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Study objectives:  Plant-derived caffeine is regarded as a defensive compound produced to prevent herbivory. Caffeine is generally repellent to insects and 
often used to study the neurological basis for aversive responses in the model insect, Drosophila melanogaster. Caffeine is also studied for its stimulatory 
properties where sleep or drowsiness is suppressed across a range of  species. Since limiting access to food also inhibits fly sleep—an effect known as 
starvation-induced sleep suppression—we tested whether aversion to caffeinated food results in reduced nutrient intake and assessed how this might influence 
fly studies on the stimulatory effects of  caffeine.
Methods:  We measured sleep and total consumption during the first 24 hours of  exposure to caffeinated diets containing a range of  sucrose concentrations to 
determine the relative influence of  caffeine and nutrient ingestion on sleep. Experiments were replicated using three fly strains.
Results:  Caffeine reduced total consumption and nighttime sleep, but only at intermediate sucrose concentrations. Although sleep can be modeled by an 
exponential dose response to nutrient intake, caffeine-mediated sleep loss cannot be explained by absolute caffeine or sucrose ingestion alone. Instead, 
reduced sleep strongly correlates with changes in total consumption due to caffeine. Other bitter compounds phenocopy the effect of  caffeine on sleep and food 
intake.
Conclusions:  Our results suggest that a major effect of  dietary caffeine is on fly feeding behavior. Changes in feeding behavior may drive caffeine-mediated 
sleep loss. Future studies using psychoactive compounds should consider the potential impact of  nutrition when investigating effects on sleep.
Keywords:  Bitter tastant, caffeine, Drosophila, feeding behavior, food palatability, starvation-induced sleep suppression.

INTRODUCTION
Caffeine is a secondary metabolite produced by plants and is 
generally bitter to insects.1–7 Studies in Drosophila have been 
fruitful in revealing some of the genetic mechanisms underlying 
caffeine aversion, including gustatory receptors such as Gr33a, 
Gr66a, and Gr93a, although the full extent and interaction of 
the molecular repertoire are unknown.8–10 Caffeine is also a 
popular psychostimulant that is often used to promote alertness 
after poor sleep.11 Due to the widespread use of caffeine as a 
remedy for sleepiness, a variety of animal systems, including 
flies, have been used to investigate its sleep-inhibiting effects, 
although these studies primarily focus on the acute effects of 
caffeine in well-rested animals.12–19 Flies exhibit many of the 
hallmarks of mammalian sleep, and Drosophila studies have 
uncovered sleep-regulatory mechanisms conserved between 
flies and mammals;12,14,15,20,21 yet, certain genetic and physio-
logical responses to caffeine are not conserved—including the 
molecular pathways responsive to caffeine and the metabolites 
produced after caffeine ingestion17,22—suggesting the possibil-
ity that non-pharmacological effects might mediate some of the 
fly responses to caffeine.23

Limiting nutrient intake in flies also causes a stimulatory 
effect known as starvation-induced sleep suppression.24–29 
Given the robust effect of nutrition on sleep, we hypothesized 
that aversion to caffeine might reduce total consumption, lead-
ing to the possibility that decreased nutrient intake contributes 

to the effect of caffeine on fly sleep. Past studies measuring the 
effects of caffeine on insect behavior have identified the impor-
tance of caffeine dosage, whereby low and high concentrations 
of caffeine produce different effects.23,30,31 Effective dietary caf-
feine levels are balanced between concentrations that are too 
low to consistently affect sleep (≤0.2 mg/mL caffeine) and con-
centrations that are toxic (≥1 mg/mL caffeine),13 although these 
dose responses vary slightly across studies.12,14,18 As a result, 
studies measuring the effects of caffeine on Drosophila sleep 
have most recently relied on using one concentration of caffeine 
on a specific diet (0.5 mg/mL caffeine in 5% sucrose).13,15,17 We 
measured sleep and total consumption on diets containing a 
range of sucrose concentrations to determine whether nutrition 
or changes in nutrient intake influence the reduction in night-
time sleep that is attributed to caffeine pharmacology.

METHODS

Flies
Fly lines used were Canton-S, w1118, iso31, Dahomey, Gr93a3 
(Bloomington 27592, w1118;TI{GAL4}Gr93a3), and Gr33a1 
(Bloomington 31427, w*;TI{TI}Gr33a1). Controls used for 
Gr93a3 and Gr33a1 flies were either w1118, Canton-S, or Dahomey. 
All flies were maintained at 25°C on a 12/12-hour light (zeit-
geber time or ZT 0–12)/dark (ZT 12–24) cycle. Unless noted, 
female flies were used for all experiments. Flies were developed 

Statement of Significance
It is thought that bitter taste sensation protects organisms from ingesting toxins. For example, most insects avoid feeding on plants that produce the bitter 
compound, caffeine. When laboratory Drosophila are exposed to caffeinated diets, flies show an aversion to feeding and also a reduction in sleep, which 
is generally assumed to be triggered by the psychostimulatory properties of  caffeine observed across species. Since decreased nutritional intake can also 
reduce fly sleep, we assessed how caffeine-mediated changes to feeding behavior might contribute to the stimulatory effect of  caffeine in Drosophila. This 
study is the first to measure how nutrition and food intake influence the stimulatory effect of  caffeine. It is not yet known whether caffeine, as a tastant, 
influences behavior in other organisms.



2SLEEP, Vol. 40, No. 11, 2017 Nutrition Influences Caffeine-Mediated Sleep—Keebaugh et al.

on standard Drosophila medium (recipe below), maintained in 
mixed-sex groups for 2–4 days following eclosion, and then 
sorted into single-sex groups under CO

2
 anesthesia. Single-sex 

groups were maintained on standard medium and transferred to 
fresh vials every 2–3 days until used for experiments.

Food
Unless noted otherwise, caffeine, papaverine, and quinine were 
used at concentrations of 0.5 mg/mL, 0.5 mg/mL, and 2 mM, 
respectively. Standard Drosophila medium was composed of 
1.2% sucrose, 3.1% dry, active yeast, 5.8% cornmeal, and 0.7% 
agar (all w/v), supplemented with 1% (v/v) phosphoric acid and 
1% (v/v) methylparaben mixture (22.2% methylparaben, w/v, in 
ethanol). Sucrose-only diets contained the indicated percentage 
of sucrose (w/v) with a 2% agar base. Starvation medium (0% 
sucrose) contained only the 2% agar base.

Sleep
Drosophila Activity Monitors (DAMs, Trikinetics) were used 
to collect sleep data. In all DAM experiments, at least n = 13 
females were analyzed. For monitoring the effects of caffeine 
over several days, individual flies (4–6 days old) were placed into 
glass tubes (5 × 65 mm) for the DAMs after brief CO

2
 exposure. 

Approximately 0.4 mL of starvation or 5% sucrose medium, 
with or without 0.5 mg/mL caffeine, was provided in a 0.65 mL 
microcentrifuge tube affixed to the end of each fly enclosure, 
with the other end stoppered with a piece of foam. Flies were 
habituated to the DAM environment and the indicated diet at 
ZT 12 (lights off), and data collection started 12 hours later at 
ZT 0 (lights on). Previously, a similar approach used 1.5 days of 
habituation before data collection,13 but we required a shorter 
habituation period due to the use of a starvation medium. For 
Canton-S lifespan analyses in the DAMs, flies were placed in 
glass tubes at time = 0 and death was identified by the last hour 
of activity recorded for each fly. For surviving flies throughout 
the duration of the experiment, food was made fresh in 0.65 mL 
microcentrifuge tubes and replaced every 7 days.

To determine the effect of varied nutrition on responses to 
caffeine, flies (4–6 days old) were habituated in the DAMs start-
ing at ZT 12 with standard Drosophila medium affixed to the 
end of each glass tube, as described above. After 12 hours (ZT 
0), data collection was started for a 24-hour period to deter-
mine day 1 (baseline) behavior. Immediately before the end of 
the first 24-hour recording period, around ZT 0 on day 2, food 
was swapped for each fly by replacing the 0.65 mL microcentri-
fuge tubes containing standard medium with tubes containing 
the indicated sucrose diet, with or without caffeine. Data col-
lection was subsequently continued for another 24 hours (day 
2). The period in which food swapping occurred was removed 
from analyses. Experiments using papaverine or quinine were 
performed similarly.

Customized scripts in Matlab (Mathworks) were used to 
collect average sleep data and to plot sleep traces.32 Flies that 
exhibited no activity for a 12-hour period (typically not more 
than 1 fly per treatment) were considered dead and removed 
from analyses. Flies were scored as sleeping based on a period 
of 5 minutes of inactivity.12,14 Sleep is presented as minutes of 
sleep per hour, averaged over the indicated period (usually lights 
off, ZT 12–24). Sleep traces are plotted in 60-minute bins.

Total consumption
Feeding assays using radiolabeled medium were performed 
essentially as described33 using conditions to mimic the acute 
caffeine-exposure experiments in DAMs. Briefly, flies were 
placed on fresh vials of standard Drosophila medium for 
~1–2 days before transfer at ZT 0 to vials containing experi-
mental [α-32P]-dCTP labeled diets. After 24 hours, flies were 
collected and frozen. Total consumption in mg of medium was 
calculated from liquid scintillation counts, using an aliquot of 
radiolabeled medium as a calibration. Absolute sucrose inges-
tion was calculated based on dietary sucrose concentration and 
estimated medium density.

For assessment of excretion, flies were placed on fresh vials 
of standard Drosophila medium for ~1–2 days before transfer at 
ZT 0 to conical tubes (15 mL) containing [α-32P]-dCTP labeled 
diets and FD&C blue No. 1 to visualize excreta. Flies were fro-
zen and collected after 24 hours, and excreta were washed from 
vials using PBS containing 0.01% Triton X-100. Scintillation 
counts for radiolabel absorbed by flies or in excretions were 
determined as described above.

Capillary feeder (CAFE) assays34 were performed as pre-
viously described with slight modifications.33 Briefly, flies 
were placed in CAFE chambers and provided with capillaries 
containing 5% sucrose and 5% yeast extract for 1.5 days of 
habituation. After the habituation period, flies were exposed 
to capillaries containing experimental diets at ZT 0 and 
total consumption was measured at 12-hour intervals over a 
24-hour period. Fresh capillaries containing experimental 
diets were replaced at the 12-hour time point. Evaporation was 
controlled for by subtracting average evaporation from total 
feeding measures. Evaporation totaled <4% of total feeding. 
Dead flies were censored, and totaled ~1% of the experimental 
population.

Proboscis Extension Response
Flies were prepared and tested essentially as described.35 
Briefly, flies were loaded into modified 200-µl pipette tips 
to allow access to the fly proboscis. Flies were then tested 
with positive (5% sucrose) and negative (water) controls, 
followed by alternating tastant solutions delivered 5 times 
each. For Gr93a3 experiments, diets used were 4% sucrose ± 
1 mg/mL caffeine. For Gr33a1 experiments, diets used were 
100 mM sucrose ± 1 mM quinine. To increase baseline PER, 
Gr93a3 and controls were starved for 24–48 hours on 1% agar 
prior to starting the assay. Proboscis extension was recorded 
as 0, 0.5 (partial), or 1 (full). After tastant testing was com-
plete, flies were assessed again with positive and negative 
controls. Flies that did not respond to the positive control, or 
that responded to the negative control, were excluded from 
analyses.

Statistics
ANOVA (one- or two-way), unpaired two-tailed t tests, non-
linear regression using a one-phase association model, and 
Pearson’s correlation were performed using GraphPad Prism. 
Multiple comparisons were corrected using Sidak’s multi-
ple comparisons test or Tukey’s multiple comparisons test. 
Independent trials were analyzed together. Post hoc analyses 
were run separately on independent trials.
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RESULTS

Effect of Caffeine and Starvation on Sleep is not Additive
Recent studies have relied on diets containing 5% sucrose ± 0.5 
mg/mL caffeine to reveal the most robust effects on nighttime 
sleep.13 Female flies were also shown to be more sensitive to 
caffeine-mediated effects.13 We replicated these studies to show 
that females on a caffeinated 5% sucrose medium indeed slept 
less during the 12-hour dark period, compared with flies on 5% 
sucrose diet without caffeine (p < .05; 5% sucrose = 42.9 ± 2.2 
minutes/hour; 5% sucrose + caffeine = 36.0 ± 2.2 minutes/hour) 
(Figure 1A).

We next quantified the individual and combined effects of 
caffeine supplementation and starvation—when flies are on 
an agar-only medium—to determine the relative influence of 
each on nighttime sleep. Consistent with previous studies on 
starvation-mediated sleep suppression,24–29 starved flies showed 
significantly reduced sleep (p < .0001; 0% sucrose = 23.8 ± 2.9 
minutes/hour; 5% sucrose = 42.9 ± 2.2 minutes/hour). Caffeine 
supplementation did not decrease sleep further, indicating that 
there is no additive effect of caffeine on sleep under starvation 
conditions (p = .78; 0% sucrose = 23.8 ± 2.9 minutes/hour; 
0% sucrose + caffeine = 24.9 ± 2.7 minutes/hour) (Figure 1A). 
Although this is consistent with the idea that caffeine and nutri-
ent deprivation affect sleep by overlapping mechanisms, sleep 
under starvation may already be at a minimum level, making it 
difficult to generate or measure further decreases in sleep.

Since life is shortened under starvation, animals on agar-only 
medium were only monitored for 1 day. However, we measured 
the extended effect of caffeine on nighttime sleep over 5 days on 
5% sucrose medium. In agreement with previous reports,13 flies 
slept less on caffeinated compared with caffeine-free medium 
(F = 36.3, p < .0001) (Figure 1B). Additionally, the sleep trends 
from days 2–5 of caffeine exposure did not differ (F = 0.30, 

p =  .82) and post hoc tests revealed that caffeine supplemen-
tation significantly decreased nighttime sleep on days 2–4 
(Figure 1B).

Dietary Sucrose Concentration Influences Caffeine-Mediated 
Effects on Sleep
To investigate the potential interaction between nutrition and 
caffeine, we next measured the effect of 0.5  mg/mL caffeine 
on nighttime sleep using diets ranging from 0 to 20% sucrose. 
To account for the variable effects of caffeine on nighttime 
sleep across genotypes,13 we tested females of three fly strains 
(Canton-S, w1118, and iso31). To avoid death on low nutrient 
diets within our experimental time frame, we measured the 
acute effect of caffeine on fly sleep over 24 hours. Flies were 
exposed to caffeine starting at ZT 0 or when the “lights on” 
period began (Figure 2A). This experimental design is sufficient 
to reveal nutritional- or caffeine-driven effects on nighttime 
sleep.13,24

Flies showed consistent baseline behavior before exposure to 
caffeine (day 1, Figure S1). After caffeine exposure, there was 
a significant interaction between diet and caffeine on nighttime 
sleep in all three strains, demonstrating that the impact of caf-
feine on sleep depends on diet (Figure 2B–D, Table S1). Post 
hoc analyses revealed the nature of the diet-dependent effect—
caffeine supplementation resulted in decreased nighttime sleep 
on intermediate sucrose concentrations. Caffeine had no effect 
on nighttime sleep on sucrose-rich (20%) diet and, in agreement 
with our previous findings (Figure 1A), there was no additive 
effect of caffeine on starvation medium or on diets with low 
(≤0.25%) sucrose (Figure 2B–D).

Caffeine and Dietary Sucrose Concentration Influence Total 
Consumption
Since caffeine-mediated effects on sleep depend on diet, we 
next tested whether caffeine also alters food intake. We meas-
ured total consumption over 24 hours on diets containing 5% 
sucrose plus a range of caffeine from 0 to 2 mg/mL and found 
significantly decreased consumption with increasing concentra-
tions of caffeine (Figure S2). We next tested for dietary influ-
ences on caffeine intake by measuring total consumption of 
diets ranging from 0 to 20% sucrose ± 0.5 mg/mL caffeine. For 
these measures, we again tested females of three fly strains to 
reveal potential strain-specific effects.

We found a significant interaction between diet and caffeine 
on total consumption for all strains tested (Figure 3A–C, Table 
S2), suggesting that consumption of caffeinated diets was influ-
enced by sucrose concentration. Post hoc analyses revealed a 
trend similar to the nighttime sleep studies—caffeine signifi-
cantly decreased consumption of diets containing intermedi-
ate sucrose levels, but not of starvation or high (20%) sucrose 
medium (Figure 3A–C). Radioisotope-labeling of fly food to 
measure total consumption relies on efficient absorption of the 
consumed radiolabel. Since caffeine can act as a diuretic,36 we 
tested whether caffeine consumption influenced our feeding 
measures through increased tracer excretion. We found that the 
tracer was absorbed at ≥95% across all tested diets, suggesting 
that our radiolabel-based method accurately reflects total con-
sumption (Figure S3A). Nonetheless, we also used the CAFE 

Figure  1—Effect of  caffeine and starvation on nighttime sleep 
of  Canton-S females. (A) Nighttime sleep on starvation or 5% 
sucrose medium ± 0.5 mg/mL caffeine during the first day of  expo-
sure. (B) Nighttime sleep on 5% sucrose diet ± 0.5 mg/mL caffeine 
during days 2 through 5 of  exposure. Values represent average ± 
SEM. n = 15–16 flies per diet. * p ≤ .05, ** p ≤ .01, **** p ≤ .0001.
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assay to directly measure food intake.34 In the CAFE, flies feed 
on liquid food and the volume consumed is directly measured. 
Similar to our previous findings, flies consumed significantly 
less diet containing caffeine (Figure S3B).

Total consumption in Figure 3A–C is a proxy for absolute 
caffeine intake, since we used a single concentration of caffeine 
for these experiments—however, diets varied in sucrose con-
tent. Similar to our analyses on total consumption, we found 
a significant interaction between diet and caffeine on absolute 
sucrose ingestion (Figure 3D–F, Table S3). Post hoc compari-
sons demonstrated that caffeine decreased sucrose ingestion in 
most mid-range sucrose diets tested. Caffeine did not signifi-
cantly decrease sucrose ingestion on low-sucrose diets (≤0.25%, 
Figure 3D–F), although intake is expected to be low given the 
dietary composition. On non-caffeinated diets, compensatory 
feeding, whereby an animal regulates consumption to achieve a 
target dietary intake,33,37,38 was evident at ≥5% sucrose. At lower 
sucrose concentrations, under-compensation occurred, possibly 
due to a limit on how much flies can eat daily. Compensatory 
feeding was clearly disrupted by caffeine supplementation 
(Figure 3D–F).

Effect of Caffeine can be Mimicked by Bitter Tastants
Our results suggest that decreased food intake is an additional 
factor under conditions in which caffeine reduces nighttime 

sleep. If reduced consumption plays an important role in caf-
feine-mediated effects on sleep, we hypothesized that supple-
menting the fly diet with other aversive or bitter compounds 
would mimic the effect of caffeine on sleep and food intake. We 
first quantified the influence of two bitter tastants, papaverine 
and quinine, on Canton-S nighttime sleep.3,8–10 These analyses 
were similar to our caffeine experiments; we measured sleep 
and feeding upon acute exposure to diets ranging from 0 to 20% 
sucrose ± 0.5 mg/mL papaverine or 2 mM quinine, which rep-
resent concentrations used in previous studies that affect pro-
boscis extension responses or other food-related behaviors.3,10

Similar to our analyses of caffeinated diets, we found a signif-
icant interaction between diet and bitter additive on nighttime 
sleep (Figure 4A, Table S4A), demonstrating that the effect 
of papaverine and quinine is influenced by diet. Post hoc tests 
revealed a significant decrease in nighttime sleep on papaverine 
diets containing 1% sucrose, and on quinine diets containing 
0.25% and 1% sucrose, but there was no significant effect of 
either compound on starvation medium or on higher sucrose 
diets (Figure 4A).

We next measured total feeding across these diets to deter-
mine whether dietary papaverine and quinine also decreased 
food intake. We detected a significant interaction between diet 
and compound on total consumption (Figure 4B, Table S4B), 
again demonstrating that the effect of papaverine and quinine 

Figure 2—Effect of  sucrose concentration and caffeine on nighttime sleep. (A) Graphic of  experimental design used to habituate flies to 
the DAM environment. White and black rectangles denote the light (ZT 0–12) and dark (ZT 12–24) periods, respectively. Food was swapped 
from the standard Drosophila medium to sucrose diets at the end of  day 1. The effect of  the various sucrose diets ± 0.5 mg/mL caffeine on 
nighttime sleep is shown for (B) Canton-S, (C) w1118, and (D) iso31 females. Values represent average ± SEM. n = 15–17 flies per diet. When 
applicable, independent trials are shown separately using open or closed symbols. Significance of  trials denoted with open or closed symbols 
is represented by gray or black asterisks, respectively. *p ≤ .05, **p ≤ .01, ***p ≤ .001, ****p ≤ .0001. ZT, zeitgeber time.
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is influenced by diet. Both compounds significantly decreased 
feeding on diets between 0.25–5% sucrose, but not on starva-
tion or sucrose-rich (20%) medium (Figure 4B). Finally, we 

determined the effect of papaverine and quinine on absolute 
sucrose intake and found results similar to that for caffeine, 
whereby there was a significant interaction between compound 

Figure 3—Effect of  sucrose concentration and caffeine on total consumption and absolute sucrose ingestion. Consumption of  the indicated 
diet over 24 hours is shown for (A) Canton-S, (B) w1118, and (C) iso31 females. Sucrose intake on the indicated diets is calculated from total 
consumption for (D) Canton-S, E) w1118, and (F) iso31 females. Values represent average ± SEM. n = 7–12 measures per diet. When appli-
cable, independent trials are shown separately using open or closed symbols. Significance of  trials denoted with open or closed symbols is 
represented by gray or black asterisks, respectively. *p ≤ .05, **p ≤ .01, ****p ≤ .0001.

Figure 4—The influence of  bitter tastants on Canton-S female behavior. (A) Nighttime sleep, (B) total consumption, and (C) sucrose intake 
on a range of  sucrose diets ± 0.5 mg/mL papaverine or 2 mM quinine. Values represent average ± SEM. n = 13–16 flies (nighttime sleep) or 
10–12 measures (feeding) per diet. Significant differences between control and papaverine or between control and quinine are denoted by gray 
or black asterisks, respectively. **p ≤ .01, ***p ≤ .001, ****p ≤ .0001.
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and diet (Figure 4C). Post hoc analyses again showed a signif-
icant reduction in sucrose ingestion only on intermediate-con-
centration diets (1 and 5% sucrose) containing either compound 
(Figure 4C).

Sucrose and Total Intake Modulate the Influence of Caffeine 
on Sleep
Differences in total consumption—and therefore, in absolute 
caffeine ingestion—between diets allowed us to assess whether 
nighttime sleep is described by a dose response to caffeine. 
Surprisingly, there was a positive relationship between absolute 
caffeine intake and nighttime sleep (Pearson’s correlation coef-
ficient, r = 0.82, p =  .025) (Figure 5A). These results clearly 
show the importance of considering nutrient ingestion in sleep 
studies, since reduced sleep is not associated with increased 
caffeine intake alone—and in fact demonstrates the opposite 
trend—although the range of caffeine ingestion is limited (0.1 
to 1 µg per fly).

We next compared absolute sucrose intake with nighttime 
sleep for caffeinated and control diets separately. On non-caf-
feinated diets, nighttime sleep is reasonably described by an 
exponential response to absolute sucrose ingestion (Figure 5B). 
On caffeinated diets, Canton-S flies showed less nighttime sleep 
compared with that of controls, although this effect is dimin-
ished at lower sucrose ingestion (Figure 5B), and the difference 
is not evident at high sucrose intake in w1118 and iso31 flies 
(Figure S4A).

Previous reports focused on nighttime sleep to highlight the 
most robust effects of caffeine,13 which indeed more greatly 
impacted nighttime compared with daytime sleep (Figure S1). 
Daytime sleep during the first 12 hours of caffeine exposure 
was rarely decreased—and actually increased in Canton-S on 
some diets (Figure S5). Although accounting for total, 24-hour 
sleep in w1118 and iso31 flies produced similar results to night-
time sleep comparisons, caffeine had no effect on total sleep in 
Canton-S across sucrose intake levels (Figure S4). Overall, these 
findings indicate that when absolute sucrose intake is accounted 
for, caffeine reduces only nighttime sleep in Canton-S and both 
nighttime and total sleep in w1118 and iso31 flies at intermediate 
amounts of sucrose ingestion.

Since caffeine had an effect on nighttime sleep that was not 
totally explained by the amount of sucrose ingested, we next 
determined whether absolute changes in food intake might pre-
dict sleep loss on caffeinated diets. For each sucrose concentra-
tion, we plotted the relative reduction in nighttime sleep against 
the decrease in food intake induced by caffeine (Figure  5C). 
Indeed, nighttime sleep loss was strongly correlated to reduced 
consumption (Pearson’s correlation coefficient, r  =  0.88, 
p = .0094). Overall, these results show that caffeine supplemen-
tation is associated with reduced nighttime sleep only when 
feeding is decreased.

Reduced Total Consumption of Caffeinated Medium is not 
Dependent on Taste
We next hypothesized that bitter taste mutants that are insensi-
tive to caffeine would also show unaltered food consumption 
with caffeine supplementation. This would allow us to decouple 
the effects of caffeine on food intake and sleep. In agreement 
with previous studies,9 we found that a Gr93a mutant (Gr93a3) 

Figure 6—Effect of  caffeine on sleep and total consumption in 
Gr93a3 females. (A) Nighttime sleep and (B) 24-hour food intake 
of  Gr93a3 flies on 1% sucrose diet ± 0.5 mg/mL caffeine. Note that 
complementary experiments performed at the same time using the 
control strain, w1118, were reported in Figures 2C and 3B. Values 
represent average ± SEM. n = 16 flies per diet. ****p ≤ .0001.

Figure 5—Correlates of  nighttime sleep in Canton-S females. (A) Relationship between nighttime sleep and absolute caffeine ingestion on 
sucrose diets containing caffeine. (B) Relationship between nighttime sleep and absolute sucrose ingestion for caffeinated versus non-caf-
feinated diets. (C) Relationship between nighttime sleep loss and reduction in food intake resulting from caffeine. Each point represents the 
effect of  caffeine on a single sucrose concentration diet. For (A) and (C), a linear fit and Pearson’s correlation p-value are shown. For (B), a 
one-phase association was used to fit a nonlinear trendline.
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was not responsive to caffeine in short-term taste assays (Figure 
S6). We then measured nighttime sleep and feeding under con-
ditions that supported the greatest effects of caffeine through-
out our study (1% sucrose diet ± 0.5 mg/mL caffeine). Gr93a3 
showed a significant reduction in nighttime sleep with caffeine 
(p < .0001; 1% sucrose = 34.8 ± 1.9 minutes/hour; 1% sucrose 
+ caffeine = 8.1 ± 1.8 minutes/hour) (Figure 6A). However, 
while Gr93a3 flies were insensitive to the taste of caffeine in 
proboscis extension response assays, caffeine still significantly 
reduced 24-hour total consumption (p < .0001; 1% sucrose = 
4.2 ± 0.28 mg/fly; 1% sucrose + caffeine = 1.85 ± 0.14 mg/
fly) (Figure 6B). Similar findings have been reported in Gr66a 
mutants, which are not initially responsive to caffeine8 but show 
reduced total consumption.3

Interestingly, Gr33a1 mutants were not sensitive to quinine 
in short-term assays (Figure S7A),10 but also showed reduced 
24-hour total consumption on diets containing quinine (Figure 
S7B). Overall, these results suggest that postingestive responses 
likely mediate the effects of caffeine and other bitter tastants on 
long-term feeding. While the caffeine concentrations we used 
did not result in fly deaths over the 24-hour assay period, these 
conditions shorten life over long-term exposure (Figure S8), 
suggesting that toxicity might also contribute to Drosophila 
behavioral responses on caffeinated diets.

DISCUSSION
Given the known influence of nutrition on Drosophila sleep24–

29,39, we hypothesized that aversion to caffeine would reduce 
food intake and that this decrease in nutrient ingestion might 
contribute to the sleep-suppressing properties of caffeine in 
flies. By using high-resolution measurements of food intake,33 
we modeled the relationship between absolute sucrose inges-
tion and nighttime sleep as an exponential association. This 
model describes a baseline sleep on starvation medium, a pla-
teau showing maximum sleep with sufficient sucrose inges-
tion, and a rate constant that defines the sensitivity to sucrose. 
Starvation-mediated sleep suppression has generally not been 
studied in conjunction with quantitative nutrient intake meas-
urements, and it will be of interest to determine how genetic 
manipulations that affect the response to starvation24–29 modify 
model parameters. Since our diets contained only sucrose—and 
other nutrients such as protein are known to affect sleep40–42—
future studies might also use our model to quantitatively dissect 
the contribution of various food components, either individu-
ally or synergistically, to fly sleep and determine whether sleep 
is indeed accurately described by a dose-response to nutrients.

Consistent with our hypothesis, caffeine reduced food intake 
using two different feeding assays33,34 and nutrition played a 
strong role in modifying the effect of caffeine on nighttime 
sleep in three fly strains. Intermediate sucrose intake supported 
the greatest effects of caffeine on Drosophila behavior and 
high sucrose ingestion abrogated caffeine-mediated sleep loss. 
It is not straightforward to interpret the absence of an effect 
on nighttime sleep during starvation—sleep may already be 
suppressed to a minimal level such that an additional effect of 
caffeine cannot be measured. Additionally, absolute caffeine 
ingestion is minimized on agar-only medium.

Accounting for the effect of caffeine on absolute sucrose 
ingestion did not explain changes in nighttime sleep, suggesting 
that there is minimal overlap between the mechanisms underly-
ing caffeine-mediated sleep loss and starvation-mediated sleep 
suppression. Hence, total nutrient ingestion is a modifier of the 
sleep-suppressing effect of caffeine but is not predictive of sleep 
loss. Instead, changes in sleep are correlated with changes in 
feeding behavior—larger mismatches between target and actual 
intake due to caffeine lead to a greater sleep loss. We speculate 
that food-related behaviors beyond absolute nutrient ingestion, 
such as meal timing or size, may be the important factors that 
perturb sleep.43,44 Although it is not known if excretion influ-
ences Drosophila sleep, we detected a trend suggesting excre-
tion is increased ~3% on caffeinated diets. Although this trend 
was small, total excretion may be a feeding-related behavior of 
interest in future studies.

Given that the aversive tastants quinine and papaverine act 
similarly to caffeine by interacting with diet to reduce fly sleep, 
we hypothesized that bitter taste sensation mediates the effect 
of these compounds. Surprisingly, a gustatory receptor mutant 
(Gr93a3) that is insensitive to caffeine in electrophysiological 
tests and short-term avoidance assays9 still shows a significant 
nighttime sleep loss and decreased consumption on caffeinated 
diets. This is consistent with another report showing decreased 
consumption of caffeinated food in Gr66a mutants3 and our 
results demonstrating reduced intake of quinine-containing 
medium in a Gr33a mutant, despite previous studies showing 
these flies are unresponsive to caffeine8 or quinine,10 respec-
tively, in short-term taste tests. These results suggest that post-
ingestive mechanisms might regulate long-term food intake in 
response to bitter substances. Since caffeine and other plant-de-
rived compounds are commonly toxic to insects to prevent 
herbivory,45 postingestional malaise to aversive compounds 
might underlie long-term changes in behavior.46 While the con-
centration of caffeine used throughout our experiments caused 
no deaths during the 24-hour test period, 0.5 mg/mL caffeine 
was toxic compared with drug-free controls over a lifetime of 
exposure. Consequently, early effects of caffeine toxicity may 
be evident in our behavioral measures.

Previous studies have identified genetic and neuronal 
manipulations that modulate caffeine responses, and it will 
be insightful to test whether these mechanisms are similarly 
influenced by nutritional factors. The stimulatory effect of 
caffeine in flies requires the vesicular monoamine transporter 
(DVMAT),13 which is needed for synaptic release of dopamine, 
and the D1 dopamine receptor.19 Silencing the paired anterior 
medial (PAM) neurons, a subset of dopaminergic neurons 
activated by caffeine, prevents caffeine-induced sleep loss.13 
Dopaminergic transmission also has ties to sleep- and nutri-
tion-related signaling in the absence of caffeine. Potentiation 
of dopamine signaling with a dopamine transporter (DAT) 
mutant decreases sleep,47 and activating either the tyrosine 
hydroxylase (TH) or PAM neurons causes sleep loss.13,48,49 
PAM and other neurons mediate food- or water-related signals 
during learning,50–53 and sucrose ingestion can both activate 
and inhibit different dopaminergic neurons54 and suppress a 
class of PAM neurons.55 As such, a fine-scale analysis of PAM 
neuronal classes might help us to determine whether there 
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is an overlap in responses to nutrient and caffeine ingestion. 
Future work testing how genes and circuits that respond to 
caffeine also respond to nutritional factors could establish a 
causal link to the stimulatory effects of caffeine in flies and 
may also provide insight into previously identified genetic and 
metabolic differences between mammalian and fly responses 
to caffeine.17,22

In summary, studies on the stimulatory effects of caffeine 
or other drugs in Drosophila should carefully consider the 
impact of feeding behavior. The measure of total consumption 
provides absolute drug ingestion levels and reveals potential 
changes in nutrient intake. Testing multiple diets will also 
determine the nutritional base that supports the most robust 
effects on sleep. This approach has been useful in previous 
studies examining the effect of various additives on food pal-
atability and lifespan.56,57 The optimal diet might be strain-spe-
cific and depend on numerous factors, including innate feeding 
behavior, the nutritional levels suitable for sustaining basal 
sleep, and palatability of the diet or additives. Interestingly, 
the iso31 strain has been featured for its robust circadian 
rhythm58 and preferentially used to show a robust decrease in 
nighttime sleep on caffeinated diets.13 Although it is not clear 
what makes iso31 unique, maximal feeding occurs at higher 
sugar concentrations for iso31 than other lines. Our results 
are consistent with the idea that the greatest sensitivity to caf-
feine would occur on the diet where food intake was maximal. 
Consequently, a careful choice of conditions for each geno-
type might be instrumental in determining Drosophila sleep 
responses to nutrition or drugs.
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