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INTRODUCTION
Sleep is widespread from insects to mammals.1 Longer 

waking periods lead to longer and more intense sleep periods.2 
The fruit fly Drosophila melanogaster exhibits all the behav-
ioral characteristics of mammalian sleep,3 thereby establishing 
Drosophila as a powerful genetic model organism to identify 
novel genes that modulate sleep.4

Sleep does not appear to be controlled by a single locus or 
dedicated genes. Over the past decade, some genes and path-
ways that modulate Drosophila sleep have been identified, 
such as cyclic adenosine monophosphate response-element 
binding protein (CREB),5,6 epidermal growth factor receptor, 
Shaker,2 sleepless,7 the gamma-aminobutyric acid (GABA) re-
ceptor,8 EcR,9 cyclin A,10 and insomniac.11

Approximately 150 clock neurons in the central nervous 
system are divided into three lateral neuron groups—dorso-
lateral neurons (LNds), PDF-positive ventrolateral neurons 
(LNvs) and the fifth small ventrolateral neuron (fifth small 
LNv)—and three dorsal neuron groups—dorsal neurons 1, 
2, and 3 (DN1, DN2, DN3). The LNvs in the circadian neu-
ronal system contribute to sleep regulation by promoting 
wakefulness.12,13 The LNds function in modulating sleep 
suppression during starvation.14 The mushroom body (MB) 
and pars intercerebralis (PI) have also been recently identi-
fied as centers of regulation for sleep and wakefulness in 
Drosophila.15,16
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Neuropeptides are small polypeptide molecules that have a 
wide variety of effects on regulation of development, growth, 
homeostasis, or behavior.17 Recent studies showed that some 
neuropeptides in Drosophila were found to be involved in 
sleep regulation, such as pigment-dispersing factor (PDF),8,12 
amnesiac (amn),18 neuropeptide F (NPF),19 and short neuropep-
tide F (sNPF).6 Insulin is the most extensively studied peptide 
hormone20 and seems to serve as both a neurotransmitter and 
growth factor.21 It affects diverse processes in all multicellular 
organisms, including growth, metabolism, development, re-
production, aging, and stress resistance.22,23 Moreover, the ex-
pression profile of insulin-like peptides (ILPs) is evolutionarily 
conserved among organisms. The insulin-producing cells (IPCs) 
in invertebrates and vertebrates may be derived from a common 
ancestor,24 in which the signaling mechanisms, biochemical 
components, and target tissues all appear to be conserved.25

The D. melanogaster genome contains seven genes encoding 
Drosophila insulin-like peptides (DILPs) 1 through 7, of which 
DILPs 1 through 5 were predicted to be most closely related to 
mammalian insulin,26,27 whereas DILP6 and DILP7 were pre-
dicted to be more similar to insulin-like growth factor 1 and re-
laxin (respectively) in vertebrates.26,28 These dilps are expressed 
in diverse spatiotemporal patterns during development, sug-
gesting their different and multiple functions.25 dilp2 displays the 
highest messenger RNA (mRNA) expression, and it can rescue 
various phenotypes caused by ablation of insulin producing cells 
(IPCs).29 The Drosophila insulin receptor (DInR), highly similar 
to human InR (hInR), is a membrane-spanning tetrameric protein 
(α2β2).30 Essential for Drosophila development, it is expressed in 
the fat body surrounding the adult brain and in the corpora al-
lata (CA).31 Once insulin binds to specific regions in the α sub-
unit of DInR, the β subunit is activated by a rapid conformational 
change. This in turn causes intracellular autophosphorylation on 
β subunits, which initiates tyrosine kinase activity of the receptor 
to activate the insulin signaling pathway.26
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The ILPs and InR have been identified as conserved and ubiq-
uitous in multicellular animals.21 They have been implicated in 
controlling a wide range of physiological activities.32 Insulin 
and nutrient level have been reported to be involved in regula-
tion of sleep in Caenorhabditis elegans and D. melanogaster, in 
which day and night sleep are differentially regulated by nutrient 
level and distinct mechanisms.26,27,33 However, the role of ILPs in 
regulation of sleep is still largely unexplored, and therefore we 
undertook further analysis of this role, as presented herein.

MATERIALS AND METHODS

Fly Strains and Rearing
In this study, wild type and mutant strains of D. melano-

gaster were used, including: yw and w1118, w[1118]; Ilp1[1], 
w[1118]; Ilp2[1], w[1118]; Ilp3[1], w[1118]; Ilp4[1], w[1118]; 
Ilp5[1], w[1118]; Ilp6[41], w[1118]; Ilp7[1], w[1118]; InRGC25/+, 
GMR28E02-gal4 (insulin receptor driver), tim-gal4, UAS-InRdel 
(expressing a constitutively active DInR) and UAS-mCD8-GFP 
[expressing green fluorescent protein (GFP)]. The Insulin recepor 
mutant (InR/+) must be tested as a heterozygote because the 
homozygote is lethal. All these lines were purchased from the 
Bloomington stock center, and the Ilp mutants were generated 
by ends-out homologous recombination or (for Ilp6) overlapping 
deficiencies, and all mutants are loss-of-function as verified by 
Gronke et al.34 The pdf-gal4 was from Dr Rouyer’s laboratory 
(INSERM, France) and dilp2-gal4 and UAS-dilp2(II) was from 
Dr Ping’s laboratory (University of Georgia, Athens, GA). Flies 
were reared at 25°C and 65% relative humidity on a standard 
cornmeal-yeast-agar medium in a 12 h light/12 h dark cycle.

Sleep Analysis
Three- to five-day-old male flies were housed in monitor 

tubes (5[W] × 65[L] mm) with fly food. Experiments were 
performed in an incubator at a temperature of 25 ± 1°C and 
a relative humidity of 60% ± 5%. Lights were turned on at 
Zeitgeber (ZT) 0 (local time 06:30) and off at ZT12 (local time 
18:30). The sleep activity was recorded using the Drosophila 
Activity Monitoring System (Trikinetics, Waltham, MA). A 
sleep bout was defined as 5 min or more of behavioral immo-
bility. The waking activity was calculated by dividing the total 
activity counts during the observation period by the length of 
the wake period. The details for the experimental protocol and 
data analysis were described by Chen.6

Immunofluorescence Analysis
Adult brains from dilp2-gal4 > UAS-mCD8-GFP flies were 

dissected in chilled phosphate buffered saline (PBS, pH 7.4), 
fixed by immersion in ice-cold 4% paraformaldehyde in PBS 
at room temperature for 2 h, and then rinsed for 3 × 15 min 
in PBS with 0.5% Triton X-100 (PBST). The brain samples 
were analyzed with Nikon ECLIPSE TE2000-E and Nikon D-
ECLIPSE (Nikon, Japan) confocal microscopes. Confocal im-
ages were obtained at an optical section thickness of 1–2 µm 
and finally analyzed with Image J. Staining intensity of NPF 
was calculated and normalized as described.6

In order to explore the relationship between DILP neu-
rons and clock neurons, pdf-gal4 > UAS-mCD8-GFP or tim-
gal4 > UAS-mCD8-GFP fly brains were dissected quickly in 

dim light. Then samples were fixed and incubated with rabbit 
polyclonal anti-DILP2 as a primary antibody and anti-rabbit 
TRITC-tagged antibody (diluted 1:300) as a secondary anti-
body. Then brains were viewed under a laser-scanning con-
focal microscope (Nikon ECLIPSE TE2000-E and Nikon 
D-ECLIPSE, Japan), with an optical section thickness of 
1–2 µm.

Effects of Food Deprivation on dilp2 Levels
For food deprivation experiments, 4-day-old wild type 

(w 1118) flies were loaded into tubes containing standard fly food 
for 1 day of acclimation. Flies were then transferred at ZT0 
(start of lights on, Day 2) to a tube containing either standard 
fly food (ad libitum control) or 0.5% agarose. Flies were main-
tained at 25°C with 12:12 LD cycles. Control and treated flies 
after fasting for different times were analyzed by quantitative 
(q)RT-PCR, separately at ZT6, ZT12, ZT18, and ZT24.

For qRT-PCR, total RNA was extracted from the heads 
using Trizol reagents (Qiagen, Germany) and complementary 
DNA was synthesized using a Quantscript RT kit (Qiagen, 
Germany). D. melanogaster actin was used as an internal 
standard. The primers for amplifying dilp2 and actin were as 
follows: dilp2 For (5′-CTCAATCCCCTGCAGTTTGT-3′) and 
dilp2 Rev (5′-CTCTCCACGATTCCTT GCC-3′), and actin 
For (5′-CA GAGCAAG CGTGGTATCCT-3′) and actin Rev 
(5′-CTCATT GTAGAAGGTGTGGTGC-3′). qRT-PCR was 
performed using thermal cycling conditions for dilp2 as fol-
lows: 95°C for 2 min, followed by 40 cycles of 95°C for 15 sec, 
57°C for 25 sec, and 68°C for 35 sec. For each time point, three 
independent replicates were analyzed.

Data Analysis
Statistical analysis was performed with SPSS version 11.5 

(SPSS, Chicago, IL). P values were obtained with one-way 
analysis of variance and considered significantly different at 
P < 0.05 and extremely different at P < 0.001.

RESULTS

Effects of Seven DILPs and DInR Deficient Mutants on Sleep
In order to determine whether the DILP system is involved 

in regulation of sleep, we analyzed mutants of all seven dif-
ferent insulins (from insulin 1–7) and the insulin receptor 
(DInR; InR[GC25]). Under photoperiod 12 light/12 dark cycles, 
loss of any of the seven types of DILPs (except for DILP4) 
and the insulin receptor significantly decreased the total sleep 
amount during the daytime, principally caused by reduction of 
sleep bout duration (Figure 1A–1D), and DILP3 also caused a 
significant reduction during the nighttime (Figure 1A). Under 
constant darkness (DD) condition, loss of all of them (except 
for DILP4) also caused a decrease of total sleep during day-
time, mainly caused by reduction of the sleep bout duration 
(Figure 2A–2D), and DILPs 2, 3, 5, and 7 mutants showed 
lower rhythmicity, with reductions of about 24%, 63%, 25%, 
and 34%, respectively (Table 1). However, waking activity 
was not significantly affected between the controls and the mu-
tants, indicating the effects on sleep are independent of waking 
activity (Figure 1E and Figure 2E). All these results above 
showed that DILP system has an action on Drosophila sleep.
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DILP2 is Expressed in Several Neurons in the Brain, Including 
in Clock Neurons That Have Not Been Previously Described as 
Sites of Expression

To determine the cells of the brain that could release insulin 
to regulate sleep, we analyzed DILP2 because it is widely ex-
pressed in the brain. We mapped the DILP2 neurons in the 
adult brain by specific expression of green fluorescent protein 
(GFP) with a dilp2-gal4 driver. We identified the known IPCs 
distributed in the median nerve secretory cell (MNC),35 and 
found four new sets of brain neurons expressing dilp2. They 
were classified into one posterior group (P1), one dorsal group 
(D1), and two lateral groups (L1 and L2) based on the positions 
and neurite arborization patterns in brains (Figure 3). DILP2 
was detected consistently in MNC, P1, D1, and L1 neurons in 

100% of 23 studied individual brains, and in L2 neurons in 
56.5% of 23 studied individual brains (Table 2). Further in-
spection revealed that P1, D1, and L1 consisted of single neu-
rons per brain lobe, whereas the MNC groups ranged from five 
to eleven cells (average of 8.33 ± 2.17) and the L2 group from 
one to three cells (average of 1.88 ± 0.22) (Table 2).

Furthermore, we determined the relationship between 
DILP2 neurons and circadian clock neurons. By using double 
immunofluorescence, fly brains expressing GFP (green) driven 
separately by pdf- and tim-gal4 as markers for the LNvs (in-
cluding l-LNvs and s-LNvs) and all clock neurons (including 
the LNds), respectively, were constructed. Then, DILP neu-
rons (red) in the brains were detected using an anti-DILP2 an-
tibody. Results showed that the L1 and L2 neurons expressing 

Figure 1—Sleep behavior of mutants of different insulin peptides and 
receptor under light-dark (LD) conditions. (A) Sleep profiles of the 
control and insulin and receptor mutant flies. A daily time course (30-min 
intervals) of the amount of sleep was recorded for the mutant flies and 
control (wild-type, WT) flies (n = 64 for each group). (B–E) The total 
sleep amount, sleep bout duration, number of sleep bouts and waking 
activity during the day (ZT 0–12) were calculated separately in male 
flies. The x axis indicates light periods of LD, respectively. *P < 0.05; 
**P < 0.01; ***P < 0.001.

Figure 2—Sleep behavior of mutants of different insulin peptides 
and receptor under constant darkness (DD). (A) Sleep profiles of the 
control and insulin and receptor mutant flies. Daily time course (30-min 
intervals) of the amount of sleep was recorded for the mutant flies and 
control (wild-type, WT) flies (n = 64 for each group). (B–E) The total 
amounts of sleep, the sleep bout duration, number of sleep bouts, and 
waking activity during the day (ZT 0–12) were calculated separately in 
male flies. The x-axis indicates subjective day and subjective night of 
DD, respectively. *P < 0.05; **P < 0.01; ***P < 0.001.
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DILP2 were colocalized with the dorsal lateral neurons 
(LNds) (Figure 4C and 4D) and ventral lateral neurons (LNvs) 
(Figure 4A and 4B), respectively.

Effects of DILP2 and DInR in Clock Neurons and Other Neurons 
on Sleep

From previous reports, the LNd and LNv clock neurons are 
involved in sleep regulation.36 To determine the sleep actions of 
DILP2 in clock and all dilp-expressing neurons, we used pdf-
gal4, which drives gene expression in all large LNvs (l-LNvs) 

and 4 small LNvs (s-LNvs) neurons in the fly brain, cry-gal4, 
which drives gene expression in some LNds, DN1, and LNvs,37 
and dilp2-gal4, which drives gene expression in the dilp2-ex-
pressing neurons. Upregulated expression of dilp2 in dilp2 and 

Table 1—Activity rhythms of null mutants in constant darkness.

Genotype Total Flies Rhythmic Flies (%) Period (h) Power
WT 57 92.90% 24.25 ± 0.21 57.4 
ilp1[1] 39 89.70% 24.03 ± 0.68 54.1 
ilp2[1] 32 68.80% 23.66 ± 0.76 36.5 
ilp3[1] 30 30.00% 25.94 ± 1.67 21.1 
ilp4[1] 38 84.20% 24.30 ± 0.08 50.0 
ilp5[1] 34 67.60% 24.25 ± 0.80 57.6 
ilp6[41] 31 100.00% 24.40 ± 0.10 74.3 
ilp7[1] 39 59.00% 24.24 ± 0.77 43.4 
InR[G25]/+ 60 85.70% 24.21 ± 0.23 59.3

Ilp, insulin-like peptide; InR, insulin receptor; WT, wild type.

Figure 3—Localization of Drosophila insulin-like peptides (DILP) neurons 
in adult brains. DILP neurons labeled by expressing green fluorescent 
protein (GFP) through a dilp2-Gal4 driven GFP reporter in whole-mount 
brains. Panels 1 through 7 are the enlarged neurons from the whole-
mount figure. Specific neurons are indicated by arrows. Scale bars show 
100 µm for the whole-mount figure and 30 µm for all detailed figures.

Figure 4—Double immunofluorescence of Drosophila insulin-like 
peptides (DILP) neurons and clock neurons. (A) Projections of the whole 
brain were observed, pdf-gal4;;UAS-mCD8-GFP brains were stained 
with anti-DILP2 antibody. Green cells are the PDF neurons (the LNvs), 
red cells are the DILP2 neurons, and yellow cells exhibit co-localization 
between both signals. (B) Magnified views of merged regions in A, 
revealing colocalization of L2 and LNvs (s-LNvs and l-LNvs) in some of 
the cell bodies in which the two are expressed. (C) Localization of L1 and 
L2 neurons (red) with the LNd and LNv (respectively) (tim-gal4;;UAS-
mCD8-GFP). (D) Higher magnifications of lateral segments of the whole 
brain in B, revealing colocalization of L1/LNds and L2/LNvs.



SLEEP, Vol. 38, No. 7, 2015 1079 Regulation of Sleep by Insulin System—Cong et al.

cry neurons significantly increased the total sleep both during 
the daytime and nighttime, caused by an increase of sleep bout 
duration under both LD and DD cycles (Figure 5A and 5B and 
Figure 6A and 6B). But upregulated dilp2 in pdf neurons signif-
icantly increased the total sleep only during the daytime under 
both LD and DD conditions (Figure 5C and Figure 6C). Re-
sults also showed that upregulated dilp2 flies exhibited a higher 
rhythmic percentage in DD (Table 3). Moreover, upregula-
tion of the insulin receptor (DInR) in its endogenous neurons 
driven by the GMR28E02-gal4 (a dinr driver) had similar ef-
fects on the sleep pattern as upregulation of DILP2 (Figure 7). 
In contrast with the sleep bout duration, waking activity was 
also not significantly affected by gain of dilp2 and DInR func-
tion (Figures 5–7). All the aforementioned results show DILP2 
regulates sleep, with the LNvs mainly controlling sleep during 
the daytime. The regulation of total sleep is mainly through the 
control of the sleep bout duration.

To be sure that the binary expression approach (GAL4 > UAS) 
was overexpressing the responder gene, we measured the 
mRNA levels of the responder gene in each transgenic line 
through quantitative reverse transcription-polymerase chain 
reaction (RT-PCR), and thereby validated the transgenic 
system because the responder genes were overexpressed (see 
Figure S1, supplemental material).

Food Deprivation Reduces dilp2 Level
After the flies had fasted for 6 h, dilp2 levels in wild type 

flies started to significantly decrease compared to controls. 
The dilp2 levels after fasting 6, 12, 18, and 24 h decreased 
36.85% (P < 0.001), 48.71% (P < 0.001), 49.25% (P < 0.001), 
and 44.22% (P < 0.001), respectively (Figure 8). These results 
are consistent with a previous report that starvation inhibits 

sleep,14 further indicating that the dilp system is involved in 
sleep regulation.

DISCUSSION
Here, we used genetic and molecular analysis in adult flies 

to show that insulin (principally dilp2) and its receptor regulate 
sleep, because loss-of-function mutants sleep less and gain-of- 
function mutants sleep more. Interestingly, Metaxakis et al.38 
found that loss-of-function mutations in multiple dilp genes 
(dilp2-3,5, a long-lived Drosophila strain) led to decreased day 
sleep but also increased night sleep, and night and day sleep 
were regulated through distinct mechanisms.26,27 This means 
that dilp single gene mutants probably did not reduce total ILPs 
enough to initiate signaling of night sleep in this study.

Sleep circuits are intimately linked to the circadian system, 
thereby ensuring the appropriate times for sleep and wake. 
Sleep homeostatic and circadian regulation have been shown 
to be controlled by an intricate neuronal circuitry involving the 
circadian clock neurons, the MB, and the PI.6 Mice with clk 
and bmal mutations (especially bmal loss of function) showed 
impaired glucose tolerance and reduced insulin secretion,39 in-
dicating that the clock genes regulate insulin secretion.

Previous studies have identified only one group of DILP cells, 
the MNCs (including PIs), in larval brains.31,40 In this study, we 
identified several more in adult brains. Our observation of addi-
tional cells is probably because the LNds and l-LNv are not typi-
cally seen in larvae. Here in adult brains, we found four more 
DILP-secreting neurons—the P1, D1, L1, and L2 neurons (Figure 
3)—stably expressing DILP. By colocalizing DILP2 with pdf-
gal4 and tim-gal4 expression, we found that the L1 and L2 neu-
rons expressing DILP actually are the clock neurons LNds and 
LNvs, respectively (Figure 4). The LNvs promote wakefulness 

Table 2—Distribution of Drosophila insulin-like peptide 2 neurons in adult brains.

Neurons (n = 23) Mean (number per individual brain) Range (per individual brain) Percentage (%)
MNCs 8.33 ± 2.17 5–11 100.0
P1 1.00 1 100.0
D1 1.00 1 100.0
L1 1.00 1 100.0
L2 1.88 ± 0.22 1–3 56.5

MNC, median nerve secretory cell.

Table 3—Activity rhythms of flies with up regulated dilp and dInR in DD.

Genotype Total Flies Rhythmic Flies (%) Period (h) Power
dilp2-gal4/UAS-dilp2 63 96.60% 24.1 ± 0.84 51.8
dilp2-gal4/+ 52 98.40% 24.25 ± 2.27 90.1
UAS-dilp2/+ 59 96.40% 24.01 ± 0.86 55.4 
cry-gal419/UAS-dilp2 58 87.50% 24.16 ± 1.21 35.9 
cry-gal419/+ 40 81.40% 24.21 ± 1.43 56.2 
pdf-gal4/UAS-dilp2 57 78.10% 24.13 ± 1.17 38.2 
pdf-gal4/+ 64 100.00% 24.02 ± 0.20 72.5 
GMR28E02-gal4/UAS-InR(del) II 31 90.30% 24.11 ± 0.89 60.4 
GMR28E02-gal4/+ 30 68.75% 24.18 ± 1.67 53.6 
UAS-InR(del) II/+ 32 84.40% 24.10 ± 0.48 51.4 
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controlled by the GABA receptor and PERIOD protein.13,41 The 
LNds suppress sleep during starvation.14 Our data show that 
the LNvs mostly regulate daytime sleep and the LNds mostly 
regulate nighttime sleep. We also found that upregulation of 
the dilp system (both dilp and dInR) increase both daytime and 

nighttime sleep, whereas lowered signaling through this system 
has some effects on nighttime sleep but the daytime effects are 
more prominent, indicating that day sleep is more sensitive to 
insulin signaling. Furthermore, a previous study showed that 
starvation inhibits sleep.14 In this study, we found that starvation 

Figure 5—Sleep behavior of the Drosophila insulin-like peptides (DILP)2 gain-of-function flies in a light-dark (LD) cycle. (A) Results for DILP2 expression 
driven by dilp2-gal4. (B) Results for DILP2 expression driven by cry-gal4. (C) Results for DILP2 expression driven by pdf-gal4. The total sleep amounts, 
sleep bout durations, number of sleep bouts during the day (ZT 0–12) and night (ZT 12–24), and waking activity were calculated separately. Horizontal white 
and black boxes along the x-axis indicate light and dark periods of LD, respectively. (n = 62 for each group) **P < 0.01; ***P < 0.001.



SLEEP, Vol. 38, No. 7, 2015 1081 Regulation of Sleep by Insulin System—Cong et al.

for 6 h or more caused a significant decrease in dilp2 mRNA 
(Figure 8). All these data indicate DILP2 is involved in the rela-
tionship between food deprivation and sleep.

In this study, we found that loss of most dilps could reduce 
sleep. However, its receptor has been reported to have only 

one in Drosophila, which means that all dilps work probably 
through the same receptor. From Figures 1 and 2, we found 
that only the heterozygous (InR[GC25]/+) dilp receptor mu-
tants did reduce sleep more than any single dilp mutant, espe-
cially on the sleep bout duration. In addition, different dilps are 

Figure 6—Sleep behavior of the Drosophila insulin-like peptides (DILP)2 gain-of-function male flies in a constant darkness (DD) condition. (A) Results for 
DILP2 expression driven by dilp2-gal4. (B) Results for DILP2 expression driven by cry-gal4. (C) Results for DILP2 expression driven by pdf-gal4. The total 
sleep amounts, sleep bout durations, number of sleep bouts during the subjective day (CT 0–12) and subjective night (CT 12–24) and waking activity were 
calculated separately. Horizontal white and black boxes along the x-axis indicate subjective day and night periods of DD, respectively. (n = 62 for each 
group). *P < 0.05; **P < 0.01; ***P < 0.001.
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expressed in diverse spatiotemporal patterns, suggesting their 
actions at different time and sites.25 However, it seems to be 

more complicated because these dilps may partially work to-
gether or work independently at different times. The temporal 
and spatial requirements for dilp function will be addressed by 
further work in the future.

DILP (mainly DILP2 in our experiments) is transferred to 
the corpus cardiacum/corpus allatum (CC/CA) ring gland 
complex through long axons.40 In addition, the receptor DInR 
has also been found in the endocrine cells of the CA in adult 
Drosophila bodies, where important hormones, such as juve-
nile hormone (JH), are synthesized and released.42 Specifically 
knocking down DInR in the CA downregulates the expression 
of 3-hydroxy-3-methylglutaryl CoA reductase (HMG-COAR), 
a key enzyme in JH synthesis, resulting in an 80% decrease in 
the level of JH.43 Taking this into account, it can be concluded 
that the DILP/DInR system, which is regulated by the clock 
neurons LNds and LNvs, may serve as a key regulator of the 
neuroendocrine system, and may play roles in the synthesis 
and release of JH. Thus, sleep could be regulated by interac-
tion of these aforementioned factors. However, DILP has also 
been detected in other types of brain neurons, indicating that 
DILP is a multieffector involved in other functions, such as 
feeding behavior and growth.21,28

Figure 7—Sleep behavior of the Drosophila insulin-like receptor (DInR) gain-of-function male flies in light-dark (LD) and constant darkness (DD) conditions. 
(A) Results for DInR endogenous expression driven by GMR28E02-gal4 in LD cycle. (F) Results for DInR endogenous expression driven by GMR28E02-
gal4 in DD condition. (A–E) Total sleep amounts, sleep bout durations, number of sleep bouts during the day (ZT 0–12) and night (ZT 12–24), and waking 
activity were calculated separately. Horizontal white and black boxes along the x-axis indicate light and dark periods of LD (A–E), respectively (n = 58 for 
each group). **P < 0.01; ***P < 0.001. (F–J) Horizontal gray and black boxes along the x-axis indicate subjective day and night periods of DD, respectively 
(n = 58 for each group) *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 8—Starvation reduces Drosophila insulin-like peptide (dilp) level 
analyzed by quantitative polymerase chain reaction (qPCR). Profile of 
dilp level by qPCR in starved and unstarved flies. The 4-day-old wild-
type (w118) flies were deprived for 24 h starting at Zeitbeger time (ZT) 0. 
The x-axis represents the ZT. RNA levels are normalized to the amount 
present in the flies at ZT0. Data were collected every 6 h. Error bars 
indicate the standard error of the mean from three independent replicates.
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SUPPLEMENTAL MATERIAL

Figure S1—Assays of dilp2 levels to verify the GAL4/UAS system. (A) UAS-dilp2/dilp-Gal4, UAS-dilp2/+ and dilp-Gal4/+. (B) UAS-dilp2/cry-Gal4, UAS-
dilp2/+ and cry-Gal4/+. (C) UAS-dilp2/pdf-Gal4, UAS-dilp2/+ and pdf-Gal4/+. (D) UAS-InR(del)/GMR28E02-gal4, UAS-InR(del)/+ and GMR28E02-gal4/+. 
The quantitative polymerase chain reaction assays from adult heads were explored at two time points in all tested strains. Levels were normalized relative 
to actin. *P < 0.05; **P < 0.01; ***P < 0.001, and the bar heights indicate mean values ± standard error of the mean.


