CCAP regulates feeding behavior via the NPF pathway
in Drosophila adults
Michael J. Williamsa,1, Mehwish Akrama,b, Deimante Barkauskaitea, Sourabh Patila, Eirini Kotsidoua, Sania Khedera,
Giovanni Vitalec, Monica Filaferrod, Simone W. Blemingsa, Giulia Maestria, Noor Hazima, Anna Valeria Vergonid,
and Helgi B. Schiötha,e
a
Functional Pharmacology, Department of Neuroscience, Uppsala University, 751 24 Uppsala, Sweden; bSchool of Biological Sciences, University of the
Punjab, 54590 Lahore, Pakistan; cDepartment of Life Sciences, University of Modena and Reggio Emilia (RE), 41125 Modena, Italy; dDepartment of
Biomedical, Metabolic and Neural Sciences, University of Modena and RE, 41125 Modena, Italy; and eInstitute for Translational Medicine and Biotechnology,
Sechenov First Moscow State Medical University, Moscow 119435, Russia

The intake of macronutrients is crucial for the fitness of any animal
and is mainly regulated by peripheral signals to the brain. How
the brain receives and translates these peripheral signals or how
these interactions lead to changes in feeding behavior is not
well-understood. We discovered that 2 crustacean cardioactive
peptide (CCAP)-expressing neurons in Drosophila adults regulate
feeding behavior and metabolism. Notably, loss of CCAP, or knocking
down the CCAP receptor (CCAP-R) in 2 dorsal median neurons,
inhibits the release of neuropeptide F (NPF), which regulates feeding behavior. Furthermore, under starvation conditions, flies normally have an increased sensitivity to sugar; however, loss of
CCAP, or CCAP-R in 2 dorsal median NPF neurons, inhibited sugar
sensitivity in satiated and starved flies. Separate from its regulation of NPF signaling, the CCAP peptide also regulates triglyceride
levels. Additionally, genetic and optogenetic studies demonstrate
that CCAP signaling is necessary and sufficient to stimulate a reflexive feeding behavior, the proboscis extension reflex (PER), elicited
when external food cues are interpreted as palatable. Dopaminergic
signaling was also sufficient to induce a PER. On the other hand,
although necessary, NPF neurons were not able to induce a PER.
These data illustrate that the CCAP peptide is a central regulator
of feeding behavior and metabolism in adult flies, and that NPF
neurons have an important regulatory role within this system.
feeding behavior
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during nutrient starvation, neuropeptide F (NPF) regulates a
dopaminergic to Gr5a pathway to increase sugar sensitivity in
Drosophila adults, while short neuropeptide F (sNPF) signals to
Gr66-expressing GRNs to reduce the inhibition to bitter taste as
starvation progresses (15). Although it is understood that NPF
receptor-expressing neurons are negatively regulated by insulinlike peptides in larvae (21), which neuropeptides or hormones
control NPF signaling in adults is not clear.
Until recently, it was believed that crustacean cardioactive
peptide (CCAP) neurons were critical for proper larval and pupal
ecdysis in Drosophila, as well as maintaining the rhythm of adult
ecdysis (eclosion) (22–25). In brief, eclosion hormone (EH) regulates CCAP release within the larval central nervous system and,
along with bursicon, a copeptide released from CCAP neurons, it
was thought that CCAP initiated ecdysis and shut off preecdysis
(23). Recently, the involvement of CCAP in the ecdysis process
has come under question, as CCAP-null mutants produce normal
adults, with no apparent defects in ecdysis or postecdysis (22).
Interestingly, within 24 h of eclosion, most CCAP-expressing
neurons undergo programmed cell death and only a pair of neurons in the dorsal median region of the protocerebrum remain in
the adult (26). No information has been published on a possible
function for these 2 remaining adult CCAP neurons.
While the CCAP neuropeptide has been extensively studied in
the regulation of ecdysis (22–25), its function in Drosophila adults
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balanced intake of macronutrients is essential for the fitness
of any organism. Deficient intake of macronutrients can
cause several problems, such as reduced energy, growth defects,
hypoglycemic seizures, and liver or heart damage (1–3). On the
other hand, high-sugar intake possibly leads to decreased insulin
sensitivity, high-protein consumption leads to kidney disease,
and a high-fat diet can cause chronic inflammation, which itself
can lead to type 2 diabetes (4–8). While many known regulators
of food intake have been implicated in affecting macronutrient
consumption, such as neuropeptide Y (NPY), proopiomelanocortin, and galanin, this topic has been difficult to study and various research groups have used different conditions for testing
macronutrient selection (9–11). For example, depending on the
experimental setup, galanin has been shown to either increase
total caloric intake in rats, independent of which macronutrient
was presented, or to give a preference for a high-fat diet, with no
change in caloric intake (12–14). Consequently, how physiological
conditions affect macronutrient intake and interact with the
neuronal pathways that determine macronutrient consumption are
not well-understood.
In Drosophila, palatable food cues are detected by gustatory
receptor neurons (GRNs) expressing gustatory receptor 5a (Gr5a)
and gustatory receptor 64f (Gr64f), while toxic compounds, such
as bitter substances and high-salt concentrations, are detected
by Gr66-expressing GRNs (15–20). Recently, it was shown that
www.pnas.org/cgi/doi/10.1073/pnas.1914037117
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has not been explored. Moreover, although there are indications
in other species that CCAP may play a role in the regulation of
food uptake, direct evidence is lacking (27, 28). We employed
extensive genetic, optogenetic, and behavioral techniques to investigate the role of CCAP in adult flies. Using genetic manipulation, we determined that a small subpopulation of CCAP-R–
expressing NPF neurons regulate feeding behavior in adults.
Our data further suggest that the CCAP neuropeptide also
regulates metabolism in Drosophila adults.
Results
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CCAP Receptor Expressed in NPF Neurons. Starvation increases
sugar taste sensitivity in Drosophila, partly through the activation
of NPF neurons (15). Currently, it is not understood which
neuropeptides regulate NPF neurons under starvation conditions. To look for genes that may regulate NPF signaling, the
FlyLight database (29) was searched for available GAL4 lines
having an expression pattern similar to NPF-expressing neurons.
The GAL4 line R64F05 appeared to express in a pattern reminiscent of 2 dorsal median NPF-expressing neurons, designated
P1 neurons (30). R64F05-GAL4 was produced by cloning a
3,563-bp fragment from a noncoding region upstream of CCAP-R
to drive GAL4 expression (Fig. 1A, green line). To examine the
expression pattern, R64F05-GAL4 flies were crossed with UASGFP and the brains of 5- to 9-d-old F1 generation adult males
were costained for green fluorescent protein (GFP) (Fig. 1B,
green) and NPF expression (Fig. 1C, magenta). This revealed that
R64F05-GAL4 was exclusively expressed in the dorsal median P1
NPF-expressing neurons (Fig. 1D, overlapping expression seen as
white). Two other GAL4 drivers (R64B05 and R64C11), produced
by cloning DNA from around the CCAP-R gene, with expression
patterns that appeared to overlap dorsal median P1 or dorsal
lateral L1-I NPF neurons (Fig. 1A), were also tested. Neither
driver showed expression that corresponded to any NPF neurons
(SI Appendix, Fig. S1 A and B) (30).
To determine if CCAP-expressing neurons could be innervating NPF neurons, the brains of 5- to 7-d-old adult males,
expressing GFP in an NPF neural pattern (NPF-GAL4>UASGFP), were costained for CCAP (Fig. 1E, magenta) and GFP (Fig.
1F, green) expression (31). Two CCAP neurons (Fig. 1 E and G)
were evident that sent projections toward the 2 dorsal median P1
NPF neurons (Fig. 1 F and G and Movie S1). By examining the
CCAP neural staining in a transverse orientation, it became evident
that the CCAP neuronal projections extended throughout the superior medial protocerebrum (Fig. 1H and Movie S2). Furthermore, the projections seemed to track close to the dorsal median P1
NPF neuronal cell bodies (Fig. 1 I and J). Other CCAP expression
observed in the brain was most likely background staining, as it
was still visible in equally aged CCAPexc7 null males (SI Appendix,
Fig. S1C, arrows, and Movie S3).
CCAP Signaling Regulates NPF Neural Activity. Given that R64F05GAL4 was only detected in P1 NPF neurons, we wanted to understand if dorsal median (P1) and dorsal lateral (L1-I) NPF
neurons reacted differentially under starvation conditions (29).
To do this, brains from wild-type male flies, which had undergone either acute (3, 6, and 9 h) or chronic (24 h) starvation,
were stained for NPF expression. After 24-h starvation, NPF
expression was significantly lower in the dorsal median P1 neurons (Fig. 2 D and E), when compared with flies fed ad libitum
(Fig. 2 A and E) (30). In contrast, NPF expression in the dorsal
lateral L1-I neurons was significantly higher in flies starved for
9 h (Fig. 2 C and F) but returned to fed levels by 24-h starvation
(Fig. 2 D and F) (30). Studying the CCAP neurons revealed a
significant reduction in CCAP peptide expression at the 9-h
starvation time point (SI Appendix, Figs. S2 and S3).
Next, we used NPF-GAL4 (30, 32) to lower CCAP-R expression, via UAS-CCAP-RRNAi, and repeated the NPF staining under
7402 | www.pnas.org/cgi/doi/10.1073/pnas.1914037117

Fig. 1. Branches of CCAP neurons superimpose NPF neuron cell bodies. (A)
Structure of the Drosophila CCAP-R genomic region; blue boxes indicate
CCAP-R exons and blue lines indicate introns. Black arrows with corresponding
CG numbers above indicate other genes in the region. Sequences cloned to
drive GAL4 expression are indicated as black lines with the corresponding
FlyLight number above. The genomic sequence used for R64F05-GAL4 is indicated as a green line. (B–D) Dissected R64F05-GAL4;UAS-GFP male adult
brains (5 to 9 d posteclosion) were costained with (B) anti-GFP (green) and (C)
anti-NPF (magenta). (D) White in the merged picture indicates overlapping GFP
(R64F05) and NPF expression. (Scale bar, 50 μm.) Pictures show a representative
Z stack, which includes 40 (2-μm) slices. (E–G) Z projection of (E) CCAP (magenta) and (F) GFP (green; NPF-GAL4;UAS-GFP) neurons in dissected male adult
brains (10 to 12 d posteclosion). (G) Merged picture showing CCAP (magenta)
and GFP (green; NPF) expression. (Scale bar, 50 μm.) The picture is representative of a Z stack, which includes 40 (2-μm) slices. (H–J) Transverse Z projection
of (H) CCAP (magenta) and (I) GFP (green; NPF-GAL4;UAS-GFP) neurons in
dissected male adult brains (10 to 12 d posteclosion). (J) Merged picture
showing CCAP (magenta) and GFP (green; NPF) expression. (Scale bar, 50 μm.)

starvation conditions. When CCAP-R expression was inhibited in
NPF neurons there was significantly more NPF expressed in the 2
dorsal median P1 neurons under ad libitum feeding, as well as at
the 3-, 6-, and 24-h starvation time points (Fig. 2 G–K). No significant effect was observed in the dorsal lateral L1-I NPF neurons
(Fig. 2 G–J and L). We repeated the experiment using adult male
CCAP nulls (CCAPexc7) (22). Similar to knocking down CCAP-R
in the P1 NPF neurons, loss of CCAP expression in the brains of
adult males significantly increased NPF expressed in the 2 dorsal
median P1 NPF neurons at the 9- and 24-h starvation time points
(SI Appendix, Fig. S4 A–E), while having no effect on the dorsal
lateral L1-I NPF neurons (SI Appendix, Fig. S4 A–D and F). To
understand if CCAP was sufficient to activate NPF neurons,
CCAP-GAL4 was crossed to UAS-TrpA1 (CCAP-GAL4>UASTrpA1) (24). TrpA1 is a heat-activated thermosensitive cation
channel (33). Expressing TrpA1 in CCAP neurons, and maintaining flies fed ad libitum at 29 °C, was sufficient to significantly
reduce NPF expression in the 2 P1 dorsal median neurons (SI
Appendix, Fig. S5). Interestingly, activating CCAP neurons in flies
fed ad libitum significantly increased NPF expression in the dorsal
lateral L1-I neurons (SI Appendix, Fig. S5).
Williams et al.
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Fig. 2. CCAP regulates CCAP-R–expressing NPF neurons. (A–D) Close-up of
NPF neurons in whole Drosophila male brains, 5 to 9 d posteclosion, visualizing
NPF expression after various times of starvation. (Scale bar, 50 μm.) (E and F)
Relative NPF immunofluorescence expression levels in fed flies and after various times of starvation. (E) P1 (dorsal median) NPF neurons. (F) L1-I (dorsal
lateral) NPF neurons. NPF neurons of 10 to 12 brains for each condition were
investigated (*P < 0.05, ***P < 0.005; initially, a Kolmogorov–Smirnov test of
normality was performed before a one-way ANOVA with Tukey’s post hoc test
for multiple comparisons between all samples). (G–J) Close-up of NPF neurons
in whole Drosophila male brains, control (NPF-GAL4>w1118) and experimental
(NPF-GAL4>UAS-CCAP-RRNAi), 5 to 9 d posteclosion, visualizing NPF expression
after various times of starvation. (Scale bar, 50 μm.) (K and L) Relative NPF
immunofluorescence expression levels in fed flies and after various times of
starvation. (K) P1 (dorsal median) NPF neurons. (L) L1-I (dorsal lateral) NPF
neurons. NPF neurons of 10 to 12 brains for each condition were investigated
(*P < 0.05, ***P < 0.005; initially, a Kolmogorov–Smirnov test of normality was
performed before a one-way ANOVA with Tukey’s post hoc test for multiple
comparisons between samples within the same time point). Error bars represent SEM.

CCAP Neurons Regulate Feeding Behavior. To determine if CCAP
had a role in the regulation of feeding behavior, we employed the
capillary feeding (CAFE) assay to measure total food intake
(34). Over a 24-h period, males where CCAP-R expression was
knocked down in NPF neurons, as well as CCAPexc7 null males,
ate significantly less than control flies (Fig. 3A). A second CCAP-R
RNAi line was also tested to make sure there were no off-target
effects due to RNAi (UAS-CCAP-RRNAi2) expression. This line
also ate significantly less than controls when crossed to NPF-GAL4
(SI Appendix, Fig. S6 A and B).
To understand how satiation state influences feeding behavior,
we employed the fly proboscis and activity detector (flyPAD)
Williams et al.

CCAP Neurons Are Necessary and Sufficient to Induce PER Behavior.

The proboscis extension reflex (PER) assay was used to test
whether CCAP neurons, or its receptor (CCAP-R) in NPF neurons, were necessary for a proper behavioral response to a sugar
cue. This was performed by observing if the proboscis extended in
response to increasing concentrations of a sucrose solution, known
as the proboscis extension reflex. In flies fed ad libitum, loss of
CCAP significantly impaired the PER across a range of sucrose
concentrations (Fig. 4A, solid blue line). Starvation significantly
enhanced the PER to sucrose in control males, measured as a
leftward shift of the PER vs. sucrose dose–response curve (Fig.
4A, solid vs. dashed black lines). Yet, in starved CCAPexc7 null
males the increase in sucrose sensitivity was much less pronounced, although there was a shift toward higher sensitivity levels
(Fig. 4A, dashed blue line). Knocking down CCAP-R in NPF
neurons also impaired the PER across a range of sucrose concentrations before or after 18-h starvation (Fig. 4B, blue lines).
We performed a 2-choice test between nutritive versus nonnutritive sugars to further understand if loss of CCAP impaired
sugar sensitivity. Using the flyPAD, flies were given the choice
PNAS | March 31, 2020 | vol. 117 | no. 13 | 7403
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(35). This apparatus allowed us to detect changes on a minuteby-minute scale in feeding response under 2 different satiety
states, fed ad libitum or starved for 18 h. Itskov et al. (35) demonstrated that flies feeding on solid food are not able to pump in
the solution but extend the proboscis to take individual sips. A
group of sips constitutes a feeding burst (FB), and a group of
feeding bursts makes up an activity bout (AB) (35). The flyPAD is
able to detect different components of feeding, including individual sips, the number of sips per burst, FB and AB durations, as
well as the intervals (FBI and ABI) between various FBs and ABs
(35). When satiated, CCAPexc7 null males took significantly fewer
sips (Fig. 3B and Table 1), had significantly fewer FBs, significantly longer FBIs (Table 1), and significantly fewer ABs (Table 2)
than controls. On the other hand, knocking down CCAP-R in NPF
neurons significantly increased the number of FBs and the total
number of sips (TSs) in fed flies (Fig. 3B, Table 1, and SI Appendix, Fig. S6C), while the number of ABs was significantly decreased (Table 2). When starved for 18 h, both CCAPexc7 nulls and
males where CCAP-R was knocked down in NPF neurons had
fewer FBs and took significantly fewer TSs than controls (Fig. 3C,
Table 1, and SI Appendix, Fig. S6D).
To determine if the dorsal median P1 NPF neurons were
sufficient to control food intake, UAS-CCAP-RRNAi was expressed
in these neurons using R64F05-GAL4. No difference in feeding
behavior was observed (SI Appendix, Fig. S6E). Next, we expressed
the inward-rectifying channel Kir2.1 using either NPF-GAL4 or
R64F05-GAL4, which should hyperpolarize the neurons. We
then used the flyPAD to look at the feeding behavior of males
starved for 18 h. We observed that while inhibiting all NPF neurons (NPF-GAL4) significantly decreased the number of sips (SI
Appendix, Fig. S6F), inhibiting only the dorsal median NPF neurons (R64F05-GAL4) did not significantly change the feeding
patterns (SI Appendix, Fig. S6G).
Since there was a stronger feeding phenotype when flies were
starved, we decided to determine if loss of CCAP, or CCAP-R in
NPF neurons, influenced metabolism. To do this, we first carried
out a starvation assay. From this it was obvious that loss of
CCAP-R in NPF neurons had no significant effect on starvation
resistance. Yet, compared with control flies, CCAPexc7 null males
were significantly more susceptible to starvation (Fig. 3D). Since
both CCAPexc7 nulls and males where CCAP-R has been specifically knocked down in NPF neurons eat significantly less (Fig. 3A),
the difference in starvation resistance must be due to another
deficiency specific to CCAPexc7 nulls. To test this possibility, we
measured triglyceride levels in adult males fed ad libitum. Interestingly, CCAPexc7 nulls had a significant decrease in triglyceride
levels compared with all other flies tested (Fig. 3E).
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Fig. 3. CCAP regulates feeding behavior. (A) A CAFE assay was used to assess total food intake over a 24-h period in 5- to 9-d-old adult males. Five males were
used for each replicate and the assay was repeated at least 10 times for each genotype. The food source was 150 mM sucrose. Initially, a Kolmogorov–Smirnov
test of normality was performed. Since some of the samples failed the test, a nonparametric Kruskal–Wallis ANOVA was performed with Dunn’s post hoc test
for multiple comparisons (*P < 0.05). (B and C) The flyPAD was used to measure the total number of sips over 1 h using males that were either (B) fed ad
libitum or (C) previously starved for 18 h. n is between 32 and 64 and a Kolmogorov–Smirnov test of normality was performed. Since some of the samples
failed the test, a nonparametric Kruskal–Wallis ANOVA was performed with Dunn’s post hoc test for multiple comparisons, comparing either NPFGAL4>w1118, w1118>UAS-CCAP-RRNAi, and NPF-GAL4>UAS-CCAP-RRNAi or CCAPexc7/+ and CCAPexc7 nulls (*P < 0.05, **P < 0.01). (D) A starvation resistance
test was performed using the DAMS. In short, 5- to 7-d-old male flies were maintained in a DAMS tube with 1% agarose so they had water but no food. Their
activity was monitored and these data were used to calculate starvation resistance. n is between 32 and 64. Initially, a Kolmogorov–Smirnov test of normality
was performed, followed by a one-way ANOVA performed with Tukey’s post hoc test for multiple comparisons, comparing either NPF-GAL4>w1118,
w1118>UAS-CCAP-RRNAi, and NPF-GAL4>UAS-CCAP-RRNAi or CCAPexc7/+ and CCAPexc7 nulls (**P < 0.01, ***P < 0.005). (E) Triglyceride levels were determined
in 5- to 7-d-old male flies that were fed ad libitum. n = 30 males per treatment; the assay was repeated at least 10 times for each genotype. Initially, a
Kolmogorov–Smirnov test of normality was performed, followed by a one-way ANOVA with Tukey’s post hoc test for multiple comparisons, comparing either
NPF-GAL4>w1118, w1118>UAS-CCAP-RRNAi, and NPF-GAL4>UAS-CCAP-RRNAi or CCAPexc7/+ and CCAPexc7 nulls (***P < 0.005). Error bars represent SEM. An
asterisk over one sample with no line connecting to another sample indicates it is significantly different from the other samples.

between equal molar amounts of L-fucose, sweet but nonnutritive,
or glucose, less sweet but nutritive. Satiated control flies preferred
to eat the sweeter nonnutritive L-fucose, but switched to the less
sweet, more nutritive glucose when they had been starved for 18 h
(Fig. 4C). On the other hand, knocking down CCAP-R in NPF
neurons and CCAPexc7 null males had no preference for either
L-fucose or glucose in either a satiated or starved state (Fig. 4C).
7404 | www.pnas.org/cgi/doi/10.1073/pnas.1914037117

To establish if CCAP signaling was sufficient to induce a PER,
red-shifted channelrhodopsin (ReaChR) (36) was expressed specifically in CCAP neurons (CCAP-GAL4>UAS-ReaChR) and
optogenetic analysis was performed to analyze the percentage of
flies demonstrating a PER. The flies were given 10 pulses of light
(620 nm) for 500 ms at 0.2 Hz; this process was repeated 3 times
with a 15-s gap between pulse trains. Adult males expressing
Williams et al.

Table 1. flyPAD feeding burst data in male flies
Fed ad libitum
Genotype

FB

>w
CCAP
CCAPexc7/CCAPexc7
NPF-GAL4>w1118
w1118>CCAP-RRNAi
NPF-GAL4>CCAP-RRNAi
exc7

1118

17.0
10.9
12.5
13.5
19.5

±
±
±
±
±

FBD
2.0
1.7*
1.4
2.1
1.5*

0.9
1.4
1.5
1.6
1.1

±
±
±
±
±

0.1
0.1***
0.1
0.2
0.11*

Starved 18 h

FBI
108
162
64.8
64.5
64.5

±
±
±
±
±

SPB
25
31*
1.1
0.2
8.1

5.0
4.1
5.8
7
4.3

±
±
±
±
±

TS

0.2
0.4*
0.4
0.6
0.3*

264
202
136
132
177

±
±
±
±
±

FB
35
34*
11
19
12*

113
62.2
87.7
98.7
67.5

±
±
±
±
±

FBD

6
3.9***
7.2
6.7
4.8*

0.8
0.9
1.2
1.4
1.2

±
±
±
±
±

FBI

0.0
0.1
0.1
0.04
0.1

1.7
3.4
1.4
1.4
1.6

±
±
±
±
±

0.1
0.3***
0.1
0.1
0.1

SPB
4.6
4.0
5.4
5.1
4.8

±
±
±
±
±

0.2
0.2*
0.2
0.2
0.2

TS
1008
684
881
965
654

±
±
±
±
±

49
37***
53
58
46*

ReaChR in CCAP neurons yielded a robust PER on the first
pulse train, which significantly increased on the second pulse
train (Fig. 4D and Movie S4). We also noticed that optogenetic
activation induced hyperactivity in the flies (seen as increased
leg movements in the video).
Next, we expressed ReaChR in NPF neurons (NPF-GAL4>UASReaChR) to test if they were also sufficient to induce a PER. No
PER in response to optogenetic activation was observed (Fig. 4E
and Movie S5). NPF-GAL4 is expressed in neurons besides the 2
dorsal median CCAP-R–expressing neurons, some of which could
be inhibiting PER; therefore, we expressed ReaChR using the
R64F05-GAL4 driver, which only expresses in the 2 dorsal median
NPF neurons, and performed the assay again. As with the NPFGAL4 driver, no PER in response to optogenetic activation was
observed (Fig. 4F). Previously, it was shown that Gr5a gustatory
neurons are sufficient to induce a PER in response to optogenetic
activation (36). Since dopaminergic neurons are supposed to
signal between NPF and Gr5a neurons (15), we tested if dopaminergic neurons would respond to optogenetic activation
(ple-GAL4>UAS-ReaChR). Pale (ple) is the Drosophila homolog of tyrosine hydroxylase. Similar to CCAP neurons, these flies
performed PER in response to optogenetic activation (Fig. 4G
and Movie S6).
Discussion
Here we demonstrate that 2 residual CCAP neurons not only
signal for food intake but also have a role in regulating metabolism, where they are important for maintaining triglyceride
levels. CCAP signaling activates an NPF pathway for proper
sensing of sugars for food intake. Of note, flies lacking CCAP, or
CCAP-R in 2 dorsal median P1 NPF neurons, are not able to
distinguish nutritive from nonnutritive sugar. On the other hand,
CCAP signaling to these P1 NPF neurons is not sufficient for the
NPF feeding phenotypes, as knocking down CCAP-R specifically
in these neurons, or inhibiting these 2 neurons using the inwardrectifying channel Kir2.1, was not able to recapitulate the phenotypes. This hints at other CCAP- and NPF-regulated neurons
being involved in the control of feeding behavior. One possibility
is the peripheral L1-I NPF neurons, as they did react to starvation by increasing NPF protein levels and exhibited increased

NPF protein levels when CCAP neurons were activated. When
flies sense palatable food, a reflexive behavior known as the
proboscis extension reflex is initiated. We show that CCAP is
both necessary and sufficient to induce this reflex. Moreover,
dopaminergic neurons are also sufficient to induce this response,
but not NPF neurons (Fig. 4 E–G). Thus, we have identified
CCAP as a possible key node in regulating feeding behavior.
Previously it was shown that under acute starvation one of the
Drosophila NPY homologs, NPF, initiates a response that activates dopaminergic signaling, leading to the sensitization of
gustatory neurons (Gr5a) toward sugar taste (15). We show that
Drosophila CCAP regulates the activity of the 2 dorsal median P1
NPF neurons and that this is sufficient to control food intake.
First, CCAP neurons project toward the 2 dorsal median P1 NPF
neurons (Fig. 1 and Movie S1). Second, knocking down CCAP
expression, or CCAP-R expression in the dorsal median P1 NPF
neurons, increases NPF expression under ad libitum conditions
(CCAP-R knockdown), as well as in response to starvation (both
CCAP and CCAP-R) (Fig. 2 and SI Appendix, Fig. S3). It is interesting that loss of CCAP-R already significantly influences
NPF expression under conditions where flies are fed ad libitum.
Possibly, NPF is being released at low levels even under fed
conditions. It is known that NPF also regulates sleep and the
reward system (37, 38). CCAP may signal upstream of NPF to
regulate sleep and reward as well. This possibility should be
tested in the future. Furthermore, activating CCAP neurons
using thermogenetics was sufficient to reduce NPF expression in
the dorsal median P1 NPF neurons, indicating the neurons were
more active (SI Appendix, Fig. S4). On the other hand, activating
CCAP neurons increased NPF expression in the dorsal lateral
L1-I neurons, indicating that activation of CCAP neurons inhibited
these NPF-expressing neurons. This increase of NPF in the peripheral L1-I neurons was also observed when flies were starved.
From these data, we conclude that activating CCAP neurons in turn
activates 2 dorsal median NPF neurons, leading to sugar sensitization (Fig. 4H) (15). Our inability to recapitulate the CCAPexc7
feeding phenotypes by knocking down CCAP-R expression specifically in the dorsal median P1 NPF neurons, or inhibiting these 2
neurons using the inward-rectifying channel Kir2.1, may indicate
that the peripheral L1-I NPF neurons also play an important role

Table 2. flyPAD activity bout data in male flies starved for 18 h
Fed ad libitum
Genotype

Downloaded at UNIV STUDI MODENA on June 17, 2020

AB

CCAP
>w
CCAPexc7/CCAPexc7
NPF-GAL4>w1118
w1118>CCAP-RRNAi
NPF-GAL4>CCAP-RRNAi
exc7

1118

20.9 ± 1.3
10.9 1.2***
11.4 ± 1.2
10.6 ± 1.0
3.5 ± 0.9***

Starved 18 h

ABD
3.1
4.2
3.6
3.5
2.6

±
±
±
±
±

0.2
0.2***
0.3
0.3
0.1*

ABI
96.2
187
56.1
77.9
76.8

±
±
±
±
±

21.5
21.5***
9.9
10.5
9.2

AB
62.8
58.7
45.8
50.7
33.7

±
±
±
±
±

ABD
3.2
2.4
3.1
3.6
2.6*

1.8
1.2
2.4
2.4
2.5

±
±
±
±
±

0.1
0.0***
0.1
0.2
0.3

ABI
151
242
218
235
277

±
±
±
±
±

14.4
22.9***
24
58
43

For all assays, n is between 32 and 64 and a nonparametric Kruskal–Wallis ANOVA was performed with Dunn’s post hoc test for
multiple comparisons. *P < 0.05, ***P < 0.005 compared with controls. ABD, activity bout duration.
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For all assays, n is between 32 and 64 and a nonparametric Kruskal–Wallis ANOVA was performed with Dunn’s post hoc test for multiple comparisons. *P <
0.05, ***P < 0.005 compared with controls. FBD, feeding burst duration; SPB, sips per feeding burst.
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Fig. 4. CCAP regulates PER behavior. (A and B) Average (±SEM) fraction of adult males 5 to 9 d old fed ad libitum (solid lines) and 24-h wet-starved flies
(dashed lines) exhibiting a PER to the indicated concentrations of sucrose (n = 8 to 10, 10 to 20 flies per group). Asterisks denote statistically significant
differences between starved flies and flies fed ad libitum (statistical methods can be found in SI Appendix, Materials and Methods; ***P < 0.005). (C) The
flyPAD was used for a 2-choice food test between 100 mM L-fucose and 100 mM glucose in flies that were either fed ad libitum prior to testing (blue lines) or
after 18-h starvation (orange lines). n is between 32 and 64 and a Kolmogorov–Smirnov test of normality was performed. Since some of the samples failed the
test, a nonparametric Kruskal–Wallis ANOVA was performed with Dunn’s post hoc test for multiple comparisons (**P < 0.01, ***P < 0.005). (D–G) Optogenetic
control of PER where the channelrhodopsin ReaChR is expressed in (D) CCAP neurons, (E) all NPF neurons using NPF-GAL4, (F) dorsal median NPF neurons
using R64F05-GAL4, or (G) dopaminergic neurons (ple-GAL4). Fractions indicate the number of responders out of the number of flies tested. The photostimulation was performed at 620 nm, with 3 pulses at 1 Hz (100-ms pulse width) (n = 5 or 6 flies, 10 to 20 groups of flies for each genotype tested). Two
different tests were performed: 1) Similar pulses were compared between various genetic backgrounds and 2) different pulses were compared within the
same genetic background. In all instances, a separate Kolmogorov–Smirnov test of normality was performed for D–G, followed by a one-way ANOVA with
Tukey’s post hoc test for multiple comparisons (*P < 0.05, ***P < 0.005). Error bars represent SEM.

in regulating food intake. More work is needed to understand
CCAP’s possible regulation of the peripheral neurons, as loss of
CCAP had no influence on NPF protein levels in these neurons.
7406 | www.pnas.org/cgi/doi/10.1073/pnas.1914037117

We found that CCAP neurons were not only necessary, but
also sufficient, to induce the PER. Previously, by the use of
optogenetics, it was determined that Gr5a neurons were sufficient
Williams et al.

Materials and Methods
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Fly Stocks and Maintenance. All flies, unless otherwise stated, were maintained on enriched Jazz mix standard fly food (Fisher Scientific) supplemented with yeast extract (VWR). Flies were maintained at 25 °C in an
incubator at 60% humidity on a 12-h:12-h light:dark cycle. Flies crossed to
GAL4 drivers and controls were raised at 18 °C until the adults emerged.
Once collected, adults were raised at either 18 or 29 °C, depending on the
experiment, for the appropriate times. All flies were crossed into the same
w1118 background. In all assays, the GAL4 drivers and UAS transgenic flies
were crossed to w1118 flies and their F1 progeny were used as controls. All fly
lines are described in SI Appendix, Materials and Methods.
Immunohistochemistry. Immunohistochemistry of adult male brains was
performed in a similar manner as ref. 50. Detailed information and sources
of antibodies and dilutions are described in SI Appendix, Materials and
Methods.
RNA Purification, cDNA Synthesis, and qRT-PCR. RNA purification, complementary DNA (cDNA) synthesis, and qRT-PCR were performed as in ref. 50.
Detailed information and primer sequences are described in SI Appendix,
Materials and Methods.

Williams et al.

Capillary Feeding. This method was modified from Ja et al. (34). Detailed
information is described in SI Appendix, Materials and Methods.
flyPAD Feeding Assays. Feeding experiments were performed in a similar
fashion as Itskov et al. (35). For feeding behavior experiments, 5- to 9-d-old
male flies were either fed ad libitum on normal laboratory food or wetstarved for 18 h. Flies were individually transferred to the flyPAD behavioral arena by mouth aspiration and left to feed on 4 μL 150 mM sucrose
(Sigma-Aldrich) in 0.9% agarose (Sigma-Aldrich) for 1 h. Throughout the
duration of the experiments the flies were maintained at 55 to 60% humidity and 21 to 22 °C, unless otherwise stated.
Preference Testing between 2 Different Sugar Sources. The feeding experiments for preference testing were performed using the flyPAD (35). The
experimental conditions through the duration of the experiments were 55
to 60% humidity and 21 to 22 °C, unless otherwise stated. For the preference
feeding behavior experiments, 5- to 7-d-old male flies were either fed on
normal laboratory food or wet-starved for 18 h prior to the experiment. The
male progeny from the experimental flies, as well as the control flies, were
placed at 29 °C once they were collected. Each independent run was performed so that the experimental flies were always tested together with the
control groups. Flies were transferred to the flyPAD behavioral arena and
allowed to choose freely between 100 mM glucose and 100 mM L-fucose
(Sigma-Aldrich) solutions that were dissolved in 1% agarose (Sigma-Aldrich).
The flies were left to eat ad libitum for 1 h in the flyPAD, having been
provided with 4 μL both 100 mM glucose and 100 mM L-fucose.
Starvation Assay. The starvation resistance assay was performed in a similar
fashion as Hergarden et al. (43).
Starvation resistance was measured by placing 32 (5- to 7-d-old) male flies
in individual tubes containing 1% agarose in the Drosophila Activity Monitoring System (DAMS) (TriKinetics). The DAMS assay was performed at 25 °C
in an incubator, on a 12-h:12-h light:dark cycle.
Triacylglycerol Determination. Flies (25 males) were homogenized with 100 μL
PBST buffer (1× phosphate-buffered saline with 10% Tween 20), incubated
at 70 °C for 5 min, and then centrifuged at maximum speed for 10 min. The
supernatant was transferred to a new 1.5-mL microcentrifuge tube and used
as samples. Glycerol was used to generate a standard curve with concentrations of 1.0, 0.8, 0.6, 0.4, and 0.2 mg/mL equivalent triolein concentration.
Free glycerol reagent (100 μL) was added to 10 μL blank (PBST), standards, or
samples and initial absorbance at 540 nm was measured after incubation at
37 °C for 15 min. The concentration of free glycerol in the samples was
calculated from the standard curve generated by this initial absorbance
value. Then, 20 μL triglyceride reagent was added to each standard and
sample and incubated at 37 °C for 15 min. The final absorbance was taken at
540 nm to calculate the triglyceride concentration from the generated
standard curve. The protein concentration of each sample was measured
by the Bio-Rad Protein Assay Kit. The concentrations of free glycerides
and triglycerides in samples (mg/mg of protein) were calculated from 5
replicates (50).
Proboscis Extension Assay. For the PER assays (51), sucrose solutions were
presented to each fly once in order of increasing molarity. Any flies
responding to an initial water stimulus were discarded. For a more detailed
protocol, including statistical methods, see SI Appendix, Materials and
Methods. Optogenetic experiments to activate the PER were performed
similar to Inagaki et al. (36). Flies were fed ad libitum on normal laboratory
fly food or wet-starved for 18 h before being mounted 5 flies per glass slide
using clear tape. Flies were then placed above a high-power LED (lightemitting diode) array (Cree) and PERs were monitored using an ACA640750UM video camera (Basler). Bouts of PER were counted manually by repeatedly watching film. A bout was defined as beginning when flies start
extending their proboscis and ending when they retract the proboscis. Incomplete proboscis extensions were not counted. For CCAP-GAL4, 10 pulses (1
pulse train) of 500-ms photostimulation at 0.2 Hz were delivered. Three trials
were performed with a 15-s gap between pulse trains, and flies showing more
than 1 PER during this activation period were counted as responders.
Statistical Analysis. SEM from all replicates of each experiment was calculated.
All analysis was performed with GraphPad Prism 4, and used ANOVA with
appropriate post hoc analysis for multiple comparisons. Normal distribution
was performed using the Kolmogorov–Smirnov test of normality. Samples
not passing the Kolmogorov–Smirnov test of normality were analyzed using
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to induce the PER (36). On the other hand, although NPF neurons and dopaminergic neurons were determined to be necessary
for a proper PER when flies were presented with varying concentrations of sugar, it was not established whether they were
sufficient (15). Using optogenetics, we determined that while
dopaminergic neurons (ple-GAL4) were able to induce a PER,
NPF neurons (NPF-GAL4 or R64F05-GAL4) were not sufficient
(Fig. 4 E and F).
Interestingly, adult flies lacking the CCAP peptide had significantly lower triglyceride levels. This was not observed when
CCAP-R was specifically knocked down in NPF neurons (Fig. 3 D
and E). In order to maintain homeostasis, the brain must process
extrinsic and intrinsic information. In Drosophila, different peptides have been shown to regulate these signals, such as diuretic
hormone 44 (Dh44) (39, 40), corazonin (Crz) (41), allatostatin A
(AstA) (42, 43), and SIFamide (SIFa) (44). Furthermore, similar
to mammals, insulin-like peptides and a glucagon-like hormone
(AKH) are also involved in regulating feeding behavior (45, 46).
Interestingly, Dh44 was shown to be necessary for the fly to sense
postprandial nutritional information (40), and in our study we
showed that flies lacking either CCAP or CCAP-R in NPF neurons were unable to determine between nutritional and nonnutritional sugars (Fig. 4C). That said, it must be mentioned this
experiment only lasted 1 h and longer times may be necessary to
truly understand if CCAP is involved in regulating postprandial
nutritional signals. Another possibility is that CCAP neurons
regulate Crz signaling. Crz is a Drosophila peptide related to
mammalian gonadotropin-releasing hormone (47–49). Activation
of Crz-expressing neurons was reported to reduce triglyceride
levels, while loss of Crz regulation of insulin-producing cells leads
to increased triglyceride storage, suggesting that Crz signals to
decrease energy reserves (41, 48). It is possible that CCAP signals
to inhibit Crz in order to control the decrease in energy reserves
under starvation conditions. Furthermore, loss or activation of
SIFa neurons in adult flies produced feeding phenotypes very similar
to when CCAP signaling is inhibited or activated, meaning there
could be an interaction between SIFa and CCAP as well (44).
In summary, our experiments identify 2 CCAP peptidergic
neurons as being required to induce feeding behavior via the
NPF pathway in adult Drosophila. We suggest that CCAP-expressing
neurons regulate feeding behavior and are necessary for the
proper sensing of sugars, while also regulating triglyceride levels.
Continued studies of these 2 CCAP neurons, their neuronal
network, as well as how they regulate feeding behavior and
metabolism may help in our understanding of satiety control and
how peripheral physiological signals are translated into behavioral changes by the brain.

Downloaded at UNIV STUDI MODENA on June 17, 2020

the Mann–Whitney U test calculator. The type of analysis performed for
each assay is specified in the appropriate figure legend.
Data Availability. We confirm that the data supporting the findings of this
study are available within the article and/or SI Appendix.
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