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Aging is a phenomenon that results in steady physiological deterioration in nearly all organisms in which it has been examined, leading to
reduced physical performance and increased risk of disease. Individual aging is manifest at the population level as an increase in age-dependent
mortality, which is often measured in the laboratory by observing lifespan in large cohorts of age-matched individuals. Experiments that seek to
quantify the extent to which genetic or environmental manipulations impact lifespan in simple model organisms have been remarkably successful
for understanding the aspects of aging that are conserved across taxa and for inspiring new strategies for extending lifespan and preventing age-
associated disease in mammals.

The vinegar fly, Drosophila melanogaster, is an attractive model organism for studying the mechanisms of aging due to its relatively short
lifespan, convenient husbandry, and facile genetics. However, demographic measures of aging, including age-specific survival and mortality,
are extraordinarily susceptible to even minor variations in experimental design and environment, and the maintenance of strict laboratory
practices for the duration of aging experiments is required. These considerations, together with the need to practice careful control of genetic
background, are essential for generating robust measurements. Indeed, there are many notable controversies surrounding inference from
longevity experiments in yeast, worms, flies and mice that have been traced to environmental or genetic artifacts"™. In this protocol, we describe
a set of procedures that have been optimized over many years of measuring longevity in Drosophila using laboratory vials. We also describe
the use of the dLife software, which was developed by our laboratory and is available for download (http://sitemaker.umich.edu/pletcherlab/
software). dLife accelerates throughput and promotes good practices by incorporating optimal experimental design, simplifying fly handling and
data collection, and standardizing data analysis. We will also discuss the many potential pitfalls in the design, collection, and interpretation of
lifespan data, and we provide steps to avoid these dangers.

Video Link

The video component of this article can be found at https://www.jove.com/video/50068/

Protocol

We recommend storing experimental foods, yeast paste, and grape agar plates that appear in the protocol at 4 °C and using them within 1-2
months as long as mold and dryness have not set in. Standard environmental conditions for both the larval and adult stage involve maintenance
of flies in an incubator at 25 °C with a 12:12 hr light dark cycle and 60% relative humidity.

1. Preparation of Experimental Food

1. For larval growth, we use a modified Caltech Medium®, which is abbreviated in this protocol as CT.

2. We recommend a diet for adult Drosophila (SY) that consists of sugar (sucrose) and yeast (lyophilized whole brewer's yeast) in a 2% agar
base, that has been boiled, supplemented with antibiotics and anti-fungal agents, and distributed (10 ml per viaI)G. Food should be allowed
to solidify and evaporate for 12-24 hr prior to storage. Because the nutrient environment can substantially impact longevity, consistency in
cooking processes is essential both within an experiment and for comparison between experiments.

3. If a pharmacological agent is to be added to the adult food, this drug can be mixed into a small batch of food and layered (2 ml) on the food
surface, with control vials receiving layers containing vehicle alone.

2. Preparation of a Live Yeast Paste

Combine 5-6 ml of water with 3 g of active dry yeast and mix well. The consistency of the yeast paste should be that of a smooth peanut butter.
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3. Preparation of a Grape Agar Plate

1. Add a packet of a grape agar premix in 500 ml of distilled water in a 1,000 ml flask and follow the instructions on the packet to dissolve the
grape agar mix.

2. Carefully pour a thick layer of the mixture into 100 mm Petri dishes while avoiding bubble formation. One packet of premix produces
approximately 14 grape agar plates.

3. Let the media cool and solidify in room temperature with lids on for 15 min. Plates can be kept at 4 °C, wrapped in plastic wrap, or used
immediately.

4. Collection of Synchronized Eggs

All media used in this protocol, i.e. yeast, grape agar plates, CT and 10% SY food, should be at room temperature.

1. Spread a 2-3 cm diameter layer of yeast paste on a grape agar plate and set aside.
2. Place a large egg collection cage on a CO, pad with the mesh-side down to anesthetize the flies. Nitrogen-based anesthesia is an alternative
to CO,, used by some laboratories, that can produce high quality results’.

3. Using a funnel, transfer 150-200 pairs of flies into the egg collection cage.

4. Place the grape agar plate to cover the open end of the cage and secure with an end cap.

5. Lay the cage on its side until flies wake up. Then, keep the cage, grape agar plate side down, in the incubator overnight.

6. On the next day, swap the grape plate with a newly yeasted grape plate. Only put about 1 cm diameter of yeast paste onto the surface of the
plate. Discard the 1 day grape plate.

7. Allow embryos to collect on the surface of the grape agar plate for 16-22 hr. Once done, collect the grape agar plate and discard the parent

flies.

8. Wash the surface of the grape agar plates with 1x Phosphate Buffered Saline (PBS). Eggs can be mobilized by gently scraping with a cotton
swab. Take care not to scratch, damage, or scrape thin pieces of agar off the surface of the plate. With the aid of a funnel, pour the washed
eggs into a 15 ml conical tube.

9. Let the eggs settle to the bottom of the tube and pour off the supernatant, being careful not to lose any eggs. The remaining volume should
be around 2-3 ml.

10. Add 8-10 ml of PBS to the tube and repeat the above step 2-3 more times to thoroughly wash the eggs until the supernatant is clear. Getting
rid of residual yeast is the key in this step.

11. After the wash, drain all supernatant until remaining volume is 2 ml. Aliquot 32 pl of eggs into CT bottles using a wide-bore pipette tip. Eggs
in the pipette tip should be compact, with little to no liquid aspirated. This can be achieved by inserting the pipette tip deep into the egg
settlement and quickly releasing the plunger to aspirate.

12. Place seeded CT bottles back in the incubator throughout fly development.

5. Collection of Age-matched Adult Flies

1. Adults will typically eclose from day 9 onward. Discard the flies that emerged on the first day and place bottles back in the incubator
overnight. This practice will avoid inadvertent selection for early emergents and allow for the collection of a maximum number of synchronized
flies.

2. 16-22 hr later, transfer the day-old adult flies into 10% SY food bottles. If needed, another batch can be collected the next day.

3. Return flies back into the incubator and allow flies to reach sexual maturity and mate for two days. Record the day of transfer to 10% SY
bottles as the first day of adulthood.

6. Sorting Flies and Setting up Longevity Experiment

1. Anesthetize small groups of flies on the anesthetic pad, then sort males and females into two groups using a paintbrush. If using CO,, it is
critical to minimize exposure to prevent possible long-lasting health issues that can compromise the integrity of the longevity experiment.

2. Place 30 flies of the same gender into individual vials. Assuming no balancer chromosomes in the population and healthy progeny, each
bottle should produce around 3-4 vials of each sex. Aliquoting flies into individual vials should take no more than 3-4 min, so that, in total, flies
are only exposed to anesthesia for a maximum of 9-10 min.

3. Repeat steps 6.1-6.2 until there are 8-10 vial replicates for each gender and experimental treatment.

7. Setting Up the Excel spreadsheet to Track the Longevity Experiment

1. We recommend randomizing vial position rather than grouping vials by experimental condition in order to avoid bias associated with the vial
location in the incubator and to obscure the vial identity to the experimenter. To do this, first assign a randomized numerical ID to each vial in
a spreadsheet program, then arrange the vials in trays by ID number. If you are using the dLife experiment management software, follow the
tutorial on experiment setup to generate the ID number for each vial.

2. (Optional) If you are using an RFID reader or barcode reader in association with dLife, attach an RFID or barcode tag to each vial and
associate the tag with the vial's numerical ID in dLife. The program will recognize each vial when scanned with a reader and guide one to
record the data in the correct location in a spreadsheet. Usage of a tag reader in conjunction with dLife significantly reduces data collection
time and recording error.
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8. Maintaining the Longevity Experiment

The vials containing fresh food should be at room temperature for each transfer.

1. During the experimental period, transfer flies onto new vials containing fresh food every 2 days (young females), or 3 times a week (males
or females >3 weeks of age). This step will ensure that the feeding environment for young females is not disrupted by the presence of
larvae. This transfer should be completed without anesthesia, which can induce acute mortality, particularly in older flies (Pletcher, personal
observations).

2. During each vial transfer, record the age, count the dead flies in the old vial, and the dead flies that are carried to the new vial. Record this
information separately in two columns in a spreadsheet (either dLife or your own spreadsheet). This will ensure that the carried flies are not
double-counted. The total number of deaths (dead + carried) should at least equal the number of carried flies from the previous transfer.
Subtract the number of previously carried flies from the total number of deaths to determine the number of new deaths.

3. Aflyis considered right-censored if it left the experiment prior to natural death through escape or accidental death. Animals exiting the
experiment in this way should be entered into a separate column on the day that the fly exited the experiment. Censored flies are not
recorded as dead (see below).

4. Continue to repeat steps 8.1-8.2 until the last survivor is dead. Be aware that as the flies age, some flies may lie on their back and appear
dead due to their inactiveness. Therefore when counting carried (dead) flies, tap on the side of the vials to determine if there are leg
movements. If so, these flies are still alive. In the case where flies remain stuck to the food in the old vial but alive, they should not be counted
as dead and should be rescued by further tapping of the vial to dislodge the fly. Censoring such flies should be used with caution as it may
result in experimental bias.

9. Data Analysis

1. The survivorship curve displays the probability that an individual survives to a given age and is typically calculated using a Kaplan-Meier
approach (Figure 1)8. In the absence of right-censored data, the formula can be simplified such that age-specific survivorship at age x (Sy) is
determined by dividing the number of individuals alive at the start of a census time at age x (N) by the total number of flies in the experiment
(No); Sx=N,/Ng. 9.2) Survivorship curves are the most common form of data presentation, and they can be tested for equality between
groups using a log-rank test. Reasonable inference can be drawn from as few as 50-100 individuals in a cohort. Survivorship is a cumulative
measure, however, and therefore deaths that are not aging-related, such as those early in life, will depress survivorship throughout the
lifespan making it difficult to ascertain effects specific to aging.

2. A second data visualization method is the age-specific mortality function, which displays the risk of dying through each age interval and
presents a more nuanced description of survival data®'°. Mortality measures are independent from one age to another, and the shape of the
mortality curve is useful for inference about the dynamics of aging, particularly when treatments are adjusted during adult life. Estimates of
age-specific mortality, however, lack both precision and accuracy with small sample sizes, and often require several-to-many hundreds of
individuals per cohort for a reliable estimate”.

3. Other methods for estimating longevity differences include parametric (e.g. Gompertz) and semi-parametric (e.g. Cox regression) models.
These models can be powerful but should be applied with caution because of the assumptions made about the shape of the mortality curves
and the nature of treatment effects, which could lead to incorrect inference'""'2.

Representative Results

A simplified scheme of the protocol is presented in Figure 1, where key steps are outlined. The synchronization part of the protocol can be used
for various assays that require age-matched adult flies.

Typical survivorship curves of wild-type flies are shown in Figure 2a, using the dLife experiment management software (Figure 2b,c). Adult
males usually live shorter, with both populations achieving a mean and median longevity of >50 days on a 10% SY food at 25 °C. Note that
survivorship remains high in the early part of the experiment and then declines exponentially.

Drosophila lifespan is affected by environmental conditions, such as temperature and diet. Figure 3a shows that adult males typically live
markedly shorter as temperature is increased. Likewise, the effect of diet on lifespan is presented in Figure 3b: Adult female flies on a less
concentrated diet (5% SY) typically live significantly longer than those on a more concentrated diet (15% SY).

The density of cohorts during development can influence adult lifespan and alter developmental timing. Here we show an example of how
different densities of synchronized eggs affect larval development. As shown in Figure 4, adult fly yield is poor and the food surface is
susceptible to drying when the number of eggs is too low. On the other end of the spectrum, larval development is retarded in over-crowded
bottles, and the yield of adult flies is reduced.

The survivorship curve of the cohort as a whole can be influenced significantly by anomalous vial effects, as shown in Figure 5. Irregular
survival data for individual vials may have several causes, such as poor food quality or bacterial/fungal accumulation and infection. While such
anomalous deaths can skew the population survivorship measure, there is not a straightforward metric for appropriately determining that a vial
should be excluded from the experiment. These situations are therefore best avoided by good handling practices and mitigated by using a large
sample size.

Figure 6 shows examples of vial conditions that can lead to anomalous deaths. In general, any condition that can lead to small crevasses where
flies may get stuck and die should be avoided. Examples include: bubbles in the food, dryness in the food that leads to shrinking away from

the vial wall, and cracking in the food are shown in Figure 5a (a mild example with a single bubble), Figure 5b, and Figure 5c¢, respectively.
Excessively dry food, as shown in Figure 5b and Figure 5¢ should be carefully flipped during transfers, as the food can dislodge and collapse
onto the flies in the new vial. Bacterial growth on the surface of the food can lead to infection or physical entrapment and thus may increase
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mortality. Some bacteria on the surface of the food appear transparent and shiny as if there is perspiration from the food (not shown), while other
types of bacteria will manifest as white colonies (Figure 5d). Vials exhibiting any of these conditions should be noted and further considered
when the data are interpreted. In general, we emphasize that careful attention to husbandry in both the larval and adult stages can support the
longevity and health of adult flies and reduce the occurrence of problems leading to ambiguous causes of death in later life.
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Figure 1. Simplified schematic of a Drosophila lifespan assay.
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Figure 3. Effects of temperature (A) and diet (B) on adult lifespan. A. Adult control (Canton S) male flies were maintained through adulthood at
18 °C, 25 °C, or 29 °C. B. Adult control (wma) female flies were exposed to either a 15% SY or 5% SY diet.
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Figure 4. Day 9 of development (at 25 °C) of synchronized eggs, aliquoted in CT food bottles. Volume of the embryo-containing aliquot is as
shown beneath each bottle.
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Figure 5. Representative plot from the dLife software showing survivorship by vial. The arrow indicates a single anomalous vial within a group.
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Figure 6. Examples of suboptimal food quality. A. Bubbles on the food surface. B. Food shrunk away from the edge of the vial. C. Cracks in the
food. D. Bacteria accumulation on the surface of the food.

The protocol presented here describes a method for producing reproducible measurements of adult longevity in Drosophila that is adaptable for
assessment of genetic, pharmacological, and environmental interventions. Crucial aspects of the protocol include carefully controlling the larval
development environment, minimizing adult stress, and minimizing bias across experimental groups and controls. We also present the use of
the dLife lifespan experiment management software. By simply attaching a bar code or RFID tag to each vial, the dLife program will assist in
data acquisition for each measurement and in plotting the survivorship curve. While it is currently most suitable for studies of fly lifespan using
vials, this experiment management tool could be easily adapted for use in other organisms, with different types of population chambers, or for
additional measures of survival, including stress resistance and drug toxicity.

Prior to commencing any longevity assessment, one must first carefully control the production of parental stocks. Genetic variability is an
important factor, as is the health of parental strains. These factors have led to considerable public controversy associated with early studies that
reported putative longevity regulators . The researcher has several options to minimize effects attributable to variability in genetic background.
For genetic manipulations, all genetically altered strains should be background-controlled through either backcrossing to a control strain (at least
6 t|mes) or usmg inducible systems (e.g., temperature sensitive alleles or drug-inducible transgene expression). The GeneSwitch and Tet-on
systems 415 are popular and allow direct comparison of flies with the same genetic background in which the transgene is either induced or not
induced. For all inducible systems, appropriate contemporaneous controls are required to avoid confounds associated with the inducer. Failure
to control for genetic background nearly always results in hybrid VIgor which can extend lifespan in the F1 generation of a cross between two
different strains for reasons unrelated to the intended mampulatlon 3, This factor is of particular concern when using the GAL4-UAS system. For
environmental interventions (e. g drug treatment diet, temperature, etc.), it is advisable to study the effects of the intervention on more than one
strain. Finally, both parental age ® and stress'’ can influence the longevity of the F1 generation, and for this reason, healthy young adults should
be chosen for egg production.

Important aspects of controlling the larval/pupal environment include the prevention of overcrowding and the maintenance of a controlled
environment with strict regulation of light-dark periods, humidity, and temperature. These factors will affect both the timing of development and
the physical quality of the resulting adults. Adverse larval environments, such as high larval density, may lead to activation of stress-inducible
factors (e.g., heat shock protein expression) that are known to influence adult Iongevity1 .

During the adult phase, careful attention to the environment remains essential. The choice of diet alone can greatly influence lifespan and can
interact with genetic factors to produce diet-specific effects on longevity. Furthermore some common food base alternatives (yeast extract
instead of lyophilized whole brewer's yeast) can dramatically shorten I|fespan , leaving open the possibility that the food itself is causing
organismal stress that may impair the assessment of longevity. In this article, we have highlighted potential sources of stress in the dietary
environment including physical anomalies in the food (e.g., bubbles, foam, cracks, bacteria, etc.) that can physically entrap the animals. Regular
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replacement of old food with fresh food (at least three times each week) can overcome many of these difficulties. Furthermore, temperature®,
humidity (personal observations), Iightin921, and the presence of conspecifics (social environment)22 can all modulate lifespan, and attention to
controlling these factors within the experiment is important to avoid bias in the results. While the number of flies within a vial decreases with time,
we have found that the use of anesthesia to adjust the number of flies can increase mortality in an age-dependent manner (Pletcher, personal
observations), and we do not recommended this procedure. The precise position of the vials in an incubator is also a factor, even in a seemingly
controlled environment. Randomized physical distribution of experimental groups with controls can mitigate bias associated with vial placement
and is required for proper statistical inference. Even with carefully controlled conditions, slight differences can be observed between experiments
and the use of within-experiment controls is essential.

Alternative feeding approaches have been proposed for lifespan analysis including a capillary feeder approach (CAFE method)zs. This method
excels in the ability to provide precise measurements of food consumption, but it results in markedly short-lived flies®*. Potential stresses
associated with the feeding environment must be considered when assessing the combined relationship between diet and genetic factors in
overall longevity.

Demographic analysis, including the calculation of survivorship and mortality curves can reveal much information about the dynamics of the
aging population. A typical survivorship curve will remain relatively flat for a long period early in life and increase its rate of decline at older

ages, which corresponds to a period of low mortality followed by a period of an exponential increase in mortality. A stressful environment will
usually manifest as an excess of early deaths in the population and an anomalous dip in the survivorship curve. While such a result may indicate
significant differences between treatments, it will not normally be robust to replication. We therefore recommend at least two independent

(i.e., non-contemporaneous) replicate experiments be executed before any firm conclusion are drawn. It may be that additional effort toward
increasing the sample size, controlling the husbandry conditions, and improving the health of parental stocks is required.

Right-censoring (removing animals from the experiment that escape or are presumed dead from accidental causes) of animals that die

from stressful environmental conditions should be applied with extreme caution. Strictly speaking, censoring must occur randomly across
experimental treatments, and if the experimental intervention modulates stress sensitivity, one could inadvertently apply treatment-level selection
to the population. As a general rule, avoiding the presence of factors that could produce ambiguous early death (primarily associated with the
food source) is better than censoring, and censoring should only be applied to organisms that were observed to die or escape during physical
handling.

A final consideration is the assessment of statistical significance. While large cohort sample sizes provide impressive power to distinguish
small differences between treatments, the potential biological significance of such a difference must also be considered. With reasonably sized
longevity experiments, differences as low as 1-2% are often highly statistically significant, but the overall impact of the intervention on health
status may be minor. Therefore, both statistical and biological significance must be considered when interpreting the overall results of the
experiment. Inference about the aging process from survival experiments can be augmented by measures of age-related declines in behavioral
or physiological health measures, including climbing ability25 and gastrointestinal wall integrity7.

In summary, the Drosophila model organism an appealing choice for studying mechanisms of aging. With careful experimental technique, robust
demographic analysis can provide insight into the impact of pharmacological and genetic factors on the aging process.
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