
M

IS

*
{

{

C H A P T E R T W E N T Y - N I N E
ethods

SN 0

Quee
Cente
Burnh
Monitoring the Role of Autophagy

in C. elegans Aging

Alicia Meléndez,* David H. Hall,† and Malene Hansen‡

Contents
1. In
in

076

ns C
r fo
am
troduction to Longevity Pathways in C. elegans
Enzymology, Volume 451 # 2008

-6879, DOI: 10.1016/S0076-6879(08)03229-1 All rig

ollege-CUNY, Department of Biology, Flushing, New York, USA
r C. elegans Anatomy, Albert Einstein College of Medicine, Bronx, New York, USA
Institute for Medical Research, Program of Development and Aging, La Jolla, Califo
Else

hts

rnia
494
1
.1.
 In
sulin/IGF-1-like signaling
 494
1
.2.
 D
ietary restriction
 496
1
.3.
 P
rotein translation
 497
1
.4.
 M
itochondrial respiration
 498
1
.5.
 S
ummary
 499
2. E
xamination of Life Span and Visual Detection of Autophagy

and Autolysosome Formation
 500
2
.1.
 L
ife span analysis
 500
2
.2.
 L
ife span genetic models
 505
2
.3.
 P
igment assays for aging
 507
2
.4.
 A
utophagosome detection by the GFP-tagged

autophagy protein LGG-1/LC3
 509
2
.5.
 E
lectron microscopy to detect autophagosomes

and intracellular trafficking defects
 513
3. C
onclusion
 516
Ackn
owledgments
 516
Refe
rences
 516
Abstract

Autophagy plays crucial roles in many biological processes, and recent research

points to a possibly conserved role for autophagy in the process of organismal

aging. Experiments in the nematode C. elegans suggest that autophagy may be

required specifically for longevity pathways that are regulated by environmen-

tal signals. Known longevity genes can be assigned to four major longevity

pathways/processes: insulin/IGF-1 signaling, dietary restriction, protein trans-

lation, and mitochondrial respiration. Of these, reduced insulin/IGF-1 signaling

and dietary restriction, but not protein translation inhibition, appear to rely on
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autophagy to increase life span. Multiple experimental approaches have been

used to study autophagy in the context of aging in C. elegans. This chapter

describes techniques used to address the link between aging and autophagy in

C. elegans. Specifically, we summarize how to examine organismal life span

in various longevity mutants and how to visually detect autophagy and auto-

lysosomal formation in C. elegans.
1. Introduction to Longevity Pathways

in C. elegans

The nematode C. elegans has proved a successful model organism
for studying the molecular mechanisms of several biological processes,
including aging (Kenyon, 2005). C. elegans offer many advantages with
regards to studying longevity, including a short life span of approximately
3 weeks. Furthermore, C. elegans is experimentally tractable especially in
regard to gene inactivation by RNA interference (RNAi). In C. elegans,
RNAi treatment can be done in multiple ways (Wang and Barr, 2005), but
it is particularly easy to do by feeding RNAi in which double-stranded
RNA of the gene of interest is expressed in bacteria, the food source of the
worm. As the entire genome of C. elegans is sequenced, this has allowed for
RNAi feeding screens for new longevity genes (Hamilton et al., 2005;
Hansen et al., 2005; Chen et al., 2007; Curran and Ruvkun, 2007). Through
such approaches, well more than 150 genes have so far been identified to
modulate organismal aging in C. elegans. The majority of these currently
known longevity genes can be assigned to four major longevity pathways/
processes: insulin/IGF-1 signaling, dietary restriction, protein translation, and
mitochondrial respiration. A brief outline of our current molecular under-
standing of these pathways/processes with specific focus on links to autop-
hagy is summarized here.
1.1. Insulin/IGF-1-like signaling

The most well-studied longevity pathway in C. elegans is the insulin/IGF-1
signaling (IIS) pathway. Decreased activity of the insulin/IGF-1-like recep-
tor, DAF-2, extends the life span more than 2-fold (Kenyon et al., 1993),
and similar gene perturbations extend the life span of flies and mice (Bluher
et al., 2003; Giannakou and Partridge, 2007; Holzenberger et al., 2003). The
canonical IIS pathway in worms involves signaling through a cascade of
kinases, including AGE-1/PI3K, PDK-1 and AKT-1/2/SGK-1, via at least
three different transcription factors DAF-16, HSF-1, and SKN-1 (Hsu et al.,
2003; Lin et al., 1997; Ogg et al., 1997; Tullet et al., 2008). These transcrip-
tion factors function downstream of daf-2 and modulate life span by
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regulating a variety of target genes (Honda and Honda, 1999; Lee et al.,
2003a; McElwee et al., 2003; Murphy et al., 2003; Oh et al., 2006). These
include genes that are required for stress responses, detoxification of oxida-
tive damage, and resistance to bacterial infection. Insulin/IGF-1 signaling
from both the nervous system and the intestine modulates life span
(Apfeld and Kenyon, 1998; Libina et al., 2003; Wolkow et al., 2000), and
aging is specifically affected by daf-2 during adulthood (Dillin et al., 2002a).
In C. elegans, IIS overlaps with several other processes that also have been
implicated in aging, including sensory perception, signaling from the repro-
ductive system, JNK signaling, and TGF-beta signaling (Hsin and Kenyon,
1999; Oh et al., 2005; Shaw et al., 2007).

While many studies have focused on elucidating the transcriptional
output of IIS in C. elegans, recent studies have implicated a role for various
cellular processes (e.g., autophagy) in the long life span of daf-2 mutants.
In C. elegans, autophagy was first investigated in the context of the devel-
opmental process of dauer morphogenesis (Meléndez et al., 2003).C. elegans
responds to unfavorable environmental conditions (e.g., crowding, starva-
tion, increased temperature) by entering into an alternative third arrested
larval stage, called dauer diapause. Autophagy is required for dauer forma-
tion in the insulin/IGF-1 receptor daf-2 mutant, which has elevated levels
of autophagy (see subsequent sections). Taken together, these findings
suggest that autophagy genes are required for the organismal remodeling
that allows C. elegans to adapt to environmental stresses, such as starvation.
Similar to a role in development, autophagy is also required for the long life
span of daf-2 mutants, and daf-2 long-lived mutants have increased levels of
autophagy (Hars et al., 2007; Meléndez et al., 2003). Autophagy seems to be
specifically linked to the aging function of daf-2, as inhibition of autophagy
genes during adulthood is sufficient to significantly shorten the life span of
daf-2 mutants (Hansen et al., 2008).

What regulates autophagy in daf-2 mutants? So far no other mutants in
the IIS pathway have been investigated in the context of autophagy, yet
daf-2 mutants without the FOXO transcription factor DAF-16 retain high
levels of autophagic vesicles (as measured by the LC3/LGG-1 reporter, see
subsequent sections) (Hansen et al., 2008). As daf-16; daf-2 double mutants
are short lived, this finding suggests that increased levels of autophagy are
not sufficient to extend life span in the context of reduced IIS. However,
DAF-16/FOXO could be involved in downstream steps of the autophagy
process (e.g., the lysosomal processing of the autophagosomal vesicles).
Consistent with a role for DAF-16/FOXO in autophagy, Riddle and
colleagues show that DAF-16/FOXO regulates DAF-15/Raptor
(a TOR-binding protein), which functions in reproductive growth and
organismal life span ( Jia et al., 2004). Reduction of DAF-15 extends life
span via a mechanism that is at least partially dependent on autophagy
(Hansen et al., 2008). This finding would be consistent with a possible
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role for DAF-16/FOXO upstream of autophagy to modulate aging and
development. Taken together, more experiments are clearly needed to
clarify the role of DAF-16/FOXO in the autophagy process.

Another crucial question would be to address in which tissues, in daf-2
mutants, autophagy modulates organismal life span. Likewise, it will be
interesting to address the role of autophagy in the life span phenotypes
mediated by the IIS overlapping processes mentioned previously (e.g.,
sensory perception and signaling from the reproductive system).

Similar to autophagy genes, genes involved in vesicular sorting were
recently identified in a daf-2 suppressor screen as well as in other independent
studies tobe required for the long life spanof daf-2mutants (Hansen et al., 2008;
Samuelson et al., 2007). Genes involved in vesicular sorting are important for
endocytic trafficking of proteins from the plasma membrane to the lysosomes.
It remains to be investigated towhat degree these cellular processes ofmolecu-
lar trafficking (vesicular sorting) and/or turnover (autophagy) overlap.
1.2. Dietary restriction

Reduced food intake without malnutrition (here referred to as dietary
restriction) has been shown to extend the life span of many organisms
ranging from yeast to mice (Guarente and Picard, 2005). Dietary restriction
also extends the life span of C. elegans, and the process is here often studied
in genetic models such as eat-2 mutants. These mutants lack a pharyngeal-
specific nicotinic acetylcholine receptor subunit that is required for pharyn-
geal pumping (feeding) (Raizen et al., 1995). Similar to worms subjected to
direct dietary restriction in liquid media (see below), eat-2 mutants live
approximately 20%–30% longer than well-fed wild-type animals (Lakowski
and Hekimi, 1998).

The molecular basis of how dietary restriction extends life span in
C. elegans is less well understood. An upstream mediator of the nutritional
status of the animal might be the nutrient sensor TOR (target of rapamycin)
(Hansen et al., 2007; Henderson et al., 2006; Meissner et al., 2004). Similar
to dietary restriction, animals with reduced TOR signaling are also long
lived (Vellai et al., 2003). As in other organisms, C. elegans TOR regulates
multiple biological processes, including protein translation and autophagy
(Hansen et al., 2007, 2008). Both of these processes have been linked to
aging (see subsequent sections). Consistent with a role for TOR in dietary
restriction, both dietary-restricted animals and mutants with reduced TOR
pathway activity have increased levels of autophagy and require autophagy
genes to live long (Hansen et al., 2008; Toth, et al.,).

Dietary restriction and TOR inhibition can extend C. elegans life span
when food intake is reduced during adulthood only (Klass, 1977; Vellai
et al., 2003), and inhibition of autophagy specifically during adulthood
shortens the long life span of eat-2 and TOR pathway mutants (Hansen
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et al., 2008). Interestingly, a gene functioning in vesicular trafficking, the
small GTPase rab-10, appears to similarly be involved in dietary restriction,
and rab-10 mutants require autophagy gene activity to live long (Hansen
et al., 2005, 2008).

In contrast to the IIS pathway, dietary restriction is not dependent on the
FOXO transcription factor DAF-16 (Houthoofd et al., 2003; Lakowski and
Hekimi, 1998). However, two other transcription factors, the FOXA
transcription factor PHA-4 (Panowski et al., 2007) and the oxidative
stress-responsive transcription factor SKN-1 (Bishop and Guarente, 2007)
were recently found to be required for the long life span of dietary-restricted
worms.Whereas SKN-1 also functions in the daf-2 IIS pathway to modulate
longevity (Tullet et al., 2008), PHA-4/FOXA has a specific function in the
life span response to dietary restriction (Panowski et al., 2007). Furthermore,
PHA-4/FOXA appears to be required for the increased levels of autophagy
seen in dietary-restricted eat-2mutants (Hansen et al., 2008), suggesting that
PHA-4/FOXA is involved in regulating this process in C. elegans. Another
conserved longevity molecule, the sirtuin SIR-2.1, a member of the Sir-
2 family of NAD(+)-dependent protein deacetylases, has been suggested to
mediate the longevity response to dietary restriction in several organisms
(Guarente and Picard, 2005), including C. elegans (Wang and Tissenbaum,
2006). Overexpression of SIR-2.1 in worms extends life span, yet in a daf-
16 dependent fashion (Tissenbaum and Guarente, 2001). Moreover, the life
span of sir-2.1 deletion mutants can be extended by dietary restriction
(Hansen et al., 2007; Kaeberlein et al., 2006; Lamming et al., 2005; Lee
et al., 2006), and it thus seems more likely that sir-2.1 affects life span by
mechanisms that are not overlapping with dietary restriction inC. elegans. In
contrast, dietary restriction appears to overlap with another daf-16 depen-
dent process, namely life span extension by removal of the worm’s germ-
line. Worms without germline cells are �60% longer lived than wild-type
animals (Hsin and Kenyon, 1999), and this long life span is not further
extended in germline-ablated eat-2 mutants (Crawford et al., 2007). The
basis for this apparent overlap between dietary restriction and signals from
the germline is currently unclear, yet it would be interesting to address the
role of autophagy in this context. In addition, it would be of wide interest to
address the tissue-specificity of the signals that extend life span via dietary
restriction, including the autophagic response involved.
1.3. Protein translation

Protein translation is an essential process involved in all aspects of biology.
Recently, it was found that reduced levels of protein translation, either by
inhibition of the protein translation machinery (i.e., ribosomal proteins, or
regulators of translation) or ribosomal S6 kinase and translation initiation
factors (eIFs) can extend the life span of C. elegans (Hansen et al., 2007;
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Henderson et al., 2006; Pan et al., 2007; Syntichaki et al., 2007; Chen et al.,
2007; Curran and Ruvkun, 2007). Inhibition of many of these factors also
extends the life span of other organisms, including yeast and flies
(Kaeberlein et al., 2005; Kapahi et al., 2004).

Animals with reduced protein translation generally have less progeny but
are more stress resistant, a phenotype they share with both the long-lived IIS
mutants and dietary-restricted animals mentioned previously. In contrast,
though, these animals may not live longer due to increased levels of
autophagy as S6K mutants have normal levels of autophagy (as measured
by the number of LC3/LGG-1-positive foci in the seam cells) and do not
require the autophagic gene bec-1 (C. elegans ortholog of yeast ATG6/
mammalian beclin1) to have an extended life span (Pan et al., 2007;
Hansen et al., 2008) in the latter experiment, RT-PCR analysis showed
that S6K mutants responded well to the bec-1 RNAi treatment. This is
in contrast to what would be expected if lower levels of mRNA translation
simply reduce the levels of damaged proteins as a result of decreased protein
turnover. It will be interesting to learn the underlying molecular mechanism
behind how reduced protein translation extends life span.

Similarly, bec-1 RNAi does not significantly shorten the extended life
span of ife-2/eIF4E mutants (Hansen et al., 2008) or ifg-1/eIF4G mutants
(Pan et al., 2007). Thus, not all known longevity pathways appear to rely on
autophagy to extend life span. Interestingly, the life span extension observed
in these animals can be induced in adult animals, indicating a postdevelop-
mental mechanism (Hansen et al., 2007; Henderson et al., 2006; Pan et al.,
2007; Curran and Ruvkun, 2007; Chen et al., 2007). Little is known about
the genetic requirements underlying the extended life span of animals with
reduced translation. Some RNAi treatments extend life span independently
of daf-16/FOXO (TOR, S6K, ribosomal proteins), whereas it is presently
unclear what the relationship is between eIFs and DAF-16/FOXO, since it
has been reported that life span extension of reduced protein translation
during adulthood can occur in both a daf-16-dependent and daf-16-inde-
pendent fashion (Hansen et al., 2007; Henderson et al., 2006; Pan et al.,
2007; Syntichaki et al., 2007). Since this remains controversial, future
experiments are needed to fully clarify these issues.
1.4. Mitochondrial respiration

Reduced levels of respiration induced by inactivation of the electron-
transport chain (ETC) have been shown to extend life span in worms
(Dillin et al., 2002b; Lee et al., 2003b). Several nuclear mutations also extend
life span, including the gene clk-1 (an enzyme involved in ubiquinone
synthesis) (Feng, 2001; Lakowski and Hekimi, 1996). Perturbations of this
gene also extend the life span of mice (Liu et al., 2005).
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Inactivation of mitochondrial genes by RNAi results in small animals
with few progeny and the overall structure of the mitochondria in the cells
is impaired. Furthermore, the ATP levels of these animals are reduced
(Dillin et al., 2002b; Lee et al., 2003b). Knocking down ETC gene function
by RNAi is highly dependent on dsRNA concentration. Intermediate
dsRNA concentrations give rise to life span extension, whereas higher
concentrations cause developmental problems and result in a shortened
life span (Rea et al., 2007).

The genetic factors mediating longevity via the mitochondria are far
from understood. The transcription factor DAF-16/FOXO is not required
for this life span extension (Dillin et al., 2002b; Lee et al., 2003b). It also
seems unclear, at present, if the process of autophagy is specifically involved
in mitochondrial-mediated life span extension. C. elegans goes through four
larval stages (L1-L4) before becoming an adult and, interestingly, the
mitochondrial signal has to be reduced during development, specifically in
the L3/L4 stage, to observe life span extension in the adult animal (Dillin
et al., 2002b; Rea et al., 2007). Inhibiting the ETC by RNAi only during
adulthood does not change the life span of these animals (Dillin et al., 2002b).
Evidence for a longevity role of autophagy was not found in experiments
where autophagy genes were inhibited by RNAi in long-lived mitochon-
drial mutants throughout life (which shortens the life span of not only
mitochondrial mutants but also of normal animals) or in adult, reproductive
animals (which does not have any effect on the long life span of mitochon-
drial mutants; Hansen et al., 2008). In contrast, whole-life ETC RNAi
cannot fully extend the life span of mutants defective in autophagy (Toth,
et al., 2008), suggesting that autophagy is required for reduced mitochon-
drial respiration to extend life span. However, as autophagy mutants are
short lived for reasons that are likely to relate not only to accelerated aging
but also to developmental defects, it remains to be experimentally tested if
autophagy genes are specifically involved in life span extensions by the
mitochondria from the L3/L4 stage on. In this regard, it is interesting to
note that isp-1 (another long-lived mitochondrial mutant, see below) and
clk-1 mutants have slightly elevated levels of autophagy at this stage com-
pared to wild-type animals (Hansen et al., 2008).
1.5. Summary

Several longevity pathways have been identified in C. elegans. Of these,
reduced insulin/IGF-1 signaling and dietary restriction appear to rely on
autophagy to increase life span. A summary of the major longevity pathways
in C. elegans and their relation to autophagy is outlined in Fig. 29.1.
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2. Examination of Life Span and Visual Detection

of Autophagy and Autolysosome Formation

Multiple experimental approaches have been used to study autophagy
in the context of aging in C. elegans. We here outline the techniques that
have been reported so far to examine life span and detect autophagy in
C. elegans.
2.1. Life span analysis

2.1.1. Experimental setup and scoring death

Collection of eggs by bleaching

1. The strains to be analyzed should always be well fed onC. elegans’ regular
food source OP50 E. coli bacteria (�100 ml bacterial culture [grown
overnight at 37 �C] per 6-cm plate) seeded on NGM plates (normal
growth media, per liter: 20 g of agar, 2.5 g of bactopeptone, 3 g of NaCl;
autoclave. Then add 1 ml of 5 mg/ml cholesterol, 1 ml of 1M CaCl2,
1 ml of 1 M MgSO4 and 25 ml of potassium phosphate buffer (0.69 M
KH2PO4, 0.15M K2HPO4, pH 6.0) for at least two generations.
Depending on the size of the experiment, eggs can either be picked
from a growing population by use of a worm pick or a large quantity of
eggs can be obtained by bleaching a population of worms.
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2. Harvest approximately 1000 fully gravid animals (or more) by washing
them off the plate with 5–10 ml M9 buffer (86 mM NaCl, 42 mM
Na2HPO4�7H2O, 17 mM KH2PO4, 1 mM MgSO4 (add MgSO4 after
autoclaving) and spin worms down in 15-ml conical tubes in a clinical
centrifuge at �3000 rpm for approximately 1 min. Wash once with M9
to remove bacteria.

3. Treat animals with bleach solution (sterile filtered mixture of 30 ml of
bleach, 15 ml of 5 N KOH, and 55 ml of H20) until the animals are
dissolved (�5–10 min). Quickly recover eggs by centrifugation as noted
previously and dissolve in M9. Count the number of eggs recovered
(several thousands).

Setup of life span assay

4. Add�100 eggs to one 6-cmNGMplate for each experimental treatment
as well as the control. The experimental plates should be preseeded with
�100-ml bacterial cultures (grown overnight at 37 �C) of either the
standard food source OP50 or RNAi bacteria (HT115 expressing
double-stranded RNA from inverted T7 promoters) and incubated for
1–2 days at room temperature. The temperature is here an important
point to consider, as some strains are temperature-sensitive sterile. Often
the life span assays are carried out at 15 �Cor 20 �C. If performing feeding
RNAi experiments, consider the timing requirements to be investigated
(i.e., is this an adult-only RNAi experiment) and induce the bacteria on
the plates with 0.5–1 mM IPTG before adding eggs to the plates.

5. At the time of adulthood (e.g., 3 days at 20 �C for wild-type animals),
transfer animals to new NGM plates to start the actual life span assay.
Typically, 10–15 animals are placed on each one of 8–10 6-cm NGM
plates to ease the counting of the animals throughout the experiments.
For RNAi feeding experiments, the bacteria on the plates are induced
prior to the start, with IPTG.

Transfer of reproductive animals early in life span assay

6. As wild-type animals are reproductive for a period of �3–5 days, the
animals have to be transferred away from their progeny to new plates
every second day in this time period. Alternatively, addition of the
chemical FUDR (20fluoro-50deoxyuridine, addition of 100 ml of
18 mM per plate should be sufficient to arrest progeny production) to
animals at the late L4 stage can be used to inhibit the development of the
progeny and thus abrogate the need for transferring. However, as FUDR
has been observed to affect different aspects relating to organismal aging,
including RNAi-induced longevity phenotypes (see, e.g., ‘‘Methods’’ in
Hansen et al., 2008), this should be considered when relying on life span
analysis using feeding RNAi.
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Scoring of deaths in life span assay

7. The plates are analyzed every second day and the worms are scored to be

either alive or dead. An animal is per definition dead when it no longer
responds to prodding by a platinum pick. When dead, the animal is
removed from the plate. For each time point, the number of alive and
dead animals is noted. Furthermore, the number of censored animals
should be tabulated. Censoring in C. elegans life span analysis includes
animals that rupture, bag (i.e., exhibit internal progeny hatching), or
crawl off the plates. Wild-type animals typically have a mean life span of
�18 days at 20 �C. The maximal life span at this temperature (the time
until the last animal is dead) is usually approximately 30 days. For
comparison, the long-lived daf-2(e1370) mutant strain has a mean life
span of >40 days at 20 �C.

Evaluation of life span data

8. At the end of the experiment, the data are prepared for statistical analysis
(see subsequent sections). This includes calculating for each time point
how many animals died or were censored. The data are now ready for
statistical evaluation (e.g., in the STATA program after the data have
been entered into an Excel spreadsheet). The entire experimental proto-
col is outlined schematically in Fig. 29.2.
2.2.2. Direct dietary restriction
Multiple regimens of food-intake reduction have been described inC. elegans
that extend life span. Traditionally, reduced food intake has been controlled
inC. elegans by diluting the amount of bacteria in liquid (Klass, 1983). As this
method is the only method that so far has been used when investigating the
role of autophagy, only this method will be summarized in detail here.

Preparation of bacteria cultures for feeding worms

1. Start a bacterial culture by inoculating 500 ml of E. coli OP50 (O.D.600
�1) into 250 ml of LB medium (10 g of bactotryptone, 5 g of yeast
extract, 5 g of NaCl, 10 ml 1 M Tris, pH 8.0, per liter).

2. Incubate for 5 h at 37 �C.
3. Resuspend in 25 ml of S-basal medium (0.1 M NaCl, 0.05M potassium

phosphate, pH 6, 1 ml of 5 mg/ml cholesterol (in ethanol) per liter). This
culture is now the stock as well as the fully fed condition.

4. Determine the cell density of the stock by counting DAPI stained cells
(add 6 ml of 2 mg/ml stock (in ethanol) to 1 ml of S-basal medium with
bacteria) in a Petroff-Hausser counting chamber.

5. Make a dilution series (e.g., 2-fold, 8-fold, 10-fold, 12-fold, 20-fold,
40-fold, 80-fold) in S-basal medium of 100–200 ml. These different
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bacterial solutions will serve as different food conditions in the life span
assay (undiluted and 2-fold should be equivalent to fully fed; 8-, 10-, and
12-fold might represent healthy dietary restriction; 40-fold should be
bordering on starvation; 80-fold should induce arrest). These solutions
can be stored at 4 �C.

Life span assay

1. Add �60 eggs (to get approximately 30 animals per well, depending on
the bleaching procedure) per well of a 24-well plate containing 600 ml of
each of the bacteria-supplemented S-basal media prepared above, and
culture at 20 �C with shaking. For best results, triplicate samples are
recommended.

2. Expect to see a range of phenotypes ranging from dietary-restricted
animals (see previous) to animals under direct starvation (larval arrest).



504 Alicia Meléndez et al.
3. Transfer the animals to new media every other day once the eggs have
developed into adults, and continue this throughout the experiment (i.e.,
until all animals are dead).

4. Measure the life span of the adult animals by observing if the animals
respond to a gentle touch. Animals subjected to dietary restriction will be
longer lived than the fully fed animals.

2.1.3. RNAi during development and during adulthood
Genes often have different functions during development compared to
adult animals (e.g., the insulin/IGF-1 receptor daf-2 is required for dauer
formation during development and important for aging during adulthood).
Addressing the timing requirement of a gene is very easy inC. elegans, when
using the RNAi feeding method. Basically, animals can be transferred to
bacterial lawns expressing double-stranded RNA at any given time point
during their life. As autophagy is important for development (several
autophagy mutants are developmentally impaired and RNAi of autophagy
genes during development may shorten life span irrespective of the genetic
make-up of the animal), inhibition of autophagy beginning in adulthood is
important to specifically address a role for autophagy in adult life span.
By shifting animals from plates with control bacteria to plates with bacteria
expressing double-stranded RNA of genes involved in autophagy (e.g.,
bec-1, at the time after the animals reached adulthood: when they become
reproductively active) it was found that the extended life span of long-lived
insulin/IGF-1 receptor daf-2 and dietary-restricted eat-2 mutants were
specifically shortened (Hansen et al., 2008).

2.1.4. Statistics
Life span assays are statistically treated as a survival analysis. Survival analysis
is unique in that it includes censored objects when comparing a control
population with a population subjected to a treatment (e.g., mutant versus
wild-type animals). Censoring in C. elegans life span analysis includes
animals that rupture, bag (i.e., exhibit internal progeny hatching), or
crawl off the plates. Several types of mathematical survival analyses exist,
yet the most generally used variant in the C. elegans field to estimate
P-values is the log-rank (sometimes called the Mantel-Cox) test. Theoreti-
cally, both the control and the treatment groups should have similar levels of
censoring. This is not always true, yet the statistical analysis can be carried
out anyway. Several statistical packages are available to perform the analysis,
including the STATA package. This package easily analyzes actual life span
data plotted in Excel format.

There are several important factors that influence the statistics of the
life span experiment, including the degree of censoring and the expected life
span change. These factors are important to ensure that enough statistical
power is achieved in the experiment. If these factors are suboptimal, the
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power of the experiment can be improved by increasing the sample size.
Typically, on the order of�80 objects are needed for a life span experiment
in which a �20%–30% change is to be detected with normal censoring
rates. If high levels of censoring are expected, the sample size should be
increased. In the C. elegans longevity field, significant P values are generally
more stringent than the generally used P < 0.05, and are often reported as
P < 0.001 between the control and the experimental treatment groups.
2.2. Life span genetic models

C. elegans life span can be extended by many different genetic perturbations.
Here, we summarize the longevity strains that have been investigated so far
in the context of autophagy and list the issues to be considered when using
these strains in longevity assays.

2.2.1. Insulin/IGF-1 signaling, daf-2 mutants
In C. elegans, autophagy was first investigated in the context of the devel-
opmental process of dauer formation (Meléndez et al., 2003). C. elegans
responds to unfavorable environmental conditions (e.g., crowding, starva-
tion, increased temperature) by entering into an alternative third larval
stage, called dauer diapause. Dauer larvae are arrested and are characterized
by radial constriction and elongation of the body and the pharynx, resistance
to detergent (i.e., sodium dodecyl sulfate) treatment, increased fat accumu-
lation, and long life span. Dauer development is regulated by different
conserved signaling pathways that also regulate fat storage, reproduction
and stress responses (Riddle, 1997), including the insulin/IGF-1 and TGF-
beta pathways. Autophagy is required for dauer formation in both the
insulin/IGF-1 receptor daf-2 mutant and the TGF-beta/daf-7 mutant
(Meléndez et al., 2003), suggesting that autophagy genes are required for
the organismal remodeling that permitsC. elegans to adapt to environmental
stresses, such as starvation.

As noted previously, adult animals with mutations in the insulin/IGF-1
receptor-encoding daf-2 are also long lived and this life span extension is
dependent on autophagy. A frequently used allele in longevity studies
addressing the role of autophagy is the daf-2 allele e1370. To measure the
life span of adult daf-2(e1370) animals several issues must be considered.
Because of the alternative dauer state, life span assays with this temperature-
sensitive dauer-constitutive mutant have to be conducted at the permissive
temperatures (15 �C or 20 �C) (or alternatively, the animals can be shifted to
the restrictive temperature (25 �C) after the dauer decision point in the L2
phase (i.e., 1 day at 20 �C followed by a shift to 25 �C). Notably, the
development of the mutant is �1 day delayed compared to wild-type
animals and these mutant animals have reduced numbers of progeny. The
daf-2(e1370) mutant generally shows �100% life span extension and
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exhibits a low censoring rates. Accordingly, relatively few animals need to
be observed in a single experiment.

2.2.2. Dietary restriction, eat-2 mutants
Dietary restriction can be modeled in C. elegans by the use of certain eating-
deficient mutants, called eat-2 mutants (Lakowski and Hekimi, 1998). As
mentioned previously, these mutants lack a pharyngeal-specific nicotinic
acetylcholine receptor subunit that is required for pharyngeal pumping
(feeding). Similar to worms subjected to direct dietary restriction in liquid
media (see earlier), eat-2 mutants live �20%–30% longer than well-fed
wild-type animals. Likewise, eat-2 mutants also require the FOXA tran-
scription factor PHA-4 to extend life span, show a characteristic spectro-
photometric profile, a slim appearance and a reduced and delayed
reproductive period (Crawford et al., 2007; Gerstbrein et al., 2005;
Panowski et al., 2007). Importantly, eat-2 mutants, similar to animals that
are directly dietary restricted, also display increased levels of autophagy and
require autophagy genes to live long (Hansen et al., 2008, Toth et al., 2008).
An often-used eat-2 allele is ad1116, which will be discussed herein.

When performing life span assays on eat-2(ad1116) mutants, several
issues must be considered. First, eat-2(ad1116) mutants are �9 h develop-
mentally delayed compared to wild-type animals. Second, adult eat-2
(ad1116) animals are generally more difficult to find as they are smaller
and more transparent. Third, eat-2(ad1116) life span assays are more cum-
bersome to perform as transfer of the adult animals away from their progeny
is needed later in adult life due to the delayed progeny profile. This might
encourage the use of 20fluoro-50deoxyuridine (FUDR) to avoid the devel-
opment of progeny (see previously). However, it has been observed that
addition of FUDR in the context of assaying the effect of RNAi of
autophagy genes can result in lack of life span extension phenotypes
(Hansen et al., 2008). Finally, the censor rate of these animals is often
elevated due to animals frequently crawling off the plate. Thus, it is advis-
able to design longevity experiments with eat-2 animals that include a large
number of animals.

2.2.3. Protein translation, ife-2 and rsks-1 mutants
Gene perturbations that reduce the level of protein translation have been
shown to extend the life span of multiple model organisms, including
C. elegans. The mechanism by which this life span extension is mediated is
currently not known, yet it does not appear to rely on autophagy. Many of
the conditions that have been investigated are induced by the use of RNAi.
However, some genetic mutants have also been investigated, including the
translation initiation factor ife-2 (homolog of eIF4E) and the ribosomal
protein S6 kinase rsks-1. Both of these strains have reduced protein transla-
tion (as measured by incorporation of 35S methionine-labeled bacteria) and
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�10%–25% longer lived than wild-type animals (Hansen et al., 2007; Pan
et al., 2007). The ife-2(ok306) strain seems to develop very similarly to wild-
type animals, whereas the rsks-1(sv33) strain is �16 h developmentally
delayed at 20 �C (Hansen et al., 2007). Note that as these mutants have
rather small life span extensions, it is advisable to use larger numbers of
animals in the longevity assays of rsks-1 or ife-2 mutant animals.

2.2.4. Mitochondrial mutants, isp-1 and clk-1 mutants
Reduced mitochondrial respiration has been shown to extend the life span
of C. elegans. Life span is extended by reducing the levels of components of
the electron transport chain (ETC), either by RNAi or by genetic mutation
in isp-1, iron-sulfur protein-1, or in clk-1, an enzyme required for ubiqui-
none synthesis.

When performing life span experiments with isp-1(qm150) and the clk-1
(qm30) strains, several issues have to be considered. First, both of these
strains are significantly developmentally delayed, the isp-1(qm150) strain by
�3 days and the clk-1(qm30) strain by �1 day at 20 �C (Feng, 2001;
Lakowski and Hekimi, 1996). Second, adult animals can be difficult to
identify, as they are small and clear. Third, these animals have a reduced
brood size and a delay in their reproductive period, thus late progeny can
bias the life span analysis. Last, a large number of these animals are often
censored, often due to internal hatching of progeny inside the mother (i.e.,
‘‘bagging’’). Large numbers of worms are therefore generally needed to
assay the life span of these mutants, which are generally �30% longer lived
than wild-type animals.

The mitochondria-mediated longevity extension is achieved only if
mitochondrial genes (at least the ETC genes) are inhibited during the L3/
L4 larval stage (Rea et al., 2007). This is in contrast to the other longevity
pathways discussed previously, which can all modulate life span in the adult
animal. As the longevity role of autophagy has been addressed by inhibiting
autophagy during development (where the life span of all strains analyzed is
shortened) or in adult animals only (where no effect was observed, see
previously) (Hansen et al., 2008), it is presently not clear if autophagy
plays a role in the mitochondria longevity response. This should be specifi-
cally addressed by inhibiting mitochondrial genes in L3/L4 animals.
2.3. Pigment assays for aging

2.3.1. Applications
A conserved feature of aging is the accumulation of age pigments or
lipofuscin granules (composed of lipids, proteins, and carbohydrates) in
lysosomes (Clokey and Jacobson, 1986; Yin, 1996). In vivo spectrofluori-
metry can be used to quantitate the level of autofluorescence in living
animals by use of a spectrofluorimeter (Gerstbrein et al., 2005). This is
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done by recording broad-range excitation/emission spectra in intact animals
over time and comparing it to that of the same number of wild-type
animals. A control (TRP signal) measurement of excitation/emission at
290 nm/330 nm corresponds to the fluorescence signal generated by aro-
matic amino acids such as tryptophan, tyrosine, and phenylalanine (trypto-
phan being the primary source) and can be used as a measure of overall
protein content. The measurement of the peak age pigment fluorescence
signal at 340 nm/430 nm, corresponds to age-associated biomarkers such as
advanced glycation end (AGE) products and lipofuscin (Gerstbrein et al.,
2005; Yin, 1996). Intact animals measurements are normalized by compar-
ing the AGE signal to that of the endogenous TRP scores. Normally, the
level of age pigments increases in wild-type animals slowly with age during
the reproductive stages and more rapidly during the postreproductive
period. Surprisingly, in a population of genetically identical animals, age
pigment levels can identify the animals that have aged gracefully from those
that have aged poorly (Gerstbrein et al., 2005). Whether high age pigment
levels contribute to aging or reflect the consequence of poor aging is not
known, but the levels of age pigment accumulation may be used as a highly
sensitive reporter of the animal’s physiological state of aging (Gerstbrein
et al., 2005).

Insulin/IGF-1 signaling and dietary restriction can influence dramati-
cally the levels of age pigment accumulation (Gerstbrein et al., 2005).
Mutations that lower insulin signaling and extend life span, lower the
accumulation of age pigment. In contrast, the short lived daf-16/FOXO
mutants display a dramatic increase in age pigment accumulation. Dietary
restriction in feedings-impaired eat-2 mutants moderately decreases the
accumulation of age pigments and causes a unique shift in the fluorescent
properties of the age pigments, perhaps reflecting changes in the types of
molecules that accumulate under dietary restriction (Gerstbrein et al., 2005).
However, mutations that increase reactive oxygen species production and
shorten life span do not produce elevated levels of age pigment accumula-
tion, suggesting that an increase in mitochondrial stress does not influence
age pigment accumulation in vivo (Gerstbrein et al., 2005).

As described previously, autophagy has recently been shown to have a
direct role in the aging process of C. elegans (Hansen et al., 2008; Hars et al.,
2007; Jia and Levine, 2007; Meléndez et al., 2003; Toth et al., 2008).
However, disrupting genes required for autophagy during adulthood,
which significantly shortens life span, does not significantly alter fluorimet-
ric profiles, at least not of dietary-restricted eat-2 mutants (Hansen et al.,
2008). In contrast, Toth and colleagues (2008) measured an earlier accu-
mulation of lipofuscin in autophagy mutants (unc-51/Atg1 and bec-1/Atg6)
compared to wild-type animals. As autophagy has distinct roles in develop-
ment, it is not clear if the pigment accumulation observed in these genetic
mutants is the result of developmental or adult functions of autophagy.
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Taken together, it remains possible that autophagy is specifically required
for certain aspects of life span extension and not for all of the changes
associated with aging.

2.3.2. Protocol to measure age-related pigments

1. The spectrofluorimeter (Fluorolog-3, Jobin Yvon Inc.) equipped with a
MicroMax 384 plate reader ( Jobin Yvon Inc.) has to be spectrally
calibrated for excitation and emission following the manufacturer’s
instructions.

2. Aconstant numberofworms (50–150) shouldbe first cleanedbyplacing the
animals in an unseeded NGM plate and repicked. If feeding RNAi effects
will be assayed, eggs from wild-type animals are raised on experimental or
control RNAi plates (plates of feeding RNAi bacteria are induced with
0.5–1 mM IPTG before adding the eggs or the worms to the plates).

3. The animals are then placed in a 50-ml drop of 10 mM NaN3 in a single
well of a 96-well plate (white FluoroNunc plate with a PolySorp Surface,
Nunc Brand Products, Nalge Nunc International).

4. Animals are immediately scanned. For best results, scans should be done
in triplicate. A control (TRP signal) measurement of excitation/emission
at 290 nm/330 nm should be taken. The excitation/emission pair of
290 nm/330 nm corresponds to the fluorescence signal generated by
aromatic amino acids such as tryptophan, tyrosine, and phenylalanine
(tryptophan being the primary source) and can be used as a measure of
overall protein content.

5. Measurement of the peak age pigment fluorescence signal at 340 nm/
430 nm can be determined. Peak age pigment fluorescence intensity can
be determined by scanning through a range of excitation wavelengths
from 280–410 nm, with increments of 2 nm, an integration time of 0.5 s,
and an emission wavelength of 430 nm.

6. The age pigment values or the ratio of AGE/TRP values are then scored.
The ratio of AGE/TRP has been found to remain constant for any given
strain. Data analysis is done using an unpaired, one-tailed t-test. Due to
the differences between spectrofluorimeter instruments (i.e., detector
sensitivity, lamp output, and small variations in the optical path), readings
between samples cannot be expected to be identical.
2.4. Autophagosome detection by the GFP-tagged
autophagy protein LGG-1/LC3

2.4.1. Applications
The discovery that Atg8 in yeast is a protein that undergoes lipidation and is
stably conjugated to phosphatidylethanolamine (PE) in the autophagosomal
membrane, has facilitated the detection of autophagosomes in vivo. In
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C. elegans, the ATG8 orthologs (MAP1-LC3 in mammals) are lgg-1, and
lgg-2. GFP::LGG-1 is expressed in multiple tissues throughout develop-
ment, including the nervous system, pharynx, intestine, hypodermis,
somatic gonad, and vulva (Meléndez et al., 2003). In the absence of autop-
hagy, GFP::LGG-1 has a diffuse cytoplasmic localization; however, when
autophagy is induced, GFP::LGG-1 localization changes into a punctate
appearance, presumably reflecting an upconcentration of LGG-1 in pre-
autophagosomal/autophagosomal membranes similar to what has been
observed for Atg8/LC3 in yeast and mammalian cells (Klionsky et al., 2007).

Autophagosomes are rarely seen in wild-type N2 animals. The increase
of GFP::LGG-1 positive puncta in daf-2(e1370) demonstrates that daf-2
mutant animals, raised at either the permissive (15 �C) or the restrictive
temperature (25 �C), have increased levels of autophagy compared to wild-
type animals. Thus, DAF-2 activity normally inhibits autophagy (Meléndez
et al., 2003). These studies using the GFP::LGG-1 transgene were also
confirmed by EM studies (Meléndez et al., 2003). By EM, daf-2 dauer
animals accumulate structures (Fig. 29.3) that appear similar to those
described in the late stages of autophagy in mammalian cells (Klionsky
et al., 2007). In animals that express the human Ab (1–42) peptide in
C. elegansmuscle cells, GFP::LGG-1 shows an increase in the accumulation
of autophagosomes (Florez-McClure et al., 2007). These studies were also
confirmed by EM. In both studies, the size, frequency, and distribution of
autophagic vesicles, as detected by EM, correspond well with that of the
GFP::LGG-1 puncta observed by fluorescence microscopy. Therefore, by
monitoring the fluorescently labeled LGG-1 molecules it is possible to
effectively and reliably follow autophagy in time and space in liveC. elegans.

GFP::LGG-1 has now been used to detect the formation of autophago-
somes in several different cell types in C. elegans, including hypodermal
seam cells, intestine, neurons, and muscle (Bamber and Rowland, 2006;
Kang et al., 2007; Meléndez et al., 2003; Nicot et al., 2006; Toth et al.,
2007). In the presence of RNAi against other autophagy execution genes,
LGG-1 can form large aggregates, presumably due to decreased clearance
of LGG-1 through the autophagolysosomal pathway (Hansen et al., 2008;
Meléndez et al., 2003).
2.4.2. Construct design, transformation, and genetic crosses
2.4.2.1. Construct design The plasmid GFP-LGG-1 was constructed by
cloning a 1.7 kb lgg-1 promoter fragment into pPD117.01 (upstream of
GFP) using SphI and KpnI. Downstream of GFP, a 2.2 kb fragment con-
taining the lgg-1 genomic coding sequences including the 30UTR was
cloned, using NgoMIV and ApaI sites. Thus, GFP is located in the
N-terminus of the LGG-1 protein in this construct; this is critical because
a C-terminal GFP is likely to be proteolytically removed from LGG-1,
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Figure 29.3 Autophagy as detected by the GFP::LGG-1marker and electron micros-
copy. An increase in autophagy has been observed in dauers and in long-lived daf-2
(e1370)mutant animals. (A) Expression of GFP::LGG-1 in the lateral hypodermal seam
cells of wild-type N2 animals. (B) The increase of GFP::LGG-1 punctate areas in daf-2
(e1370) dauer mutants indicates an increase in autophagy. Arrowheads show representa-
tive GFP-positive punctate areas that label preautophagosomal and autophagosomal
structures. (C) A representative electron micrograph of hypodermal seam cells in a daf-
2(e1370) dauer animal.The black arrowheads denote representative vacuolar structures
in the late stages of the autophagolysosomal pathway; thewhite arrowhead points to the
structure shown in higher magnification in E, and the arrow denotes the characteristic
alae in the cuticle of dauer larvae. (D) A representative early autophagosome and (E) a
multilamellar body/autolysosome are shown in a seam cell of a daf-2 dauer animal. Scale
bars,1 mM in (C), and 0.1 mM in (D) and (E). (Modified fromMeléndez et al., 2003.)
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similarly to C-terminal processing of Atg8/LC3 by the Atg4 protease
ortholog (Levine and Klionsky, 2004).

2.4.2.2. Transformation GFP::LGG-1 was injected at a concentration of
5 mg/ml into wild-type N2 hermaphrodites using pRF4 [rol-6(su1006)] at
100 mg/ml as a co-injection marker. Extrachromosomal (izEx1[lgg-1::
GFP::LGG-1, rol-6(pRF4); Meléndez et al., 2003) and integrated
(adIs2122[lgg-1::GFP::LGG-1, rol-6(pRF4); Kang et al., 2007) versions of
GFP::LGG-1 exist. The integrated version may show less variability in the
expression of GFP::LGG-1 among different animals.

2.4.2.3. Genetic crosses To test whether a specific mutation affects the
levels of autophagy as measured by the LGG-1 reporter, animals carrying
the mutation of interest have to be crossed to animals carrying the GFP::
LGG-1 transgene. Cross-progeny heterozygous for the mutation of interest
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are identified by selecting hermaphrodites that carry the transgene (i.e., the
dominant-negative transgene rol-6 [which induces a mutant form of a
collagen needed for normal forward movement; instead these worms
move by rolling] and express GFP) and allowed to self-fertilize, to isolate
the homozygous mutant animals that carry the transgene.

2.4.3. Larval staging, tissue dissection, and imaging
2.4.3.1. Larval staging The strains to be imaged should always be well
fed for at least two generations. A population of worms can be obtained by
allowing adult hermaphrodites to lay eggs for a determined number of hours
(2–4 h) or a large quantity of eggs can be obtained by bleaching gravid
adults, which will kill the adults but let the eggs survive. Autophagy has
been found to increase in dauer animals, and this stage can be determined by
the size of the somatic gonad and the presence of dauer-specific lateral ridges
(alae). The somatic gonad in dauer animals is similar in size to that of L3
larvae, in which the two arms of the gonad have begun to elongate ante-
riorly and posteriorly. Other stages have also been scored (i.e. Hansen et al.
scored adults for GFP::LGG-1-positive puncta in seam cells, Hansen et al.,
2008; and Kang et al. scored L1 larvae as well as adults for the presence of
GFP::LGG-1-positive puncta in pharyngeal muscles, Kang et al., 2007).

2.4.3.2. Tissue dissection GFP::LGG-1-positive punctate regions have
been quantified in lateral hypodermal seam cells (Hansen et al., 2008; Toth
et al., 2008; Meléndez et al., 2003; Morck and Pilon, 2006). The seam cells
are blast cells that form the main hypodermal cell for the body (the skin),
which form alae that are visible in L1 larvae, adults, and dauer larvae. These
cells undergo several physiological changes during dauer formation, includ-
ing the secretion of dauer alae. They are easily identified in GFP::LGG-1-
expressing animals as a bilateral row of eye-shaped cells. Other tissues in
which the number of GFP::LGG-1 puncta have been scored are body wall
muscles (Florez-McClure et al., 2007; Rowland et al., 2006) and neurons
(Toth et al., 2007). Kang et al. also demonstrated that an hyper-activated
muscarinic acetylcholine receptor pathway, which normally responds to
starvation in the C. elegans pharynx, can lead to excessive autophagy in the
pharyngeal muscles, as determined by the number of GFP::LGG-1 foci
(Kang et al., 2007).

2.4.3.3. Imaging To image the localization of GFP::LGG-1 in live ani-
mals, a compound microscope, a deconvolution compound microscope, or
a confocal microscope can be used, as long as they are equipped with
epifluorescence. Animals are normally imaged at high magnification (630x
or 1000x), where the foci can easily be counted. To reduce autofluores-
cence, Rowland et al., 2006 fixed worms before imaging, and counted only
green fluorescent objects larger than 0.5 mm in diameter. GFP::LGG-1 foci
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were distinguished from autofluorescent gut granules by using different
fluorescence filters. The expression of the GFP::LGG-1 quickly bleaches
at high magnification, thus it has to be imaged rather quickly. The decon-
volution and the laser scanning confocal microscopes can lower the back-
ground fluorescence signal and increase the signal-to-noise ratio.
2.5. Electron microscopy to detect autophagosomes
and intracellular trafficking defects

2.5.1. Applications
Autophagosomes are characterized ultrastructurally by the presence of dou-
ble membranes that surround sequestered cytoplasmic material. The elec-
tron microscopy (EM) approach to detect autophagy is tedious and difficult
to use to assess autophagic activity in different cell types or tissues at the
organismal level. Another complication is that autophagosomes are small
labile structures and may be difficult to preserve in nematode tissues by
standard EM techniques as described earlier (Hall, 1995). InC. elegans dauer
arrest, a stage with high autophagic activity, autophagosomes and autolyso-
somes are easily detected by EM (Meléndez et al., 2003). In dauer animals,
the presence of a low-permeability cuticle covering the animal makes
fixation of C. elegans tissue for electron microscopy particularly difficult.
To best capture the anatomy of autophagosomes in seam cells of dauer
larvae, Meléndez et al. (2003) used the technique of high pressure freezing,
followed by freeze substitution. This method can fast freeze the live animals
in about 15–50 ms, too fast for the organelles to change shape or disappear
from the cytoplasm.

The autophagosomes in dauer hypodermal seam cells appear relatively
small in C. elegans (300–500 nm in diameter) (Meléndez et al., 2003)
(compared to yeast autophagosomes, 400–900 nm in diameter, or mamma-
lian autophagosomes, 500–2000 nm) (Mizushima et al., 2004; Takeshige
et al., 1992), whereas autophagosomes appear larger in muscle cells (Florez-
McClure et al., 2007; Rowland et al., 2006). Whether the size of the
autophagic vesicles depends on the cell type where they appear is not
known. Florez-McClure et al. (2007) were able to use high pressure freez-
ing to detect autophagosomes in muscle cells that overexpress the human
Ab(1-42) peptide. Rowland et al. (2006) were also able to detect
larger autophagosomes in the cell bodies of body wall muscles after effective
denervation in axon guidance mutants, even in animals that had been fixed
only by immersion (original samples were from Hedgecock et al., 1990).

A variety of methods for high pressure freezing (HPF) have now been
elaborated for C. elegans (Muller-Reichert et al., 2007; Weimer, 2006).
High-pressure freeze equipment is available from Leica, Baltech, and
RMC and several smaller vendors. Leica has produced novel types of
specimen holders for their newer HPF devices. Some workers have
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constructed simple homemade devices for the freeze-substitution step (see
McDonald, 1994). There are a variety of methods for loading live worms
into the specimen planchette, including the use of yeast paste, mounds of
E. coli, thick slurries of BSA, or sucking the worms in M9 into short
segments of dialysis tubing. As long as the final sample does not contain
significant void volumes, one can obtain excellent freezing rates and high
pressures to yield superior preservation. In fact, C. elegans is an ideal animal
for this method, as the whole adult fits simply into the planchette.
2.5.2. High-pressure freezing, staging, tissue
dissection, fixation, and sectioning

1. Attention should be given to the temperature and the developmental
stage that is required. Animals should be grown at the specific tempera-
ture and for the time necessary to get the right developmental stage in the
experiment.

2. Scoop the animals off of a culture plate in a coating of E. coli using a pick.
Place the animals and bacteria into the metal planchette until the interior
compartment is full to the brim. Avoid the presence of any air space
surrounding the sample within the planchette, to obtain maximum
pressure. A thin layer of the fluid 1-hexadecene is often used as a filler
to eliminate voids and seems to help release of the frozen material from
the planchette in later processing. Place a blank top to seal the compart-
ment and load into the HPF machine and freeze.

3. After the sample is frozen at the temperature of liquid nitrogen, the
frozen planchette is transferred to �90 �C in a freeze substitution device
for several days to a week.

4. Once inside the freeze substitution device, the sample is exposed to
fixative and very slowly warmed. As the planchette warms, individual
animals gradually melt into the fixative, allowing water to exit the sample
and fixatives to enter but not allowing the structures inside the sample to
change their original conformation. This provides superior preservation
of membrane-bound organelles (autophagosomes) and plasma mem-
brane. Again, a variety of different fixation solutions have now been
tried, including osmium + acetone or methanol, and sometimes includ-
ing small amounts of aldehydes, tannic acid, or uranyl acetate. Although
all regimes use organic solvents, recent methods often include small
amounts of water to improve structural quality. Best results seem to derive
from the slowest warming regimes, and better staining seems to occur
when the sample is held at�90 �C for 4–6 days prior to the beginning of
the warming. When the samples reach room temperature (or sometimes
�20 �C, or 0 �C), the fixation solution is replaced by pure solvent.
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Fixation procedure

a. Keep frozen sample at �90 �C for 3 days in 2.0% OsO4 , 0.1% uranyl
acetate dissolved in 100% acetone as the primary fixative.

b. Warm sample to �74 �C in the same fixative and then to �60 �C
over a 14-h period.

c. Warm sample to �30 �C in same fixative over a 14-h period.
d. Warm sample to 0 �C in same fixative over a 1-h period.
e. Transfer sample to 100% acetone three times at room temp, 20 min

total.
5. After the worms reach room temperature and are in pure solvent, they

are removed from the planchette and infiltrated with plastic resin, placed
in an embedding mold, and cured to make hard plastic blocks for thin
sectioning.

Infiltration procedure

a. First change is in a dilution of 1 part resin LR Gold resin to 1 part
acetone, wait 30 min.

b. Second change is in 2 parts resin to 1 part acetone, wait 30 min.
c. Third change is into pure resin plus accelerator (0.5% benzoin methyl

ether) and wait 1 h.
d. Fourth change is into pure resin plus accelerator and hold overnight.
e. Place samples in fresh resin plus accelerator at room temperature and

place infiltrated worms in microcentrifuge tubes or gelatin capsules.
f. The gelatin capsules are held approximately 3 inches away from two

15 W ultraviolet lamps (365 nm) within a Pelco Cryobox filled with
20 lbs of dry ice to maintain the samples near �20 �C.

6. The best worms may be cut out of embedment and reembedded in resin
at the desired orientation. Thin sections are cut using an ultramicrotome
equipped with a diamond knife and picked onto slot grids. The thin
sections are usually poststained with 1% buffered (pH 5.2) uranyl acetate
and/or diluted Reynolds lead citrate (1:10 to 1:100 dilutions in water,
pH 7.2) and stored in Pelco storage boxes prior to examination in the
electron microscope.

7. Sections are viewed on the electron microscope, and micrographs are
collected on film. Film negatives are then scanned into Adobe Photoshop
(Adobe Systems, San Jose, CA) for data analysis.

Several protocols regarding general methods for TEM and immuno EM
are available in Wormbook (http://www.wormbook.org/chapters/
www_intromethodscellbiology/intromethodscellbiology.html) or at the
Center for C. elegans Anatomy website (http://neuroscience.aecom.yu.
edu/labs/halllab/wormem/methods.html).

http://www.wormbook.org/chapters/www_intromethodscellbiology/intromethodscellbiology.html
http://www.wormbook.org/chapters/www_intromethodscellbiology/intromethodscellbiology.html
http://neuroscience.aecom.yu.edu/labs/halllab/wormem/methods.html
http://neuroscience.aecom.yu.edu/labs/halllab/wormem/methods.html
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3. Conclusion

Autophagy plays crucial roles in many biological processes, and recent
research has pointed to a possibly conserved role for autophagy in the
process of organismal aging. Experiments in the nematodeC. elegans suggest
that autophagy may be required specifically for longevity pathways that are
regulated by environmental signals that reflect the availability of food, such
as the insulin/IGF-1 pathway and the responses to dietary restriction. This
chapter focused on describing the techniques used to address the link
between aging and autophagy in C. elegans. Specifically, we here summar-
ized how to examine organismal life span in various genetic backgrounds
and visually detect autophagy and autolysosomal formation in C. elegans.
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