.

In E. L. Scheider & J. W. Rowe (Eds.),
Handbook of the biology of aging

(3rd ed., pp. 45-59). New York: Academic
Press.

Johnson, T. E. (1990b). Increased life-span of
age-1 mutants in Caenorhabditis elegans
and lower Gompertz rate of aging. Science,
249(4971), 908-912.

393

Johnson, T. E. (2003). Advantages and
disadvantages of Caenorhabditis elegans
for aging research. Experimental
Gerontology, 38(11-12), 1329-1332.

Johnson, T. E., & Hutchinson, E. W. (1993).
Absence of strong heterosis for life span and
other life history traits in Caenorhabditis
elegans. Genetics, 134(2), 465-474.

Johnson, T. E., & Wood, W. B. (1982). Genetic
analysis of life-span in Caenorhabditis
elegans. Proceedings of the National
Academy of Sciences of the USA, 79(21),
6603-6607.

Johnson, T. E., Cypser, J., de Castro, E., de
Castro, S., Henderson, S., Murakami, S.,
Rikke, B., Tedesco, P., & Link, C. (2000).
Gerontogenes mediate health and longevity
in nematodes through increasing resistance
to environmental toxins and stressors.
Experimental Gerontology, 35(6-7),
687-694.

Johnson, T. E., de Castro, E., Hegi de Castro,
S., Cypser, J., Henderson, S., & Tedesco, P.
(2001). Relationship between increased
longevity and stress resistance as assessed
through gerontogene mutations in
Caenorhabditis elegans. Experimental
Gerontology, 36(10), 1609-1617.

Johnson, T. E., Henderson, S., Murakami, S.,
de Castro, E., de Castro, S. H., Cypser, J.,
Rikke, B., Tedesco, P., & Link, C. (2002).
Longevity genes in the nematode
Caenorhabditis elegans also mediate
increased resistance to stress and prevent
disease. Journal of Inherited Metabolic
Disease, 25(3), 197-206.

Jonassen, T., Davis, D. E., Larsen, P. L., &
Clarke, C. F. (2003). Reproductive fitness
and quinone content of Caenorhabditis
elegans clk-1 mutants fed coenzyme Q
isoforms of varying length. Journal of
Biological Chemistry, 278(51),
51735-51742.

Jonassen, T., Larsen, P. L., & Clarke, C. F.
(2001). A dietary source of coenzyme Q is
essential for growth of long-lived
Caenorhabditis elegans clk-1 mutants.
Proceedings of the National Academy of
Sciences of the USA, 98(2), 421-426.

Jonassen, T., Marbois, B. N., Faull, K. F,,
Clarke, C. F,, & Larsen, P. L. (2002).
Development and fertility in
Caenorhabditis elegans clk-1 mutants



394

depend upon transport of dietary
coenzyme Q8 to mitochondria. Journal
of Biological Chemistry, 277(47),
45020-45027.

Kamath, R. S., & Ahringer, J. (2003). Genome-
wide RNAI screening in Caenorhabditis
elegans. Methods, 30(4), 313-321.

Kapahi, P, Zid, B. M., Harper, T., Koslover,
D., Sapin, V., & Benzer, S. (2004).
Regulation of lifespan in Drosophila by
modulation of genes in the TOR signaling
pathway. Current Biology, 14(10), 885-890.

Kawano, T., Ito, Y., Ishiguro, M., Takuwa, K.,
Nakajima, T., & Kimura, Y. (2000).
Molecular cloning and characterization of a
new insulin/IGF-like peptide of the
nematode Caenorhabditis elegans.
Biochemical and Biophysical Research
Communications, 273(2), 431-436.

Kayser, E. B., Morgan, P. G., Hoppel, C. L., &
Sedensky, M. M. (2001). Mitochondrial
expression and function of GAS-1 in
Caenorhabditis elegans. Journal of
Biological Chemistry, 276(23), 20551-20558.

Kayser, E. B., Sedensky, M. M., & Morgan, P. G.
(20044a). The effects of complex I function
and oxidative damage on lifespan and
anesthetic sensitivity in Caenorhabditis
elegans. Mechanisms of Ageing and
Development, 125(6), 455-464.

Kayser, E. B, Sedensky, M. M., Morgan, P. G, &
Hoppel, C. L. (2004b). Mitochondrial
oxidative phosphorylation is defective in
the long-lived mutant clk-1. Journal
of Biological Chemistry, 279(52),
54479-54486.

Kenyon, C., Chang, J., Gensch, E.,

Rudner, A., & Tabtiang, R. (1993). A
C. elegans mutant that lives twice as long
as wild type. Nature, 366(6454), 461-464.

Kim, S. K., Lund, J., Kiraly, M., Duke, K.,

Jiang, M., Stuart, J. M., Eizinger, A.,

Wylie, B. N., & Davidson, G. S. (2001).

A gene expression map for Caenorhabditis
elegans. Science, 293(5537), 2087-2092.

Kimble, J., & Hirsh, D. (1979). The
postembryonic cell lineages of the
hermaphrodite and male gonads in
Caenorhabditis elegans. Developmental
Biology, 70(2), 396-417.

Kimura, K. D., Tissenbaum, H. A, Liu, Y., &
Ruvkun, G. (1997). daf-2, an insulin
receptor-like gene that regulates longevity

S. T. Henderson, S. L. Rea, and T. E. Johnson

and diapause in Caenorhabditis elegans.
Science, 277(5328), 942-946.

Kirkwood, T. B., & Austad, S. N. (2000). Why
do we age? Nature, 408(6809), 233-238.

Klass, M. R. (1977). Aging in the nematode
Caenorhabditis elegans: major biological
and environmental factors influencing life
span. Mechanisms of Ageing and
Development, 6(6), 413-429.

Klass, M. R. (1983). A method for the
isolation of longevity mutants in the
nematode Caenorhabditis elegans and
initial results. Mechanisms of Ageing
and Development, 22(3-4), 279-286.

Klass, M. R., & Hirsh, D. (1976). Non-
ageing developmental variant of
Caenorhabditis elegans. Nature,
260(5551), 523-525.

Kristal, B. S., & Krasnikov, B. F. (2003).
Structure-(Dys)function relationships in
mitochondrial electron transport chain
complex I1? Science of Aging Knowledge
Environment, 2003(5), PE3.

Lakowski, B., & Hekimi, S. (1996).
Determination of life-span in
Caenorhabditis elegans by four clock
genes. Science, 272(5264), 1010-1013.

Lakowski, B., & Hekimi, S. (1998). The
genetics of caloric restriction in
Caenorhabditis elegans. Proceedings of the
National Academy of Sciences of the USA,
95(22), 13091-13096.

Larsen, P. L. (1993). Aging and resistance to
oxidative damage in Caenorhabditis
elegans. Proceedings of the National
Academy of Sciences of the USA, 90(19),
8905-8909.

Lee, R. Y, Hench, J., & Ruvkun, G. (2001).
Regulation of C. elegans DAF-16 and its
human ortholog FKHRLI1 by the daf-2
insulin-like signaling pathway. Current
Biology, 11(24), 1950-1957.

Lee, S. S., Lee, R. Y, Fraser, A. G,,

Kamath, R. S., Ahringer, J., & Ruvkun, G.
(2003). A systematic RNAi screen identifies
a critical role for mitochondria in C. elegans
longevity. Nature Genetics, 33(1), 40-48.

Li, W.,, Kennedy, S. G., & Ruvkun, G. (2003).
daf-28 encodes a C. elegans insulin
superfamily member that is regulated by
environmental cues and acts in the DAF-2
signaling pathway. Genes & Development,
17(7), 844-858.



CHAPTER 13 / Dissecting the Processes of Aging Using the Nematode Caenorhabditis elegans

Lin, K., Hsin, H., Libina, N., & Kenyon, C.
(2001). Regulation of the Caenorhabditis
elegans longevity protein DAF-16 by
insulin/IGF-1 and germline signaling.
Nature Genetics, 28(2), 139-145.

Lin, S.J., & Guarente, L. (2003).
Nicotinamide adenine dinucleotide, a
metabolic regulator of transcription,
longevity and disease. Current Opinions in
Cell Biology, 15(2), 241-246.

Lin, S.J., Defossez, P. A., & Guarente, L.
(2000). Requirement of NAD and SIR2 for
life-span extension by calorie restriction in
Saccharomyces cerevisiae. Science,
289(5487), 2126-2128.

Link, C. D., & Johnson, C. J. (2002). Reporter
transgenes for study of oxidant stress in
Caenorhabditis elegans. Methods in
Enzymology, 353, 497-505.

Link, C. D., Cypser, J. R., Johnson, C.J., &
Johnson, T. E. (1999). Direct observation of
stress response in Caenorhabditis elegans
using a reporter transgene. Cell Stress e
Chaperones, 4(4), 235-242.

Lithgow, G.J. (1996). The molecular genetics
of Caenorhabditis elegans aging. In J. W.
Rowe & E. L. Schneider (Eds.), Handbook of
the biology of aging (4th ed., pp. 55-73).
New York: Academic Press.

Lithgow, G.J. (2001). Hormesis: a new hope for
ageing studies or a poor second to genetics?
Human e Experimental Toxicology, 20(6),
301-303; discussion 319-320.

Lithgow, G. J., White, T. M., Melov, S., &
Johnson, T. E. (1995). Thermotolerance
and extended life-span conferred by single-
gene mutations and induced by thermal
stress. Proceedings of the National
Academy of Sciences of the USA, 92(16),
7540-7544.

Long, X., Spycher, C., Han, Z. S., Rose, A. M.,
Muller, F., & Avruch, J. (2002). TOR
deficiency in C. elegans causes
developmental arrest and intestinal atrophy
by inhibition of mRNA translation.
Current Biology, 12(17), 1448-1461.

Longo, V. D., & Finch, C. E. (2003).
Evolutionary medicine: from dwarf model
systems to healthy centenarians? Science,
299(5611), 1342-1346.

Lund, J., Tedesco, P., Duke, K., Wang, J.,
Kim, S. K., & Johnson, T. E. (2002).
Transcriptional profile of aging in C.

395

elegans. Current Biology, 12(18),
1566-1573.

Mahajan-Miklos, S., Tan, M. W.,

Rahme, L. G., & Ausubel, F. M. (1999).
Molecular mechanisms of bacterial
virulence elucidated using

a Pseudomonas aeruginosa-
Caenorhabditis elegans pathogenesis
model. Cell, 96(1), 47-56.

Malone, E. A., & Thomas, J. H. (1994). A
screen for nonconditional dauer-
constitutive mutations in Caenorhabditis
elegans. Genetics, 136(3), 879-886.

Malone, E. A., Inoue, T., & Thomas, J. H.
(1996). Genetic analysis of the roles of daf-
28 and age-1 in regulating Caenorhabditis
elegans dauer formation. Genetics, 143(3),
1193-1205.

Martin, G. M., Austad, S. N., & Johnson, T. E.
(1996). Genetic analysis of ageing: role of
oxidative damage and environmental
stresses. Nature Genetics, 13(1), 25-34.

Masoro, E. J. (1998). Caloric restriction. Aging
(Milano), 10(2), 173-174.

McCay, C. M., Crowell, M. F, & Maynard, L. A.
(1935). The effects of retarded growth upon
the length of life span and upon the ultimate
body size. Journal of Nutrition, 10, 63-79.

McElwee, J., Bubb, K., & Thomas, J. H. (2003).
Transcriptional outputs of the
Caenorhabditis elegans forkhead protein
DAF-16. Aging Cell, 2(2), 111-121.

Meissner, B., Boll, M., Daniel, H., &
Baumeister, R. (2004). Deletion of
the intestinal peptide transporter affects
insulin and TOR signaling in C. elegans.
Journal of Biological Chemistry, 279(35),
36739-36745.

Melendez, A., Talloczy, Z., Seaman, M.,
Eskelinen, E. L., Hall, D. H., & Levine, B.
(2003). Autophagy genes are essential for
dauer development and life-span extension
in C. elegans. Science, 301(5638),
1387-1391.

Melov, S., Hertz, G. Z., Stormo, G. D., &
Johnson, T. E. (1994). Detection of deletions
in the mitochondrial genome of
Caenorhabditis elegans. Nucleic Acids
Research, 22(6), 1075-1078.

Melov, S., Lithgow, G. J., Fischer, D. R,,
Tedesco, P. M., & Johnson, T. E. (1995).
Increased frequency of deletions in the
mitochondrial genome with age of



396

Caenorhabditis elegans. Nucleic Acids
Research, 23(8), 1419-1425.

Melov, S., Ravenscroft, J., Malik, S., Gill, M. S.,
Walker, D. W,, Clayton, P. E., Wallace, D. C,,
Malfroy, B., Doctrow, S. R., & Lithgow, G. .
(2000). Extension of life-span with
superoxide dismutase/catalase mimetics.
Science, 289(5484), 1567-1569.

Minois, N. (2000). Longevity and aging:
beneficial effects of exposure to mild stress.
Biogerontology, 1(1), 15-29.

Mitchell, P. (1975). The protonmotive Q
cycle: a general formulation. FEBS Letters,
59(2), 137-139.

Miyadera, H., Amino, H., Hiraishi, A., Taka, H.,
Murayama, K., Miyoshi, H., Sakamoto, K.,
Ishii, N., Hekimi, S., & Kita, K. (2001).
Altered quinone biosynthesis in the long-
lived clk-1 mutants of Caenorhabditis
elegans. Journal of Biological Chemistry,
276(11, 7713-7716.

Miyadera, H., Kano, K., Miyoshi, H.,

Ishii, N., Hekimi, S., & Kita, K. (2002).
Quinones in long-lived clk-1 mutants of
Caenorhabditis elegans. FEBS Letters,
512(1-3), 33-37.

Morris, J. Z., Tissenbaum, H. A., & Ruvkun, G.
(1996). A phosphatidylinositol-3-OH kinase
family member regulating longevity and
diapause in Caenorhabditis elegans. Nature,
382(6591), 536-539.

Munoz, M. J., & Riddle, D. L. (2003). Positive
selection of Caenorhabditis elegans
mutants with increased stress resistance
and longevity. Genetics, 163(1), 171-180.

Murakami, S., & Johnson, T. E. (1996). A
genetic pathway conferring life extension and
resistance to UV stress in Caenorhabditis
elegans. Genetics, 143(3), 1207-1218.

Murakami, S., & Johnson, T. E. (1998). Life
extension and stress resistance in
Caenorhabditis elegans modulated by the
tkr-1 gene. Current Biology, 8(19),
1091-1094.

Murakami, S., & Johnson, T. E. (2001). The
OLD-1 positive regulator of longevity and
stress resistance is under DAF-16
regulation in Caenorhabditis elegans.
Current Biology, 11(19), 1517-1523.

Murakami, S., Tedesco, P. M., Cypser, J. R., &
Johnson, T. E. (2000). Molecular genetic
mechanisms of life span manipulation in
Caenorhabditis elegans. Annals of

S. T. Henderson, S. L. Rea, and T. E. Johnson

the New York Academy of Sciences, 908,
40-49.

Murphy, C. T., McCarroll, S. A.,

Bargmann, C. L., Fraser, A., Kamath, R. S,
Ahringer, J., Li, H., & Kenyon, C. (2003).
Genes that act downstream of DAF-16 to
influence the lifespan of Caenorhabditis
elegans. Nature, 424(6946), 277-283.

Nakai, D., Shimizu, T., Nojiri, H.,

Uchiyama, S., Koike, H., Takahashi, M.,
Hirokawa, K., & Shirasawa, T. (2004).
coq7/clk-1 regulates mitochondrial
respiration and the generation of reactive
oxygen species via coenzyme Q. Aging Cell,
3(5), 273-281.

Nakai, D., Yuasa, S., Takahashi, M.,

Shimizu, T., Asaumi, S., Isono, K.,

Takao, T., Suzuki, Y., Kuroyanagi, H.,
Hirokawa, K., Koseki, H., & Shirsawa, T.
(2001). Mouse homologue of coq7/clk-1,
longevity gene in Caenorhabditis elegans,
is essential for coenzyme Q synthesis,
maintenance of mitochondrial integrity, and
neurogenesis. Biochemical and Biophysical
Research Communications, 289(2),
463-471.

Nelson, J. E, Karelus, K., Bergman, M. D., &
Felicio, L. S. (1995). Neuroendocrine
involvement in aging: evidence from
studies of reproductive aging and caloric
restriction. Neurobiology of Aging, 16(5),
837-843; discussion 855-836.

New, D. A. (1978). Whole-embryo culture and
the study of mammalian embryos during
organogenesis. Biological Reviews of the
Cambridge Philosophical Society, 53(1),
81-122.

Nicholls, D. G. (2002). Mitochondrial
function and dysfunction in the cell: its
relevance to aging and aging-related disease.
International Journal of Biochemistry e)
Cell Biology, 34(11), 1372-1381.

Nohl, H. (1994). Generation of superoxide
radicals as byproduct of cellular respiration.
Annales de Biologie Clinique (Paris), 52(3),
199-204.

Okimoto, R., Macfarlane, J. L., Clary, D. O., &
Wolstenholme, D. R. (1992). The
mitochondrial genomes of two nematodes,
Caenorhabditis elegans and Ascaris suum.
Genetics, 130(3), 471-498.

Ookuma, S., Fukuda, M., & Nishida, E.
(2003). Identification of a DAF-16



CHAPTER 13 / Dissecting the Processes of Aging Using the Nematode Caenorhabditis elegans

transcriptional target gene, scl-1, that
regulates longevity and stress resistance in
Caenorhabditis elegans. Current Biology,
13(5), 427-431.

Padilla, S., Jonassen, T., Jimenez-Hidalgo, M. A.,
Fernandez-Ayala, D. J., Lopez-Lluch, G.,
Marbois, B., Navas, P, Clarke, C. E, &
Santos-Ocana, C. (2004). Demethoxy-Q, an
intermediate of coenzyme Q biosynthesis,
fails to support respiration in Saccharomyces
cerevisiae and lacks antioxidant activity.
Journal of Biological Chemistry, 279(25),
25995-26004.

Paradis, S., & Ruvkun, G. (1998).
Caenorhabditis elegans Akt/PKB
transduces insulin receptor-like signals
from AGE-1 PI3 kinase to the DAF-16
transcription factor. Genes ¢
Development, 12(16), 2488-2498.

Paradis, S., Ailion, M., Toker, A.,

Thomas, J. H., & Ruvkun, G. (1999). A
PDK1 homolog is necessary and sufficient
to transduce AGE-1 PI3 kinase signals
that regulate diapause in Caenorhabditis
elegans. Genes & Development, 13(11),
1438-1452.

Pierce, S. B, Costa, M., Wisotzkey, R,
Devadhar, S., Homburger, S. A.,

Buchman, A. R., Ferguson, K. C., Heller, T,
Platt, D. M., Pasquinelli, A. A., Liu, L. X.,
Doberstein, S. K., & Ruvkun, G. (2001).
Regulation of DAF-2 receptor signaling by
human insulin and ins-1, a member of the
unusually large and diverse C. elegans
insulin gene family. Genes &)
Development, 15(6), 672-686.

Post, S. G., & Binstock, R. H. (2004). The
fountain of youth: cultural, scientific, and
ethical perspectives on a biomedical goal.
Oxford: Oxford University Press.

Puccio, H., & Koenig, M. (2002). Friedreich
ataxia: a paradigm for mitochondrial
diseases. Current Opinion in Genetics &)
Development, 12(3), 272-277.

Rattan, S. I. (1985). Beyond the present crisis
in gerontology. Bioessays, 2, 226-228.

Rattan, S. I. (2001). Hormesis in
biogerontology. Critical Reviews in
Toxicology, 31(4-5), 663-664.

Rea, S., & James, D. E. (1997). Moving
GLUT4: the biogenesis and trafficking of
GLUT4 storage vesicles. Diabetes, 46(11),
1667-1677.

397

Rea, S., & Johnson, T. E. (2003). A metabolic
model for life span determination in
Caenorhabditis elegans. Developmental
Cell, 5(2), 197-208.

Riddle, D. L., & Albert, P. S. (1997). Genetic
and environmental regulation of dauer
larva development. In D. L. Riddle, T.
Blumenthal, B. J. Meyer, & J. R. Priess
(Eds.), C. elegans II (pp. 739-768).
Plainview, NY: Cold Spring Harbor Press.

Riddle, D. L., Blumenthal, T., Meyer, B.]., &
Priess, J. R. (Eds.). (1997). C. elegans II.
Plainview, NY: Cold Spring Harbor
Laboratory Press.

Rikke, B. A., Murakami, S., & Johnson, T. E.
(2000). Paralogy and orthology of tyrosine
kinases that can extend the life span of
Caenorhabditis elegans. Molecular and
Biological Evolution, 17(5), 671-683.

Rohde, J., Heitman, J., & Cardenas, M. E.
(2001). The TOR kinases link nutrient
sensing to cell growth. Journal of Biological
Chemistry, 276(13), 9583-9586.

Ronquist, G., Andersson, A., Bendsoe, N., &
Falck, B. (2003). Human epidermal energy
metabolism is functionally anaerobic.
Experimental Dermatology, 12(5),
572-579.

Rothstein, M. (1980). Nematodes as biological
models. In B. M. Zuckerman (Ed.), Aging
and other model systems (Vol. 2, pp.
29-46). New York: Academic Press.

Russell, R. L., & Jacobson, L. A. (1985). Some
aspects of aging can be studied easily in
nematodes. In C. E. Finch & E. L. Schneider
(Eds.), Handbook of the biology of aging
(2nd ed., pp. 128-145). New York: Van
Nostrand Reinhold.

Saltiel, A. R., & Kahn, C. R. (2001). Insulin
signalling and the regulation of glucose and
lipid metabolism. Nature, 414(6865),
799-806.

Sampayo, J. N., Gill, M. S., & Lithgow, G.]J.
(2003). Oxidative stress and aging: the use
of superoxide dismutase/catalase mimetics
to extend lifespan. Biochemical Society
Transactions, 31(Pt 6), 1305-1307.

Sampayo, J. N., Jenkins, N. L., & Lithgow, G. J.
(2000). Using stress resistance to
isolate novel longevity mutations in
Caenorhabditis elegans. Annals of the
New York Academy of Sciences, 908,
324-326.



398

Scott, B. A., Avidan, M. S., & Crowder, C. M.
(2002). Regulation of hypoxic death in C.
elegans by the insulin/IGF receptor homolog
DAF-2. Science, 296(5577), 2388-2391.

Senoo-Matsuda, N., Yasuda, K., Tsuda, M.,
Ohkubo, T., Yoshimura, S., Nakazawa, H.,
Hartman, P. S., & Ishii, N. (2001). A defect
in the cytochrome b large subunit in
complex II causes both superoxide anion
overproduction and abnormal energy
metabolism in Caenorhabditis elegans.
Journal of Biological Chemistry, 276(45),
41553-41558.

Shibata, Y., Branicky, R., Landaverde, . O., &
Hekimi, S. (2003). Redox regulation of
germline and vulval development in
Caenorhabditis elegans. Science, 302(5651),
1779-1782.

Shook, D. R., & Johnson, T. E. {1999).
Quantitative trait loci affecting survival
and fertility-related traits in
Caenorhabditis elegans show genotype-
environment interactions, pleiotropy and
epistasis. Genetics, 153(3), 1233-1243.

Shook, D. R., Brooks, A., & Johnson, T. E.
(1996). Mapping quantitative trait loci
affecting life history traits in the nematode
Caenorhabditis elegans. Genetics, 142(3),
801-817.

Sohal, R. S. (2002). Role of oxidative stress
and protein oxidation in the aging process.
Free Radical Biology and Medicine, 33(1),
37-44.

Stenmark, P., Grunler, J.,

Mattsson, J., Sindelar, P. J., Nordlund, P., &
Berthold, D. A. (2001). A new member of
the family of di-iron carboxylate proteins.
Coq7 (clk-1), a membrane-bound
hydroxylase involved in ubiquinone
biosynthesis. Journal of Biological
Chemistry, 276(36), 33297-33300.

Sulston, J. E., & Horvitz, H. R. (1977). Post-
embryonic cell lineages of the nematode,
Caenorhabditis elegans. Developmental
Biology, 56(1), 110-156.

Tatar, M., Bartke, A., & Antebi, A. (2003). The
endocrine regulation of aging by insulin-like
signals. Science, 299(5611), 1346-1351.

Tavernarakis, N., & Driscoll, M. (2002).
Caloric restriction and lifespan: a role for
protein turnover? Mechanisms of Ageing
and Development, 123(2-3), 215-229.

S. T. Henderson, S. L. Rea, and T. E. Johnson

Tissenbaum, H. A., & Guarente, L. (2001).
Increased dosage of a sir-2 gene extends
lifespan in Caenorhabditis elegans. Nature,
410(6825), 227-230.

Tsang, W. Y., & Lemire, B. D. (2002).
Mitochondrial genome content is regulated
during nematode development.
Biochemical and Biophysical Research
Communications, 291(1), 8-16.

Tsang, W. Y., Sayles, L. C., Grad, L. L,
Pilgrim, D. B., & Lemire, B. D. (2001).
Mitochondrial respiratory chain deficiency
in Caenorhabditis elegans results in
developmental arrest and increased life
span. Journal of Biological Chemistry,
276(34), 32240-32246.

Van Voorhies, W. A. (2001a). Hormesis and
aging. Human &) Experimental
Toxicology, 20(6), 315-317; discussion
319-320.

Van Voorhies, W. A. (2001b). Metabolism
and lifespan. Experimental Gerontology,
36(1), 55-64.

Vanfleteren, J. R. (1993). Oxidative stress and
ageing in Caenorhabditis elegans.
Biochemical Journal, 292(Pt 2), 605-608.

Vellai, T., Takacs-Vellai, K., Zhang, Y.,
Kovacs, A. L., Orosz, L., & Muller, F.
(2003). Genetics: influence of TOR kinase
on lifespan in C. elegans. Nature,
426(6967), 620.

Ventura, N, Rea, S., Henderson, S. T.,Condo, I.,
Johnson, T. E., & Testi, R. (2005).
Suppression of Frataxin extends the life span
of Caenorhabditis elegans. Aging Cell, 4(2),
109-112.

Vowels, J. J., & Thomas, J. H. (1992). Genetic
analysis of chemosensory control of dauer
formation in Caenorhabditis elegans.
Genetics, 130(1), 105-123.

Walker, D. W., McColl, G., Jenkins, N. L.,
Harris, J., & Lithgow, G. J. (2000). Evolution
of lifespan in C. elegans. Nature, 405(6784),
296-297.

Walker, G. A., & Lithgow, G.J. (2003).
Lifespan extension in C. elegans by a
molecular chaperone dependent upon
insulin-like signals. Aging Cell, 2(2),
131-139.

Wallace, D. C. (1999). Mitochondrial diseases
in man and mouse. Science, 283(5407),
1482-1488.



CHAPTER 13 / Dissecting the Processes of Aging Using the Nematode Caenorhabditis elegans 399

Wong, A., Boutis, P., & Hekimi, S. (1995).
Mutations in the clk-1 gene of
Caenorhabditis elegans affect
developmental and behavioral timing.
Genetics, 139(3), 1247-1259.

Wood, W. B. (Ed.). (1988). The nematode
Caenorhabditis elegans. Plainview, NY:
Cold Spring Harbor Press.

Wu, Z., Smith, J. V., Paramasivam, V.,

Butko, P, Khan, I, Cypser, J. R., & Luo, Y.

(2002). Ginkgo biloba extract EGb 761

increases stress resistance and extends life
span of Caenorhabditis elegans. Cellular
and Molecular Biology

(Noisy-le-Grand, France), 48(6), 725-731.

Yokoyama, K., Fukumoto, K., Murakami, T.,

Harada, S., Hosono, R., Wadhwa, R., Mitsui,
Y., & Ohkuma, S. (2002). Extended longevity
of Caenorhabditis elegans by knocking in
extra copies of hsp70F, a homolog of mot-2
(mortalin)/ mthsp70/Grp75. FEBS Letters,
516(1-3, 53-57.





