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Abstract

The Drosophila GeneSwitch system facilitates the spatial and temporal control of gene expression through dietary supplementation of
mifepristone (RU486). Because experimental and control groups differ only by treatment with RU486, confounding results from using flies of
different genetic backgrounds are eliminated, making GeneSwitch especially useful in studies of aging. However, the effect of RU486 itself on
longevity has not been well characterized, particularly in relation to nutritional states known to affect lifespan. Here, we show that RU486 has
dose- and diet-dependent effects on longevity in both sexes. On low nutrient diets, RU486 supplementation reduces total food consumption,
perhaps exacerbating undernutrition to shorten life. RU486 also inhibits proboscis extension responses to low nutrient diets, suggesting that
RU486 has an aversive taste which leads to decreased food consumption and diminished longevity. RU486 is not detrimental to fly lifespan on
high nutrient food, correlating with reduced effects of the drug on palatability and total consumption on rich diets. Our results highlight the
critical importance of considering how food palatability and nutrient intake might be altered by dietary or drug manipulations in studies of
aging and behavior.
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Drosophila has long served as an important model in studies of aging
due to its relatively short lifespan, the availability of robust genetic tech-
niques, and ease of maintenance and environmental manipulation (1).
These attributes have been critical in defining the genetic mechanisms
that underlie life-extending interventions such as dietary restriction. Of
the many powerful tools available for probing fly genetics, the GAL4/
UAS system stands out due to the ease in which it allows the control of
gene expression (2). GeneSwitch adds temporal control to the GAL4/
UAS system and is one of several methods for achieving inducible
expression (3,4). GeneSwitch utilizes a chimeric gene that encodes a
GAL4 DNA binding domain, the human progesterone receptor ligand-
binding domain, and the activation domain of human p65 protein. In
the presence of the synthetic steroid, RU486, the GeneSwitch chimeric
protein induces UAS-controlled transgene expression.
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One major advantage of the GeneSwitch system is the elimina-
tion of potential confounds arising from varied genetic backgrounds,
because cohorts differ only by the addition of RU486 to fly food.
This has been especially valuable in studies of aging, where genetic
background can profoundly impact lifespan (5). However, the
impact of RU486 itself on fly health and longevity is not always
tested. By including studies on heterozygous controls harboring only
the GAL4- or UAS-containing elements, the effect of RU486 can be
assessed without the influence of induced gene expression. Such stud-
ies have shown mixed results, with the majority observing no effect
(e.g. 6-10). However, both positive and negative effects on lifespan
have also been reported with RU486 treatment on nonexpressing
controls (11-16). One potential explanation for the inconsistent
effects on longevity could be the range of different diets used across
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studies. Importantly, the fly can robustly modify its food consump-
tion in response to changes in diet composition (17-21) or added
drugs (22). Such variability in nutrient intake is especially relevant
when considering the extensive use of Drosophila for studying the
interactions between nutrition and longevity (23,24).

Here, we show that dietary supplementation of RU486 can influ-
ence food palatability. On low nutrient diets where RU486 inhibits
proboscis extension response (PER), Drosophila food intake and
lifespan are also altered. Given the importance of feeding behavior
and nutrition on physiology, metabolism, and health, our observa-
tions suggest that studies using the GeneSwitch system should care-
fully consider potential influences of RU486 on nutrient intake,
especially when used in combination with dietary manipulations.

Methods
Fly Stocks

Lines were maintained on a standard stock food at ~23 °C under a
12/12-hour light/dark cycle. Canton-S and Dahomey were selected
as control strains commonly used in aging studies. These stocks
have been maintained in our laboratory for more than 5 years. Act-
GS-255B (Act5C-GS) carrying the RU486-inducible GAL4 driver
(6) was assessed by driving GFP expression. To generate ActS5C-
GS/UAS-GEFP or Act5C-GS/+, UAS-mCDS8-GFP or w'''® males were
crossed to female ActSC-GS. For germ-free studies, axenic flies were
generated by bleach treatment of embryos and the elimination of
microbes was verified periodically by plating swabs from the interior
of spent enclosures, as described previously (25).

Food Preparation

Drosophila enclosures (8 oz. round bottom bottles or 25 x 95 mm vials,
polypropylene) and plugs (Droso-Plugs) were from Genesee Scientific.
Bacto agar and yeast extract (YE) were from BD Diagnostic Systems,
and dry active yeast and cornmeal were from LabScientific. All other
reagents were from Fisher Scientific or VWR International. Standard
stock food contained 1.5% dry active yeast, 5% sucrose, 5% cornmeal,
and 1.5% agar (all w/v), supplemented with 0.4% propionic acid and
0.035% phosphoric acid (both v/v). For lifespan studies, YE food con-
tained varying concentrations of YE (0.1%, 0.5%, or 5%, all w/v) in
a base medium of 5% sucrose, 8.6% cornmeal, 0.5% agar, 0.4% pro-
pionic acid, and 0.035% phosphoric acid. All foods were autoclaved
at 121 °C for 30 minutes, with RU486 (100x in 80% ethanol, typi-
cally 200 pM final concentration) and acids added after cooling food
to less than 65 °C. RU486 (>98%) was obtained from TCI America,
except where noted (Sigma-Aldrich). RU486 from these two suppliers
was confirmed to originate from different sources. Control diets lack-
ing RU486 contained the equivalent volume (1/100) of vehicle (80%
ethanol, v/v). Food was dispensed into pre-autoclaved vials (2 mL/vial)
or bottles (40 mL/bottle). Liquid food (for behavioral assays) excluded
agar and cornmeal. Where noted, chloroform (CHCIL,) or dimethyl sul-
foxide (DMSO) was used as the vehicle instead of 80% ethanol.

Lifespan

Fly lifespan was measured as described previously (26). Briefly, adults
(0-2 days old) were maintained on fresh stock food for 3 days. Male
and female flies (3-S5 days old) were then separated under mild CO,
anesthesia and randomly transferred to experimental diets (~20 flies/
vial). Flies were maintained at 25 °C under controlled light (12/12-
hour light/dark cycle) and humidity (60%). Flies were transferred to
fresh food and dead flies were scored every 3—4 days.

Proboscis Extension Response

PER was assessed using nonstarved flies (typically 6-8 days old), as
described previously (27,28). Briefly, individual flies were trapped
in shortened 200-uL pipette tips with their heads exposed. Flies
were assessed with water as a negative control and 5% sucrose as
a positive control touched to the labellum; flies responding to water
and/or not responding to sucrose were discarded. Each fly was then
tested 10 times, alternating 5 times each with food supplemented
with 200 pM RU486 or vehicle. The first food tested for each fly
(RU486 or vehicle) was also alternated. PER was scored as follows:
full extension = 1, half extension = 0.5, no extension = 0. For statisti-
cal analysis, average score for each type of food from one fly was
considered as one data point.

Feeding

Food intake was measured as described previously (19). Briefly, for
the radioisotope-labeling method, flies (~10 per vial) were trans-
ferred to food labeled with 1 mCi/mL [a-**P]-dCTP (PerkinElmer).
Flies were collected and frozen after 24 hours, and consumption
was estimated by measuring label accumulation in flies. Scintillation
counts of aliquots of radiolabeled food were used to calculate
equivalent food intake. For the capillary feeder assay (CAFE), four
flies were presented with liquid food using two 5-pL calibrated cap-
illaries per chamber. Changes in liquid meniscus height were meas-
ured over 2-3 days at each capillary change (approximately every
12 hours). Consumption volume was calculated after background
subtraction of measurements from control chambers without flies.
For the two-choice CAFE assays, a similar setup was used except
one capillary of each type of diet (with RU486 or vehicle) was pre-
sented. For assessment of water intake, flies were dry starved for
24 hours in the CAFE chamber prior to starting the experiment to
increase drinking. Total consumption after introducing capillaries
with water, supplemented with RU486 or vehicle, was measured
for only 7 hours to avoid fly death caused by starvation. Preference
index was calculated as follows: (RU486 consumption — Vehicle
consumption) / Total intake.

Statistical Analysis

Statistically significant differences between survival curves and
median lifespan were determined by log-rank test and Fisher’s
exact test, respectively (29). Statistical analyses for feeding and
proboscis extension assays were performed using SigmaPlot (Systat
Software). Student’s ¢ test was used as a parametric test for com-
paring differences between two groups. Mann-Whitney rank-sum
test was performed for nonparametric data or for data with low
performance power ¢t tests (30). Differences were considered sig-
nificant at p less than .05.

Results

RUA486 |s Detrimental to Fly Lifespan on Low

Nutrient Diets

Increasing evidence points to dietary protein:carbohydrate (P:C)
ratio as the primary determinant of fly lifespan (17,20,31). Yeast
is the main source of protein in the fly diet, and its concentration is
commonly manipulated to modulate P:C ratio and lifespan in dietary
restriction studies (17,20,26,32). We examined the effect of RU486
on fly lifespan on diets containing 0.1%, 0.5%, or 5% (w/v) YE in
a standard sucrose-cornmeal base medium (see Methods). Studies
using GeneSwitch commonly supplement fly food with 20-500 pM
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RU486 (6,10,16,33,34), and we used 200 pM RU486 in our initial
studies. ActSC-GS was selected as a commonly used GeneSwitch
GAL4 driver (6,8,35), and inducible gene expression was verified
by feeding RU486 to Act5SC-GS/UAS-GFP flies (Supplementary
Figure 1).

Act5C-GS/UAS-GFP male lifespan was measured on the vari-
ous diets supplemented with RU486 or vehicle (Figure 1A). On 5%
YE medium, RU486 had no effect on lifespan. In contrast, RU486
decreased fly median lifespan on the 0.1% and 0.5% YE diets by
14% and 10%, respectively, compared with the vehicle control.
Shortened life was also observed with RU486 supplementation on
lower yeast diets in Act5C-GS/+ (Figure 1B), ruling out the influence
of transgene expression on longevity. Similar results were obtained

0.1% YE
A Act5C-GS/UAS-GFP

0.5% YE

1

with the commonly used control strains, Canton-S and Dahomey
(Figure 1C and D), demonstrating that the effects of RU486 on
lifespan are independent of the GeneSwitch driver or any other
transgenes. For all genotypes, lifespan was decreased on 5% YE diet
and RU486 supplementation had either no effect or extended life
on this medium (Figure 1E). RU486 was increasingly detrimental
to longevity as YE concentration was decreased across all geno-
types tested, even though the beneficial effect of dietary restriction
on lifespan was maximized on either 0.1% or 0.5% YE medium
(Figure 1E).

To assess the variability of the effect of RU486 on longevity, we
measured Dahomey male lifespan on 0.1% YE diet supplemented
with RU486 or vehicle in three additional independent replicates
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Figure 1. Diet-dependent effects of RU486 on male lifespan. Survival is shown for (A) Act5C-GS/UAS-GFP, (B) Act5C-GS/+, (C) Canton-S, and (D) Dahomey on
0.1%, 0.5%, or 5% YE diet supplemented with 200 M RU486 or vehicle control. The percent change in median lifespan between RU486- and vehicle-fed flies is
shown when Fisher’s exact test is statistically significant (p <.05). All log-rank p values between survival curves are shown. (E) Median lifespan of lines tested
in A-D. Significant differences between RU486- and vehicle-supplemented control are shown for each diet (Fisher’s exact test: *p < .05; **p < .01; ***p < .001).
n=56-61 flies per condition. See Supplementary Table 1 for statistics. YE = yeast extract.
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(Figure 2A). In all trials (four in total), median lifespan was signifi-
cantly decreased with RU486 supplementation (Figure 2B).

We previously showed that microbes can supplement fly protein
intake to rescue lifespan on undernutrition diets (25). To determine
whether the effect of RU486 is dependent on microbes, we assessed
axenic (germ-free) Dahomey male survival. Consistent with our pre-
vious study (235), life was shortened on low nutrient (0.1% YE) diet
in axenic compared with conventionally raised flies; however, the
detrimental effect of RU486 on longevity was conserved in axenic
animals on this diet (Figure 2C and D). These results suggest that
the effect of RU486 on longevity is independent of the presence of
microbes.

Previous studies and our own results (see following sections) show
that flies consume up to twofold more low YE food than the 5% YE
medium (17,26). To assess whether reduced absolute drug intake is
responsible for the lack of a deleterious effect on high yeast diet, we
tested higher RU486 concentration. Increasing the RU486 concen-
tration by twofold (400 pM) did not affect Dahomey male lifespan
on the 5% YE diet, suggesting that differences in absolute ingestion
of drug are not a confound in our studies (Supplementary Figure 2).

RU486 was also detrimental to female lifespan on 0.1% YE diet,
although this was apparent only with the highest RU486 concentra-
tion tested (400 pM) for Canton-S (Figure 3A and B). A dose-depend-
ent effect of RU486 on Canton-S male lifespan was also apparent
on low yeast diet (Figure 3C). Consistent with our male lifespan
results, RU486 (100 or 400 pM) was not detrimental to Canton-S
or Dahomey female lifespan on 5% YE medium (Figure 3A and B).
Collectively, our results suggest that the impact of RU486 on lifespan
is dose dependent, conserved in both sexes, and more prominent on
low nutrient diets.

Diet Modulates Aversion to RU486

We recently showed that food pH can affect palatability—on more
alkaline medium, lower palatability and decreased total consump-
tion can shorten fly life (27). To determine whether RU486 might

A

Dahomey (0.1% YE)

be an aversive tastant that decreases food palatability, we measured
PER to different diets supplemented with 200 pM RU486 or vehicle.
Nonstarved flies were used to assess PER under conditions typical of
our lifespan studies. Dahomey males showed high PER to 0.1% and
5% YE diets supplemented with only vehicle (Figure 4A). RU486
supplementation significantly reduced PER only to the low nutri-
ent diet. Further decreasing nutrient concentration exacerbated the
effect of RU486 on PER (Figure 4B).

We next compared total food intake in a two-choice CAFE assay
where food containing RU486 or vehicle were presented simulta-
neously. On 0.1% YE diet, Dahomey males showed a significant
preference for food lacking RU486, whereas no preference was
observed on the high nutrient medium (Figure 4C). RU486 from
another distributor (Sigma-Aldrich) was also effective in influenc-
ing food choice on 0.1% YE diet, suggesting that our results are
not specific to a particular source (Figure 4D). To test whether the
effects of RU486 are dependent on the presence of the ethanol
vehicle, we repeated the two-choice CAFE assay using RU486 dis-
solved in different solvents. Regardless of the vehicle used (CHCI,
or DMSO), flies showed significant preference for consuming food
lacking RU486 (Figure 4E).

To assess whether food ingredients are required for the aver-
sive behavior induced by RU486, we repeated the two-choice CAFE
assay with only water. Dahomey males preferred water supple-
mented with vehicle over RU486 (Figure 4F). These results suggest
that RU486 is directly aversive or bitter, but do not rule out the
possibility that the molecule additionally inhibits positive responses
to food (36).

RU486 Reduces Total Consumption

To determine whether the effects of RU486 on food palatabil-
ity correlate with changes in consumption in no-choice situations,
we measured ingestion in Dahomey males over 24 hours using the
radioisotope-labeling method, which quantifies fly accumulation of
a 3P-labeled tracer to estimate food intake (18,19,26). As expected
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Figure 2. Effect of RU486 on Dahomey male lifespan. (A) Three independent lifespan trials on 0.1% YE diet supplemented with 200 pM RU486 or vehicle control.
n = 58-61 flies per condition. (B) Median lifespan from independent trials. Data are from A and Figure 1D. (C) Effect of RU486 on axenic lifespan. Survival is
shown of germ-free Dahomey males on 0.1%, 0.5%, or 5% YE diet supplemented with 200 pM RU486 or vehicle control. n=57-60 flies per condition. (D) Median
lifespan values from C. (A, C) The percent change in median lifespan between RU486- and vehicle-fed flies is shown when Fisher’s exact test is statistically
significant (p < .05). All log-rank p values between survival curves are shown. (B, D) Significant differences between RU486- and vehicle-supplemented control
are shown (Fisher’s exact test: **p < .01; ***p < .001). See SupplementaryTable 1 for statistics. YE = yeast extract.
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Figure 3. Effect of RU486 dosage on lifespan. Survival of (A) Dahomey
or (B) Canton-S females on 0.1% or 5% YE diet supplemented with 100 or
400 uM RU486 or vehicle control. n=58-62 flies per condition. (C) Survival of
Canton-S males on 0.1% YE diet supplemented with 100 or 400 ptM RU486 or
vehicle control. n = 55-58 flies per condition. Log-rank p values for survival
comparisons to vehicle control are shown for p < .05. The percent change
in median lifespan between RU486- and vehicle-fed flies is shown when
Fisher's exact test is statistically significant (p < .05). See Supplementary
Table 1 for statistics. YE = yeast extract.

from previous studies showing compensatory feeding (18,26), esti-
mated consumption on the low nutrient diet was greater than that
on the high nutrient medium (Figure 5A). RU486 supplementation
reduced fly 3°P accumulation on the 0.1% YE diet, whereas there was
no statistically significant effect on 5% YE medium (Figure 5A). These
results were consistent in flies habituated on the test diet for 10 days,
although extended habituation resulted in an overall decrease in esti-
mated food intake on the low nutrient diet (Figure 5B).

Previous studies have shown that accumulation of radioactive
tracer over 24 hours is reflective of consumption (19). However, we
also directly measured food intake volume using the CAFE assay to
rule out caveats of radiolabel dynamics or impaired tracer absorp-
tion in the fly (22). Flies were fed a liquid diet identical to the solid
medium except for the exclusion of cornmeal and agar. Consistent
with our radiotracer studies, Dahomey males on 0.1% YE diet
showed less total consumption of RU486- than vehicle-supple-
mented medium (Figure 5C). RU486 had no statistically significant
effect on consumption of 5% YE food (Figure 5C).

Because our behavioral studies were consistent with the idea
that high nutrient concentrations mask aversion to RU486, we
hypothesized that differences in total consumption might be difficult
to resolve on 5% YE medium. Of the assays assessed, the radio-
isotope accumulation method was previously shown to have the
greatest resolving power (19). With a sample size appropriate for
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Figure 4. Effect of RU486 on PER and food intake preference in Dahomey
males. (A) PER to 0.1% or 5% YE diet supplemented with 200 M RU486
(+) or vehicle (-). n = number of flies per condition, superimposed on
each bar. (B) PER to varying YE concentrations (w/v) supplemented
with 200 uM RU486 or vehicle. n = 6 flies for each condition. For (A,
B), significant differences between RU486- and vehicle-supplemented
diet are shown (Student’s t test or Mann-Whitney rank-sum test: **p
< .01; ***p < .001). Preference index for the indicated diet with 200 uM
RU486 or vehicle, assessed in a two-choice CAFE consumption assay,
to test (C) YE concentration, (D) an alternative source of RU486 (Sigma-
Aldrich), (E) alternative solvents for use as drug vehicle, and (F) absence
of food ingredients (water only). Preference index was calculated from
consumption over (C-E) 24 hours or (F) 7 hours. Except where noted (E),
vehicle was 80% ethanol. n= number of CAFE chambers, superimposed on
each bar. For (C-F), significant differences between consumption of RU486-
and vehicle-supplemented diet are shown above preference index plots
(Student’s t test: *p < .05; **p < .01; ***p < .001). Data shown are means
+ SEM. CHCI, = chloroform; DMSO = dimethyl sulfoxide; PER = proboscis
extension response; YE = yeast extract.

distinguishing effect sizes of ~5% (19), we observed significantly
decreased *?P accumulation in flies fed 5% YE food supplemented
with 200 M RU486 (Figure 5D).

Discussion

We show that dietary RU486 supplementation can be detrimental to
fly lifespan on low nutrient diets, including those typically associated
with dietary restriction—mediated longevity. We observed a broad
effect of RU486 across multiple genotypes, although the extent of
lifespan-shortening may be especially variable in females. This vari-
ability might be caused by the recently reported genotype-specific
lifespan extension induced by RU486 in mated females (15).
Similar to the conclusions of our recent study on the effect of
food pH on fly feeding and longevity (27), decreased lifespan on
low nutrient diets containing RU486 is correlated with reduced
food palatability (assessed by PER) and consumption. Although
we hypothesize that it is the bitter or aversive taste of RU486 that
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directly leads to reduced food intake and shortened life, additional
postingestive mechanisms such as RU486-induced toxicity might
also affect consumption and longevity—independent of the effect
on taste. Further studies will be needed to identify feeding-depend-
ent and feeding-independent effects of RU486 on fly physiology
and health. However, it will be challenging to resolve these factors.
Although sweeteners are commonly used to reduce the perception
of bitterness (37) or to overcome aversion to bitter compounds (38),
PER does not always predict food intake—perhaps due to the pres-
ence of internal (pharyngeal) taste-sensing organs (39) and other
nutrient-sensing mechanisms (40-44). Additionally, assessment
of toxicity or general ill health, and their contribution to feeding
behavior, is not trivial in flies. Ultimately, the identification of gus-
tatory and any postingestive mechanisms for recognizing sterols
will be of interest because they may be important in limiting the
ingestion of other nonmetabolizable or toxic steroidal compounds
(45-47).

Because food composition profoundly affects palatability,
increased nutrient concentration likely mitigates the aversive taste
of RU486, and this correlates with reduced or eliminated effects on
consumption and lifespan on higher YE diets. We hypothesized that
reduced consumption of nutrient-rich medium supplemented with
RU486 might be slight and difficult to resolve. Indeed, a statistically
significant difference was only observed in a larger-scale experi-
ment, with the required sample size correctly predicted from a pre-
vious analysis of Drosophila feeding assays (19). Slightly reduced
daily consumption—over a lifetime—may have profound conse-
quences on physiology and health, and an aversive food additive
that reduces total consumption could be detrimental to flies when
nutrients are limiting but beneficial when nutrients are in excess.
Interestingly, in Canton-S males and one out of two Dahomey male
trials, lifespan was extended with 200 pM RU486 supplementa-
tion on nutrient-rich diet, where longevity is normally diminished.
Future work using RU486 and other bitter tastants over a range
of concentrations and diets might help establish the relationship
between small changes in feeding behavior and lifespan. The use
of high resolution feeding assays will be instrumental, as suggested
in efforts on identifying potential anti-aging compounds using
Drosophila (48,49).

Various laboratory diets will likely have different influences on
the taste of food; thus, how RU486 modulates palatability under dif-
ferent conditions will require further study. Notably, previous studies

using whole yeast as the source of protein (instead of YE) have also
reported significant changes in the lifespan of nonexpressing con-
trols with RU486 treatment (11,14,16), suggesting that our results
might be generalized to other diets and that care should be taken in
the design and interpretation of GeneSwitch studies. RU486-specific
effects can be estimated by using heterozygous GAL4- and UAS-
only controls with the appropriate genetic backgrounds, ultimately
allowing proper inferences to be made about the induced transgene.
We note, however, that these controls are not always included in
published studies. Where these controls are lacking, alternative
approaches to GeneSwitch could be presented to support conclu-
sions. Our results also more broadly suggest that studies using drugs
or other additives, combined with nutritional manipulations, may
be especially susceptible to consequences arising from influences on
feeding. Therefore, food intake analysis in both control and experi-
mental cohorts will be desirable, particularly in studies where slight
changes in feeding behavior might have a marked impact. At a mini-
mum, future studies should avoid the use of low resolution assays
to rule out differences in feeding or consider reporting the smallest
effect size that can be resolved from their methods—this is often as
large as 50%-100% when using the popular dye labeling and pro-
boscis extension assays (19).
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