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Abstract 
Environmental factors challenge the physiological homeostasis in animals, thereby evoking 

stress responses. Various mechanisms have evolved to counter stress at the organism 

level, including regulation by neuropeptides. Corazonin (Crz) is a neuropeptide known to 

regulate stress-associated physiology in Drosophila. However, the neural circuits and 

hormonal pathways underlying this regulation are poorly known. To unveil targets of Crz, we 

mapped the Crz receptor (CrzR) expression in Drosophila central nervous system (CNS). 

The CrzR is expressed in peptidergic neurons in the adult CNS, including the median 

neurosecretory cells and certain clock neurons in the brain, Hugin neurons in the 

subesophageal zone (SEZ) and CAPA-expressing neurosecretory cells in the SEZ and 

abdominal neuromeres (Va neurons). We focused on the Va neurons since they produce 

osmoregulatory peptides (CAPA-1 and CAPA-2), which mediate recovery from desiccation 

and cold stress. Trans-Tango labeling to determine synaptic partners failed to reveal 

connections between Crz and Va neurons, suggesting hormonal interactions. To validate 

the signaling between Crz and Va neurons, we show that knockdown of Crz in Crz-

producing neurons and CrzR in Va neurons increases survival under desiccation and delays 

chill coma recovery. Moreover, immunolabeling data suggests that Crz is released under 

nutritional and osmotic stress, and in vivo Crz peptide injections influence responses to 

desiccation and chill coma. Thus, Crz modulates Va neurons to maintain osmotic/ionic 

homeostasis, which in turn influences stress tolerance. Taken together with previous data, 

we propose that Crz acts via both the fat body and peptidergic neurons in the CNS to 

regulate stress-associated physiology.  

 

Key words: Neuropeptide, GPCR, stress resistance, neuromedin U, CAPA, osmotic 

homeostasis, Gonadotropin-releasing hormone 

 
 

  

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

3 

Introduction 
Environmental conditions continuously challenge the physiological homeostasis in animals, 

thereby evoking stress responses that can adversely affect the health and lifespan of an 

individual. Thus, a multitude of physiological and behavioral mechanisms have evolved to 

counter stress and restore homeostasis at the organism level. These mechanisms include 

regulation by various hormones and neuropeptides. In the vinegar fly Drosophila 

melanogaster, several peptide hormones and neuropeptides have been shown to influence 

responses to nutrient and osmotic stress via actions on peripheral tissues such as the 

liver-like fat body and Malpighian (renal) tubules that are analogous to the mammalian 

kidneys. These hormones include Drosophila insulin-like peptides (DILPs), adipokinetic 

hormone (AKH), corazonin (Crz), leucokinin, diuretic hormone 44 (DH44) and capability 

gene-derived CAPA peptides [1-12]. In mammals, the hypothalamic-pituitary-adrenal 

(HPA) axis coordinates stress responses via the sequential secretion of corticotropin-

releasing factor (CRF), adrenocorticotropic hormone (ACTH) and cortisol [13-15]. Although 

the insect pars intercerebralis-pars lateralis and corpora cardiaca are considered the 

functional equivalents of mammalian hypothalamus and pituitary gland, respectively [16], 

no explicit stress axis or stress hormones have yet been identified in insects. Much 

progress has been made on the roles of DILPs and AKH (insect ortholog of mammalian 

gonadotropin-releasing hormone; GnRH) in metabolism, nutritional stress and longevity 

[5,10,17-19]. For instance, both these signaling systems regulate starvation-induced 

hyperactivity/food search in Drosophila [20]. However, not much is known about the 

neuroendocrine factors that orchestrate stress-associated physiology to regain 

homeostasis.  

 

We hypothesized that stress physiology may be modulated by Crz, which is paralogous to 

the AKH/GnRH signaling system [21,22]. Previous work in Drosophila has shown that Crz-

producing dorsolateral peptidergic neurons (DLPs) affect metabolism, resistance to various 

stresses and stress-induced locomotor activity [1,23]. Moreover, knockdown of the Crz 

receptor, CrzR, in the fat body and salivary glands also influences survival under stress, as 

well as feeding and insulin signaling [9]. Thus, several effects observed following Crz 

knockdown in the central nervous system (CNS) could be recapitulated by knocking down 
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the CrzR in the fat body and salivary glands. Furthermore, CrzR is also widely expressed 

in the CNS [24,25] and may participate in other neuronal circuits or hormonal pathways.  

 

To further explore the functional role of Crz signaling, we mapped the distribution of CrzR 

expression in the CNS using CrzR-GAL4 lines to identify the neural circuits that are 

potential targets of hormonal Crz signaling. We also employed the trans-Tango technique 

[26] to establish possible synaptic targets of Crz neurons within the CNS. We found that 

the CrzR is expressed by several neurons of the adult CNS including the median 

neurosecretory cells and pigment-dispersing factor (PDF)-producing clock neurons in the 

brain, Hugin-producing neurons in the subesophageal zone (SEZ) and CAPA gene 

expressing neurons in the SEZ and abdominal neuromeres (Va neurons). CAPA peptide 

signaling has previously been implicated in mediating recovery from desiccation and cold 

stress [6]. More specifically, it was shown that reduced CAPA signaling induced by 

targeted RNAi results in increased resistance to desiccation and delayed recovery from 

chill coma. Here, we explored the effects of knocking down Crz in Crz-producing neurons 

and CrzR in CAPA expressing Va neurons on feeding, water balance and response to 

various stresses. By means of Crz peptide injections we also examined the in vivo effects 

of increased Crz signaling on chill coma tolerance and desiccation survival. Our findings 

reveal that Crz acts upstream of CAPA signaling to regulate stress-associated physiology, 

in addition to its direct actions on the fat body that had been demonstrated earlier [9]. 

Thus, our results support that Crz orchestrates stress-associated physiology through 

systemic modulation of peptidergic neurons and peripheral tissues.  
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Experimental procedures 
 

Fly lines and husbandry 

Drosophila melanogaster strains used in this study are listed in Table 1. Flies were 

backcrossed into the same genetic background for 7 generations. All stocks were stored at 

18°C under normal photoperiod (12 hours light: 12 hours dark; 12L:12D) on standard 

Bloomington diet. Unless indicated otherwise, experimental flies were reared under non-

crowded conditions and maintained under normal photoperiod at 25°C on enriched medium 

containing 100 g/L sucrose, 50 g/L yeast, 12 g/L agar, 3ml/L propionic acid and 3 g/L 

nipagin. Adult males 6-7 days old post-eclosion were used.  

 

Table 1: Fly strains used in this study 
Fly strain Inserted on 

chromosome 
Source / reference Stock 

number 
CrzR-GAL4 T11a  From Dr. Jae Park; [25]   

CrzR-GAL4Se  From Dr. Jae Park; [25]  

Va-GAL4  From Dr. Stefan Thor [27]  

CAPA-GAL4 II BDSC; [28] 51969 

CAPAR-GAL4  From Dr. Shireen Davies; [29]  

Crz1-GAL4  From Dr. Jae Park; [30]  

Crz2-GAL4  BDSC; [31] 51976 

Actin5C-GAL4/Cyo  BDSC 4414 

UAS-CrzR RNAi GD (#1) III VDRC 44310 

UAS-CrzR RNAi KK (#2) II VDRC 108506 

UAS-Crz RNAi GD (#2) II VDRC 30670 

UAS-Crz RNAi KK (#1) II VDRC 106876 

w1118 (RNAi control)  BDSC  

yw; Sco/Cyo; UAS-mcd8-GFP III BDSC  

JFRC81-10xUAS-IVS-Syn21-GFP-

p10 (referred to as 20X GFP) 

 From Dr. Michael Texada [32]  

UAS-CaLexA II and III BDSC; [33] 66542 

UAS-trans-Tango X and II BDSC; [26] 77124 
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Immunohistochemistry and imaging 
Immunohistochemistry for D. melanogaster adult CNS and gut was performed as described 

earlier [12]. Briefly, tissues were dissected in phosphate buffered saline (PBS), fixed in 5% 

ice-cold paraformaldehyde (3.5 – 4 hours), washed in PBS and incubated in primary 

antibodies (Table 2) diluted in PBS with 0.5% Triton X (PBST) for 48 hours at 4°C. Samples 

were then washed with PBST and incubated in secondary antibodies (Table 2) diluted in 

PBST for 48 hours at 4°C. Finally, samples were washed with PBST and then PBS before 

being mounted in 80% glycerol. Zeiss LSM 780 confocal microscope (Jena, Germany) was 

used to image all the samples.  

 

To quantify peptide levels in flies exposed to various stresses, adult males were transferred 

to either an empty vial (desiccation) or a vial containing aqueous 1% agar (starvation) or 

artificial diet (normal food) and incubated for 18 hours. In addition, one set of flies were 

desiccated for 15 hours and then transferred to a vial containing 1% agar (re-watered) for 3 

hours. These flies were then processed for immunohistochemistry as described above. Cell 

fluorescence was quantified as described previously [12]. Note that the anti-PVK-2 antibody 

used to quantify CAPA peptide levels cross-reacts with other PRXamide-related peptides. 

Hence, this approach measures the levels of all PRXamide peptides that are coexpressed 

in a given neuron. 

 

Confocal images were processed with Fiji [34] for projection of z-stacks, contrast and 

brightness, and calculation of immunofluorescence levels. Further adjustments (cropping 

and brightness) were made in Microsoft Powerpoint.  
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Table 2: Antibodies used for immunohistochemistry 
Antibody Immunogen Source / reference Dilution 

Primary antibodies    

Rabbit anti-PVK-2 

(referred to as anti-

PRXamide in text) 

Periplaneta americana CAPA-

PVK-2 

Dr. Reinhard 

Predel [35] 

1:4000 

Rabbit anti-CAPA-2 Rhodnius prolixus CAPA-2 Dr. Ian Orchard 

[36]  

1:1000 

Rabbit anti-CRZ Drosophila Crz Dr. Jan Veenstra 

[37] 

1:4000 

Rabbit anti-DILP2 Drosophila DILP2 Dr. Jan Veenstra 

[38] 

1:2000 

Rabbit anti-AKH Drosophila AKH Dr. Mark Brown 

[39] 

1:1000 

Rabbit anti-FMRFamide FMRFamide  Dr. Cornelis 

Grimmelikhuijzen 

[40] 

1:4000 

Rabbit anti-PDH/PDF Crab Uca pugilator pigment 

dispersing hormone  

Dr. Heinrich 

Dircksen [41] 

1:4000 

Mouse anti-HA HA-tag (YPYDVPDYA) Invitrogen 1:1000 

Mouse anti-GFP Jelly fish GFP Invitrogen 1:1000 

Chicken anti-GFP Jellyfish GFP Invitrogen 1:1000 

Secondary antibodies    

Goat anti-mouse Alexa 

488 

- Invitrogen 1:1000 

Goat anti-rabbit Alexa 

546 

- Invitrogen 1:1000 

Goat anti-chicken Alexa 

Fluor 488 

- Life Technologies 1:1000 

Goat anti-mouse Alexa 

Fluor 546 

- Life Technologies 1:1000 

Goat anti-rabbit 

Cyanine5 

- Life Technologies 1:500 

Other fluorophores    

Rhodamine-phalloidin - Invitrogen 1:1000 
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Stress resistance assays 

Flies were assayed for survival under desiccation, starvation and ionic stress by being kept 

in empty vials, vials containing 0.5% aqueous agarose (A2929, Sigma-Aldrich), and vials 

containing artificial food supplemented with 4% NaCl, respectively. Flies were kept in vials 

and their survival recorded every 3 to 6 hours until all the flies were dead. The vials were 

placed in incubators at 25°C under normal photoperiod conditions (12L:12D). For chill-coma 

recovery of transgenic flies, flies were incubated at 0°C for 4 hours and then transferred to 

room temperature (24°C) to monitor their recovery time. At least three biological replicates 

and two technical replicates (10-15 flies per technical replicate) for each biological replicate 

were performed for each experiment. 

 

Peptide injection experiments 
Drosophila w1118 males 7-8 days post-eclosion were used for these experiments. These flies 

were reared and maintained at room temperature (~23°C).  

 

Peptide Injections 
D. melanogaster Crz (pQTFQYSRGWTN-NH2) was custom synthesized at >95% purity by 

Genscript (Piscataway, NJ, USA); a non-amidated adipokinetic hormone/corazonin-related 

peptide (naACP) from Aedes aegypti (pQVTFSRDWNA) was custom synthesized at >90% 

purity by Pepmic Co. (Suzhou, Jiangsu, China). Peptides were initially solubilized in 

nuclease-free deionized water or DMSO to a stock concentration of 10-3 M and then each 

peptide was diluted in Drosophila saline injection buffer (NaCl 117.5 mM, KCl 20 mM, CaCl2 

2 mM, MgCl2 8.5 mM, NaHCO3 10.2 mM, NaH2PO4 4.3 mM, HEPES 15 mM, glucose 20 

mM, pH 6.7) as described previously [6] and supplemented with 0.1% (w/v) Fast Green 

FCF, which was used to visually confirm successful injections. Peptide injection solutions 

were prepared to achieve final concentrations in the hemolymph of either 10-6 or 10-9 and 

based on the Drosophila hemolymph volume of 80 nL [42]. Fly injections took place at room 

temperature under light CO2 anesthesia, with injections directed to the left mesopleuron 

using a micromanipulator-controlled Drummond Nanoject Injector set to 18.4 nL per 

injection. Control flies received only Drosophila injection solution containing 0.1% Fast 

Green FCF.   
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Chill Coma Recovery  
Flies were taken from the Drosophila vials and lightly anesthetized by CO2. Once 

immobilized, male flies were isolated and placed into a white plastic weighing dish that was 

held over ice. For each treatment, 9-15 males were selected per treatment. After injections, 

flies were transferred individually into 7.5 mL glass vials which were then submerged in a 

0°C ice-water slurry for 1 hour. Afterwards, vials were removed from the slurry and gently 

dried. Flies were left to recover at room temperature without being disturbed for the duration 

of the experiment. Recovery was recorded by measuring the time when a fly stands on all 

legs. Experiments were repeated in at least two independent biological replicates. 

 

Desiccation 
As above, male flies were isolated and placed over ice within a white plastic weighing dish. 

For each treatment, 11-15 males were used. After injection with saline injection buffer alone 

or buffer containing CRZ, all flies in that treatment group were transferred en masse into 

empty Drosophila vials without any food or water. Survival under this desiccation treatment 

was monitored at regular intervals. This experiment was repeated in three replicates. 

 

Weight and water content measurements 
Approximately 10-15 flies per replicate (at least 3 biological replicates) were either frozen 

immediately on dry ice or kept under desiccation conditions as above for 24 hours and then 

frozen. The samples were stored at -80°C until use. Flies were brought to room temperature 

and their weight (wet weight) was recorded using a Mettler Toledo MT5 microbalance 

(Columbus, OH, USA). The flies were dried for 24-48 hours at 60°C and then their weight 

(dry weight) was recorded. The water content of the flies was determined by subtracting dry 

weight from wet weight.  

 

Capillary feeding (CAFE) assay 
A modified capillary feeding (CAFE) assay was used to monitor food intake of individual flies 

[43,3]. Capillaries were loaded with food comprised of 5% sucrose, 2% yeast extract and 

0.1% propionic acid. Food consumption was measured daily and the cumulative food intake 
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over 4 days was calculated. The experiment consisted of at least 3 biological replicates and 

10 flies per replicate for each genotype.  

 

Functional long-term calcium imaging of Va neurons 
We expressed the Calcium-dependent nuclear import of LexA (CaLexA) sensor [33] in Va 

neurons using CAPA-GAL4 and exposed the flies to various stresses to determine the 

calcium activity of Va neurons. Adult males were transferred to either an empty vial 

(desiccation) or a vial containing aqueous 1% agar (starvation) or artificial diet (normal food) 

and incubated for 18 hours. In addition, one set of flies were desiccated for 15 hours and 

then transferred to a vial containing 1% agar (re-watered) for 3 hours. The flies were then 

fixed, dissected nervous tissue was processed for immunohistochemistry, and the GFP 

fluorescence was quantified as described above.  

 

Quantitative PCR 

Total RNA was isolated from whole male flies using Quick-RNA™ MiniPrep (Zymo 

Research) from four independent biological replicates with 8-15 flies in each replicate. The 

RNA concentration was determined using NanoDrop 2000 spectrophotometer (Thermo 

Scientific). RNA was diluted to ensure similar amount across treatments, and used to 

synthesize cDNA with random hexamer primers (Thermo Scientific) and RevertAid reverse 

transcriptase (Thermo Scientific). The cDNA was then diluted and used as template for 

qPCR, which was performed with a StepOnePlusTM instrument (Applied Biosystem, USA) 

and SensiFAST SYBR Hi-ROX Kit (Bioline) according to the manufacturer’s instructions. 

The mRNA levels were normalized to rp49 levels in the same samples. Relative expression 

values were determined by the 2−∆∆CT method [44]. The following sequences of primers 

were used for qPCR: 

CrzR F: AAT CCG GAC AAA AGG CTG GG 

CrzR R: AGG TGG AAG GCA CCG TAG AT 

rp49 F: ATC GGT TAC GGA TCG AAC AA 

rp49 R: GAC AAT CTC CTT GCG CTT CT 
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Mining public datasets for expression of genes 
FlyAtlas database was mined to determine the distribution of CrzR in various tissues [24]. 

The expression of CAPAR in the different regions of the gut and its cell types was 

determined using Flygut-seq [45].  

 

Statistical analyses 

Statistical analyses for peptide injection experiments 

The peptide injection experiments (chill coma recovery and desiccation survival) were each 

repeated on two-three different occasions (all within one month for each experiment). To 

account for this, time point was included as a factor in the models and was found to be 

significant in all cases. This suggests that the overall level of response differed among the 

different time points. The results as presented, show the treatment effects after controlling 

for the time effect. These analyses were performed in R (v. 3.4.1) [46] using	 two-way 

ANOVA and a Cox proportional hazards model (package survival), respectively.  

 

Other experiments 

The experimental data presented in bar graphs represent means ± s.e.m. For the data 

presented in box-and-whisker plots, each individual value has been plotted and the 

horizontal line represents the median. Unless stated otherwise, one-way analysis of 

variance (ANOVA) followed by Tukey’s multiple comparisons test was used for comparisons 

between three genotypes and an unpaired t-test was used for comparisons between two 

genotypes. Stress survival data were compared using log-rank test, Mantel-Cox. All 

statistical analyses were performed using GraphPad Prism and the confidence intervals are 

included in the figure captions.  

 
Results 

CrzR is expressed in CAPA neurons 
In adult Drosophila, Crz is expressed in two major cell clusters: a set of neurosecretory cells 

(DLPs) in the pars lateralis (Figure 1A) which co-express short neuropeptide F (sNPF) [1], 

and 2-3 pairs of male-specific interneurons in the abdominal ganglion (Figure 1B). 
Previously, we showed that systemic Crz signaling modulates feeding and nutritional stress 

through direct actions on the fat body as well as via interactions with AKH and insulin-

signaling [9]. Since CrzR is highly expressed in the CNS (Figure S1), we hypothesized that 
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Crz may interact with other peptidergic signaling to maintain physiological homeostasis 

associated with stress. To test this assumption, we mapped the distribution of CrzR 

expression in adult CNS by using different CrzR-GAL4 lines to drive GFP expression. CrzR-

GAL4T11a and CrzR-GAL4Se had similar expression patterns; however, CrzR-GAL4T11a 

drove stronger GFP expression compared to CrzR-GAL4Se (data not shown). Hence, the 

former GAL4 line was used for all the subsequent experiments. CrzR is expressed in 

distinct cell clusters within the CNS (Figure S2) and branches of these neurons partly 

superimpose the DLP neuron processes (Figure S2B-D). In particular, CrzR is expressed in 

a subset of Hugin-expressing neurons in the SEZ (Figure 1C), CAPA/pyrokinin-expressing 

neurons in the SEZ (Figure 1C), CAPA-gene expressing Va neurons in abdominal 

neuromeres A2-A4 in the VNC (Figure 1D), as well as neurons in the SEZ (but not the rest 

of the brain) reacting with antiserum to FMRFamide (this antiserum cross reacts with 

neuropeptides such as sNPF, NPF, sulfakinin, FMRFamide and myosuppressin which all 

have an RFamide C-terminus) (Figure S3A and B). Furthermore, CrzR was detected in 

PDF-expressing small ventrolateral clock neurons (sLNvs) (Figure S4). The CrzR is neither 

expressed in the IPCs (Figure S3C) nor the AKH-producing cells (Figure S3D). The Hugin 

neuropeptide (Hugin-PK) has been shown to regulate feeding and locomotion in larval 

Drosophila [47,48], PDF-expressing sLNvs are part of the circadian clock circuit [49,50] and 

CAPA peptides produced by the Va neurons, but not the CAPA/pyrokinin (PK) neurons in 

the SEZ modulate desiccation and cold stress [6,51]. Since we are interested in deciphering 

stress-regulating circuits/pathways, we focused here on the Va neurons. Note that in early 

larvae there is a pair of additional Va neurons in the abdominal neuromere A1 that express 

the neuropeptides allatostatin-A and diuretic hormone 31 (DH31) [52]. However, Va neurons 

in the present study represent only the CAPA-expressing Va neurons in A2-A4.  

 

First, we examined whether morphology supports a role of Crz neurons in local modulation 

of CAPA neurons within the CNS, or if they do so by hormonal routes. Crz-GAL4 drives 

GFP expression in the DLPs and abdominal ganglion interneurons (Figure 1A and B). DLP 

neurons project to the SEZ region that contain CAPA/PK neurons, and the Crz interneurons 

in the abdominal ganglion could potentially interact with Va neurons via superimposed 

processes, at least in a paracrine fashion (Figure S5A). To determine if these neurons form 

synaptic connections, we screened for post-synaptic partners of Crz neurons by driving 

trans-Tango components with Crz-GAL4 [26]. Post-synaptic signal was detected in several 
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regions of the CNS (Figure S5B-E). As expected, Crz/sNPF expressing DLPs form synaptic 

contacts with IPCs (Figure S5D and E) which are known to express the sNPF receptor [1]. 

However, no post-synaptic signal was detected in CAPA/PK neurons of the SEZ or Va 

neurons of the VNC (Figure S5B and C) suggesting that Crz modulates these neurons 

hormonally or by paracrine signaling. Taken together, these experiments indicate that CrzR 

is expressed in CAPA producing Va neurons and that Crz likely modulates these neurons 

non-synaptically.  

  
Crz signaling to Va neurons affects desiccation tolerance 

There are two sets of CAPA gene-expressing neurons in Drosophila: one pair of 

neurosecretory cells in the SEZ and three pairs of neurosecretory cells (Va neurons) in the 

VNC (see [53,54]). The Drosophila CAPA gene encodes three peptides: CAPA-1, CAPA-2 

and pyrokinin-1 (PK-1) [54]. Interestingly, the SEZ neurons only produce PK-1 whereas the 

Va neurons produce all three peptides as a result of differential processing of the precursor 

peptide in the two sets of neurons [51,55,56]. Previous work has shown that knockdown of 

CAPA by GAL4-driven RNAi increases survival under desiccation and delays recovery from 

chill coma [6]. These effects were likely to be mediated by CAPA peptides and not PK-1 as 

injection of Manduca sexta CAP2b (CAPA analog) resulted in decreased desiccation 

resistance and quicker recovery from chill coma. A more recent study injecting Drosophila 

with a Dipteran CAPA analog found a similar increase in chill tolerance when high doses 

were used, whereas low doses had the opposite effect leading to reduced chill tolerance 

[36]. Since our imaging data indicates the expression of CrzR in CAPA-expressing Va 

neurons, we next examined the functional interaction between Crz and Va neurons. 

Specifically, we asked whether interfering with Crz signaling impacts the phenotypes 

associated with CAPA signaling, as well as other stress physiology. To accomplish this, we 

utilized two independent GAL4 lines (Va-GAL4 and CAPA-GAL4) to knock down CrzR in the 

CNS. The Va-GAL4 drives GFP expression in several brain and VNC neurons including 

some median neurosecretory cells, LNvs, CAPA/PK SEZ and Va neurons (Figure 2A and 
B). The CAPA-GAL4, on the other hand, was a much weaker driver of GFP and displayed a 

more restricted GFP expression in only the Va neurons (Figure 2C and D). Note that the 

posterior-most pair of Va neurons send axon projections into the dorsal surface of the 

abdominal nerve where they terminate with varicose neurohemal release sites (Figure 2D), 
whereas the two anterior pairs of Va neurons have axon terminations in the dorsal neural 
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sheath from which the peptides could be released into the hemolymph [53,54]. Thus, all 6 

Va neurons are likely to release their contents into the circulation. The CAPA-GAL4 also 

drives GFP expression in a pair of neurons in the brain; however, these neurons did not 

react with the PRXamide antiserum (Figure 2C).   
 

To investigate the role of the CrzR action on Va neurons we first knocked down CrzR using 

the Va-GAL4 and assayed for effects on CAPA/PK immunoreactivity levels, stress 

tolerance, water content and feeding. Va-GAL4 driven CrzR-RNAi#1 resulted in decreased 

CAPA peptide levels in Va neurons (Figure 3A), delayed recovery from chill coma (Figure 
3B) and increased survival under ionic stress (Figure 3C), desiccation (Figure 3D) and 

starvation (Figure 3E). This manipulation did not influence the weight or water content of 

the flies (Figure 3F). However, it resulted in decreased long-term food intake measured 

using a CAFE assay (Figure 3G). Actin-GAL4 driven CrzR-RNAi resulted in significantly 

lowered CrzR transcripts as measured by quantitative real-time PCR (Figure S6), 
confirming that the CrzR-RNAi constructs are efficient at knocking down CrzR transcripts. 

Thus, broad knockdown of CrzR in CNS impacts various stresses and feeding.  

 

Next, we knocked down CrzR more selectively using CAPA-GAL4. The CAPA-GAL4 driven 

CrzR-RNAi#1 resulted in increased survival under desiccation (Figure 4C). Survival under 

ionic stress also showed a minor increase that was not significantly different from controls 

(Figure 4B). It did, however, have no impact on CAPA peptide levels in Va neurons (Figure 
S7), chill coma recovery, survival under starvation, weight and water content, and long term 

food intake (Figure 4). Similar results were also obtained by knocking down CrzR in CAPA 

neurons using an independent CrzR-RNAi construct (CrzR-RNAi#2) (Figure S8). The failure 

to see an effect on chill coma recovery following CrzR knockdown with CAPA-GAL4 could 

be a due to it being a very week driver. 

 

Previously, we showed that global knockdown of Crz (Crz>Crz-RNAi) increased survival 

under oxidative stress and desiccation, and reduced food intake [9]. We asked whether 

global knockdown of Crz phenocopied CrzR knockdown in the CNS. Indeed, knockdown of 

Crz using Crz RNAi#1 (Figure S9A) also results in delayed recovery from chill coma (Figure 
S9C) and increased survival under ionic stress (Figure S9D). Moreover, Crz knockdown 

has no effect on CAPA peptide levels (Figure S9B), or weight and water content of the flies 
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(Figure S9E). The other fly line Crz-RNAi#2, on the other hand, was not able to diminish Crz 

efficiently (Figure S10). Hence, these flies were not used for further analyses.    

 

The failure to see any effect on peptide levels in Va neurons following CAPA>CrzR-RNAi or 

Crz>Crz-RNAi could be due to the fact that the genetic manipulations were chronic and 

would thus be unable to capture dynamic peptide release. Moreover, the Va neurons 

produce CAPA-1, CAPA-2 and pyrokinin-1, of which only the CAPA peptides regulate 

desiccation and cold stress. It is, thus, impossible to selectively quantify the release of 

CAPA peptides only using current approaches. 

 

Taken together, our results indicate that Crz acts upstream of CAPA signaling, as well as on 

its own accord on the fat body, to modulate survival under desiccation and ionic stress, and 

recovery from chill coma (Figure 6).  
 

Crz peptide injections influence chill coma recovery and desiccation survival 
Having shown that chronic genetic manipulations that interfere with Crz signaling impacts 

stress tolerance, we asked whether acute increase of Crz signaling also affects stress 

tolerance. To this end, we first quantified the recovery time of flies from chill coma that had 

been injected with Crz. Previously, it was shown that flies injected with high dose of CAPA 

(10-6M) recover faster whereas flies injected with low dose of CAPA (10-15M) recover slower 

than saline injected control flies [36]. Interestingly, injection of high dose of Crz (10-6M), but 

not the low dose (10-9M) delays recovery from chill coma (Figure 5A), similar to the effect of 

low dose CAPA shown earlier [36]. A higher dose of Crz is needed compared to CAPA 

because Crz acts centrally, and needs to penetrate the blood-brain barrier, whereas the 

effects of CAPA on Malpighian tubules are hormonal. Moreover, these effects are not due to 

changes in osmolarity since injection of an inactive exogenous peptide (non-amidated 

Aedes aegypti ACP) has no effect on chill coma recovery (Figure 5B). Next, we 

independently assayed the Crz-injected flies for survival under desiccation conditions. Flies 

injected with 10-6M Crz display decreased desiccation tolerance compared to saline injected 

flies (Figure 5C). Taken together, these results suggest that Crz interacts with CAPA 

signaling to modulate resistance to desiccation and cold stress (Figure 6).  
 
 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

16 

Release of Crz and CAPA peptides is altered under stress 
Since systemic Crz seems to modulate CAPA signaling during stress, we examined the 

release of Crz using immunolabeling under similar conditions. A decrease in Crz-

immunoreactivity is usually an indication that the peptide has been released into the 

hemolymph. Using this approach, we quantified Crz immunoreactivity levels in the large Crz 

neurons separately and in all Crz neurons together, since that was the simplest way to 

distinguish the two different types of DLPs (Figure 7A). Interestingly, the Crz peptide levels 

in the large Crz neurons was significantly reduced in desiccated and rewatered flies (Figure 
7A and B) whereas the Crz peptide level in all Crz neurons showed a significant reduction 

in desiccated, rewatered and starved flies (Figure 7A and C). This suggests that Crz is 

released from the large Crz neurons under osmotic stress and that the other smaller Crz 

neurons react to nutritional stress. Using a similar approach, we quantified peptide levels in 

Va neurons. Our analysis revealed that the anti-PRXamide immunoreactivity is significantly 

higher only in the rewatered flies (Figure 7D and E). Previous work has shown that CAPA 

transcripts are upregulated in desiccated flies [6]. Thus, increased anti-PRXamide 

immunoreactivity in recovered (rewatered) flies could be explained by two possible 

scenarios: 1) decreased release of the peptide or 2) increased peptide production, which 

masks the effect of peptide release. However, the long-term calcium activity of Va neurons 

(measured using CaLexA) was consistently weak under all of the conditions tested possibly 

due to the CAPA-GAL4 being a very weak driver (Figure S11). Following its release into the 

hemolymph, CAPA peptides could act on their receptor not only on the Malpighian tubules, 

but also on the gut to regulate water and ion homeostasis, and waste expulsion (Figure 
S12). 
 

Discussion 
 

Crz has long been proposed as a stress-induced hormone based on diverse phenotypes 

observed in studies of various insects [57,58]. In the present study, we mapped the 

distribution of CrzR in the CNS and, in doing so, identified neuronal downstream targets of 

Crz. We furthermore identified a Crz-CAPA neuroendocrine pathway and demonstrated 

effects on stress tolerance after knocking down CrzR in peptidergic neurons of the CNS 

using different GAL4 lines. Specifically, we found that CrzR knockdown in CAPA expressing 

Va neurons affects responses to desiccation, ionic stress and starvation. Previous work in 
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Drosophila has shown that interference with Crz signaling impacts resistance to nutritional 

and oxidative stresses [1,23]. Crz neuron inactivation and/or ablation increased resistance 

to starvation, osmotic and oxidative stresses [23]. Crz knockdown also results in increased 

resistance to starvation, desiccation and oxidative stresses [1,9]. Moreover, CrzR 

knockdown in the fat body (and salivary glands) increases tolerance to starvation, 

desiccation and oxidative stress [9], suggesting that Crz signaling to the fat body can 

account for most of the stress tolerance phenotypes seen following Crz knockdown. 

Furthermore, after CrzR knockdown, glucose, trehalose and glycogen levels are elevated in 

starved flies, but not in normally fed flies. Moreover, starved, but not normally fed flies with 

Crz knockdown, display increased triacyl glycerides [1]. Crz transcript is also upregulated in 

starved flies with CrzR knockdown in the fat body [9]. Thus, it appears that systemic Crz 

signaling is more crucial under nutritional stress compared to normal feeding conditions. 

Our data on Crz immunoreactivity (Figure 7A – C) corroborate these findings and suggest 

that Crz is released during nutritional stress to mobilize energy stores. But how do we 

explain this physiological response as it appears to be counter-productive and results in 

decreased survival in the long term? It appears that Crz signaling may work in concert with 

the paralogous AKH signaling to fuel starvation-induced locomotion in a do-or-die situation 

[20]. This is supported by the fact that Crz neuron activation increases locomotor activity 

under osmotic and starvation stress [23]. Since the CrzR is not expressed in AKH-producing 

cells (Figures S3D), it seems that these two peptides are working in parallel rather than in 

the same circuit/pathway. The alteration in locomotor activity could be via the action of Crz 

on PDF-producing clock neurons (sLNvs) and/or Hugin neurons, both of which express the 

CrzR (Figure 1C and S4) and are part of the circuit linking circadian clock to locomotor 

activity [59,49,50]. In addition, Crz neurons appear to innervate the antennal lobe (AL) 

(Figure S2D), which show high expression of CrzR (Figure S2A-C). Perhaps, Crz 

modulates odor sensitivity in hungry flies similar to sNPF, tachykinin and SIFamide in order 

to increase food search [60-62]. The AKH receptor is expressed in sweet-sensing gustatory 

receptor (Gr5a) neurons [63]. Thus, Crz and AKH may modulate olfactory and gustatory 

inputs, respectively, in order to stimulate food search.  

 

How does systemic Crz signaling to the CAPA-expressing Va neurons fit into this model? If 

Crz is released during stress to mobilize energy stores and fuel locomotion, it could also act 

on Va neurons to stimulate CAPA release, which would aid in expulsion of metabolic waste 
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products via the Malpighian tubules. Moreover, Crz could also independently modulate 

CAPA release during desiccation and cold stress. Based on these current and previous 

findings we postulate that systemic Crz signaling orchestrates stress-associated physiology 

by acting directly on the fat body and other peptidergic neurons (Figure 8). Moreover, it 

appears that the primary role of the common ancestor of Crz and AKH signaling systems 

was to modulate stress-associated physiology and that these paralogous signaling systems 

have subfunctionalized and neofunctionalized over evolution.  

 

What are the triggers that cause Crz release under stress? It is known that Crz neurons 

express an aquaporin, Drip, and a fructose sensor, Gr43a [64,65]. These neurons also 

express a receptor for the neuropeptide diuretic hormone 31 (DH31) [66]. DH31 is 

expressed in nutrient-sensing enteroendocrine cells in the gut, which could transmit 

information about the internal nutritional status to Crz neurons [67]. Thus, any imbalance in 

internal nutritional and osmotic status could either be sensed directly by Crz neurons or 

relayed to them via other messengers.   

 

In the present study, we identified a neuroendocrine pathway where Crz expressing 

neurons act on CrzR expressing Va neurons in the abdominal ganglia and explored its 

functional roles by knocking down the CrzR in CNS neurons using different GAL4 lines. 

CrzR knockdown using Va-GAL4 affected tolerance to various nutritional and osmotic 

stresses, and decreased feeding. However, CrzR knockdown using CAPA-GAL4 only 

affected survival under desiccation. These differences can be attributed to various factors. 

Knockdown of CrzR using CAPA-GAL4 only reduces the transcripts in the six CAPA-

expressing Va neurons [68], whereas the Va-GAL4 would affect CrzR transcript levels in Va 

neurons, CAPA/PK neurons in the SEZ and perhaps the sLNvs. Hence, Crz signaling to Va 

neurons impacts CAPA release which subsequently leads to altered response to 

desiccation and, perhaps, cold tolerance. Interestingly, knockdown of CrzR with Va-GAL4 or 

injection of Crz peptide both resulted in delayed recovery from chill coma. This suggests 

that a tight regulation of Crz signaling is required for cold recovery and deviations outside 

this window result in dysregulation. In addition, the effects observed on cold recovery 

following Crz peptide injections may also be confounded by the actions of the peptide on the 

fat body and other tissues expressing the CrzR. In addition, it should be noted that the Va 

neurons produce CAPA-1, CAPA-2 and PK-1 [54], of which only the CAPA peptides 
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regulate responses to desiccation and cold stress [6,29]. Since Crz signaling to Va neurons 

is likely to also regulate release of PK-1, there may be additional effects of Va activation that 

are mediated by PK-1 receptors. However, so far the functional roles of PK-1 are unknown 

in Drosophila. 

 

In conclusion, we have mapped the distribution of CrzR in the Drosophila CNS and shown 

that Crz orchestrates stress-associated physiology and behavior through modulation of 

peptidergic neurons in the CNS and action on peripheral tissues. Some of the Crz actions 

are mediated by CAPA peptides released from CrzR-expressing Va neurons of the ventral 

nerve cord, and acting on the Malpighian tubules and perhaps the gut, whereas others may 

be through action on PDF-expressing clock neurons and the Hugin neurons in the SEZ, 

both of which express the CrzR. An earlier study demonstrated peripheral actions of Crz on 

the CrzR-expressing fat body in establishing metabolic homeostasis during stress [9]. Taken 

together, these findings indicate that Crz acts on multiple neuronal and peripheral targets to 

coordinate reestablishment of water, ion and metabolic homeostasis.  

 

Acknowledgements 
 
The authors would like to thank Dr. Olga Kubrak for initial technical help and advice with 

experimental design, and Dr. Christian Wegener for valuable discussions. We are grateful to 

the Bloomington Drosophila Stock Center, the Vienna Drosophila Resource Center, and 

Drs. Ian Orchard, Reinhard Predel, Jan Veenstra, Mark Brown, Heinrich Dircksen, Cornelis 

Grimmelikhuijzen, Stefan Thor, Jae Park and Shireen Davies for providing flies and 

reagents. Stina Höglund and the Imaging Facility at Stockholm University (IFSU) are 

acknowledged for maintenance of the confocal microscopes. This work was supported by a 

European Commission Horizon 2020, Research and Innovation Grant 634361 (to DRN), 

and a Natural Sciences and Engineering Research Council of Canada (NSERC) Discovery 

Grant and an Ontario Ministry of Research, Innovation and Science Early Researcher 

Award (to JPP). Mirjam Amcoff was financed by the Swedish Research Council VR (MA 

637-2014-449). 

  

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

20 

References 
 

1. Kapan N, Lushchak OV, Luo J, Nässel DR (2012) Identified peptidergic neurons in the 

Drosophila brain regulate insulin-producing cells, stress responses and metabolism by 

coexpressed short neuropeptide F and corazonin. Cell Mol Life Sci 69:4051-4066. 

doi:10.1007/s00018-012-1097-z 

2. Cannell E, Dornan AJ, Halberg KA, Terhzaz S, Dow JA, Davies SA (2016) The 

Corticotropin-releasing factor-like diuretic hormone 44 (DH) and kinin neuropeptides 

modulate desiccation and starvation tolerance in Drosophila melanogaster. Peptides 80:96-

107. doi:10.1016/j.peptides.2016.02.004 

3. Liu Y, Luo J, Carlsson MA, Nässel DR (2015) Serotonin and insulin-like peptides 

modulate leucokinin-producing neurons that affect feeding and water homeostasis in 

Drosophila. J Comp Neurol 523 (12):1840-1863. doi:10.1002/cne.23768 

4. Nässel DR, Kubrak OI, Liu Y, Luo J, Lushchak OV (2013) Factors that regulate insulin 

producing cells and their output in Drosophila. Front Physiol 4:252. 

doi:10.3389/fphys.2013.00252 

5. Nässel DR, Vanden Broeck J (2016) Insulin/IGF signaling in Drosophila and other 

insects: factors that regulate production, release and post-release action of the insulin-like 

peptides. Cell Mol Life Sci 73 (2): 271-290 doi:10.1007/s00018-015-2063-3 

6. Terhzaz S, Teets NM, Cabrero P, Henderson L, Ritchie MG, Nachman RJ, Dow JA, 

Denlinger DL, Davies SA (2015) Insect capa neuropeptides impact desiccation and cold 

tolerance. Proc Natl Acad Sci U S A 112 (9):2882-2887. doi:10.1073/pnas.1501518112 

7. Isabel G, Martin JR, Chidami S, Veenstra JA, Rosay P (2005) AKH-producing 

neuroendocrine cell ablation decreases trehalose and induces behavioral changes in 

Drosophila. Am J Physiol Regul Integr Comp Physiol 288 (2):R531-538. 

doi:10.1152/ajpregu.00158.2004 

00158.2004 [pii] 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

21 

8. Yeoh JGC, Pandit AA, Zandawala M, Nässel DR, Davies SA, Dow JAT (2017) DINeR: 

Database for Insect Neuropeptide Research. Insect Biochem Mol Biol 86:9-19. 

doi:10.1016/j.ibmb.2017.05.001 

9. Kubrak OI, Lushchak OV, Zandawala M, Nässel DR (2016) Systemic corazonin signalling 

modulates stress responses and metabolism in Drosophila. Open Biol 6 (11). 

doi:10.1098/rsob.160152 

10. Lee G, Park JH (2004) Hemolymph sugar homeostasis and starvation-induced 

hyperactivity affected by genetic manipulations of the adipokinetic hormone-encoding gene 

in Drosophila melanogaster. Genetics 167 (1):311-323 

11. Zandawala M, Yurgel ME, Texada MJ, Liao S, Rewitz KF, Keene AC, Nässel DR (2018) 

Modulation of Drosophila post-feeding physiology and behavior by the neuropeptide 

leucokinin. PLoS Genet 14 (11):e1007767. doi:10.1371/journal.pgen.1007767 

12. Zandawala M, Marley R, Davies SA, Nässel DR (2018) Characterization of a set of 

abdominal neuroendocrine cells that regulate stress physiology using colocalized diuretic 

peptides in Drosophila. Cell Mol Life Sci 75 (6):1099-1115. doi:10.1007/s00018-017-2682-y 

13. de Kloet AD, Herman JP (2018) Fat-brain connections: Adipocyte glucocorticoid control 

of stress and metabolism. Front Neuroendocrinol 48:50-57. doi:10.1016/j.yfrne.2017.10.005 

14. Joseph DN, Whirledge S (2017) Stress and the HPA Axis: Balancing Homeostasis and 

Fertility. Int J Mol Sci 18 (10). doi:10.3390/ijms18102224 

15. Engelmann M, Landgraf R, Wotjak CT (2004) The hypothalamic-neurohypophysial 

system regulates the hypothalamic-pituitary-adrenal axis under stress: an old concept 

revisited. Front Neuroendocrinol 25 (3-4):132-149. doi:10.1016/j.yfrne.2004.09.001 

16. Hartenstein V (2006) The neuroendocrine system of invertebrates: a developmental and 

evolutionary perspective. J Endocrinol 190 (3):555-570. doi:190/3/555 

[pii]10.1677/joe.1.06964 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

22 

17. Waterson MJ, Chung BY, Harvanek ZM, Ostojic I, Alcedo J, Pletcher SD (2014) Water 

sensor ppk28 modulates Drosophila lifespan and physiology through AKH signaling. Proc 

Natl Acad Sci U S A 111 (22):8137-8142. doi:10.1073/pnas.1315461111 

18. Post S, Liao S, Yamamoto R, Veenstra JA, Nässel DR, Tatar M (2018) Drosophila 

insulin-like peptide dilp1 increases lifespan and glucagon-like Akh expression epistatic to 

dilp2. Aging Cell Epub ahead of print, Doi:10.1101/380410. doi:10.1111/acel.12863 

19. Broughton SJ, Piper MD, Ikeya T, Bass TM, Jacobson J, Driege Y, Martinez P, Hafen E, 

Withers DJ, Leevers SJ, Partridge L (2005) Longer lifespan, altered metabolism, and stress 

resistance in Drosophila from ablation of cells making insulin-like ligands. Proc Natl Acad 

Sci U S A 102 (8):3105-3110. doi:0405775102 [pii] 

10.1073/pnas.0405775102 

20. Yu Y, Huang R, Ye J, Zhang V, Wu C, Cheng G, Jia J, Wang L (2016) Regulation of 

starvation-induced hyperactivity by insulin and glucagon signaling in adult Drosophila. Elife 

5. doi:10.7554/eLife.15693 

21. Tian S, Zandawala M, Beets I, Baytemur E, Slade SE, Scrivens JH, Elphick MR (2016) 

Urbilaterian origin of paralogous GnRH and corazonin neuropeptide signalling pathways. 

Sci Rep 6:28788. doi:10.1038/srep28788 

22. Zandawala M, Tian S, Elphick MR (2018) The evolution and nomenclature of GnRH-

type and corazonin-type neuropeptide signaling systems. Gen Comp Endocrinol 264:64-77. 

doi:10.1016/j.ygcen.2017.06.007 

23. Zhao Y, Bretz CA, Hawksworth SA, Hirsh J, Johnson EC (2010) Corazonin neurons 

function in sexually dimorphic circuitry that shape behavioral responses to stress in 

Drosophila. PLoS One 5 (2):e9141. doi:10.1371/journal.pone.0009141 

24. Chintapalli VR, Wang J, Dow JA (2007) Using FlyAtlas to identify better Drosophila 

melanogaster models of human disease. Nat Genet 39 (6):715-720. doi:ng2049 [pii] 

10.1038/ng2049 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

23 

25. Sha K, Choi SH, Im J, Lee GG, Loeffler F, Park JH (2014) Regulation of ethanol-related 

behavior and ethanol metabolism by the Corazonin neurons and Corazonin receptor in 

Drosophila melanogaster. PLoS One 9 (1):e87062. doi:10.1371/journal.pone.0087062 

26. Talay M, Richman EB, Snell NJ, Hartmann GG, Fisher JD, Sorkac A, Santoyo JF, Chou-

Freed C, Nair N, Johnson M, Szymanski JR, Barnea G (2017) Transsynaptic Mapping of 

Second-Order Taste Neurons in Flies by trans-Tango. Neuron 96 (4):783-+. 

doi:10.1016/j.neuron.2017.10.011 

27. Allan DW, St Pierre SE, Miguel-Aliaga I, Thor S (2003) Specification of neuropeptide cell 

identity by the integration of retrograde BMP signaling and a combinatorial transcription 

factor code. Cell 113 (1):73-86. doi:S0092867403002046 [pii] 

28. Asahina K, Watanabe K, Duistermars BJ, Hoopfer E, Gonzalez CR, Eyjolfsdottir EA, 

Perona P, Anderson DJ (2014) Tachykinin-expressing neurons control male-specific 

aggressive arousal in Drosophila. Cell 156 (1-2):221-235. doi:10.1016/j.cell.2013.11.045 

29. Terhzaz S, Cabrero P, Robben JH, Radford JC, Hudson BD, Milligan G, Dow JA, 

Davies SA (2012) Mechanism and function of Drosophila capa GPCR: a desiccation stress-

responsive receptor with functional homology to human neuromedinU receptor. PLoS One 7 

(1):e29897. doi:10.1371/journal.pone.0029897 

30. Choi YJ, Lee G, Park JH (2006) Programmed cell death mechanisms of identifiable 

peptidergic neurons in Drosophila melanogaster. Development 133 (11):2223-2232. 

doi:10.1242/dev.02376 

31. Tayler TD, Pacheco DA, Hergarden AC, Murthy M, Anderson DJ (2012) A neuropeptide 

circuit that coordinates sperm transfer and copulation duration in Drosophila. Proc Natl Acad 

Sci U S A 109 (50):20697-20702. doi:10.1073/pnas.1218246109 

32. Pfeiffer BD, Truman JW, Rubin GM (2012) Using translational enhancers to increase 

transgene expression in Drosophila. Proc Natl Acad Sci U S A 109 (17):6626-6631. 

doi:10.1073/pnas.1204520109 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

24 

33. Masuyama K, Zhang Y, Rao Y, Wang JW (2012) Mapping neural circuits with activity-

dependent nuclear import of a transcription factor. J Neurogenet 26 (1):89-102. 

doi:10.3109/01677063.2011.642910 

34. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, 

Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, 

Tomancak P, Cardona A (2012) Fiji: an open-source platform for biological-image analysis. 

Nat Methods 9 (7):676-682. doi:10.1038/nmeth.2019 

35. Pollak E, Eckert M, Molnar L, Predel R (2005) Differential sorting and packaging of 

capa-gene related products in an insect. J Comp Neurol 481 (1):84-95. 

doi:10.1002/cne.20364 

36. MacMillan HA, Nazal B, Wali S, Yerushalmi GY, Misyura L, Donini A, Paluzzi JP (2018) 

Anti-diuretic activity of a CAPA neuropeptide can compromise Drosophila chill tolerance. J 

Exp Biol 221 (Pt 19). doi:10.1242/jeb.185884 

37. Veenstra JA, Davis NT (1993) Localization of corazonin in the nervous system of the 

cockroach Periplaneta americana. Cell Tissue Res 274 (1):57-64 

38. Veenstra JA, Agricola HJ, Sellami A (2008) Regulatory peptides in fruit fly midgut. Cell 

Tissue Res 334 (3):499-516. doi:10.1007/s00441-008-0708-3 

39. Kaufmann C, Brown MR (2006) Adipokinetic hormones in the African malaria mosquito, 

Anopheles gambiae: Identification and expression of genes for two peptides and a putative 

receptor. Insect Biochem Molec 36 (6):466-481. doi:10.1016/j.ibmb.2006.03.009 

40. Grimmelikhuijzen CJP (1983) FMRFamide is generally occuring in the nervous system 

of coelenterates. Histochemistry 78:361-381 

41. Dircksen H, Zahnow CA, Gaus G, Keller R, Rao KR, Riehm JP (1987) The ultrastructure 

of nerve endings containing pigmentdispersing hormone (PDH) in crustacean sinus glands: 

identification by an antiserum against synthetic PDH. Cell Tissue Res 250:377–387 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

25 

42. Folk DG, Han C, Bradley TJ (2001) Water acquisition and partitioning in Drosophila 

melanogaster: effects of selection for desiccation-resistance. J Exp Biol 204 (Pt 19):3323-

3331 

43. Ja WW, Carvalho GB, Mak EM, de la Rosa NN, Fang AY, Liong JC, Brummel T, Benzer 

S (2007) Prandiology of Drosophila and the CAFE assay. Proc Natl Acad Sci U S A 104 

(20):8253-8256. doi:10.1073/pnas.0702726104 

44. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-

time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25 (4):402-408. 

doi:10.1006/meth.2001.1262 

45. Dutta D, Dobson AJ, Houtz PL, Glasser C, Revah J, Korzelius J, Patel PH, Edgar BA, 

Buchon N (2015) Regional Cell-Specific Transcriptome Mapping Reveals Regulatory 

Complexity in the Adult Drosophila Midgut. Cell Rep 12 (2):346-358. 

doi:10.1016/j.celrep.2015.06.009 

46. R Core Team (2017) R: A language and environment for statistical computing. . R 

Foundation for Statistical Computing, Vienna, Austria URL https://http://www.R-project.org/ 

47. Schoofs A, Hückesfeld S, Schlegel P, Miroschnikow A, Peters M, Zeymer M, Spiess R, 

Chiang AS, Pankratz MJ (2014) Selection of motor programs for suppressing food intake 

and inducing locomotion in the Drosophila brain. PLoS Biol 12 (6):e1001893. 

doi:10.1371/journal.pbio.1001893 

48. Schlegel P, Texada MJ, Miroschnikow A, Schoofs A, Huckesfeld S, Peters M, 

Schneider-Mizell CM, Lacin H, Li F, Fetter RD, Truman JW, Cardona A, Pankratz MJ (2016) 

Synaptic transmission parallels neuromodulation in a central food-intake circuit. Elife 5. 

doi:10.7554/eLife.16799 

49. Renn SC, Park JH, Rosbash M, Hall JC, Taghert PH (1999) A pdf neuropeptide gene 

mutation and ablation of PDF neurons each cause severe abnormalities of behavioral 

circadian rhythms in Drosophila. Cell 99 (7):791-802 

50. Nitabach MN, Taghert PH (2008) Organization of the Drosophila circadian control 

circuit. Curr Biol 18 (2):R84-93. doi:S0960-9822(07)02347-0 [pii]10.1016/j.cub.2007.11.061 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

26 

51. Wegener C, Reinl T, Jansch L, Predel R (2006) Direct mass spectrometric peptide 

profiling and fragmentation of larval peptide hormone release sites in Drosophila 

melanogaster reveals tagma-specific peptide expression and differential processing. J 

Neurochem 96 (5):1362-1374. doi:10.1111/j.1471-4159.2005.03634.x 

52. Gabilondo H, Rubio-Ferrera I, Losada-Perez M, Del Saz D, Leon Y, Molina I, Torroja L, 

D WA, Benito-Sipos J (2018) Segmentally homologous neurons acquire two different 

terminal neuropeptidergic fates in the Drosophila nervous system. PLoS One 13 

(4):e0194281. doi:10.1371/journal.pone.0194281 

53. Santos JG, Pollak E, Rexer KH, Molnar L, Wegener C (2006) Morphology and 

metamorphosis of the peptidergic Va neurons and the median nerve system of the fruit fly, 

Drosophila melanogaster. Cell Tissue Res 326 (1):187-199. doi:10.1007/s00441-006-0211-

7 

54. Kean L, Cazenave W, Costes L, Broderick KE, Graham S, Pollock VP, Davies SA, 

Veenstra JA, Dow JA (2002) Two nitridergic peptides are encoded by the gene capability in 

Drosophila melanogaster. Am J Physiol Regul Integr Comp Physiol 282 (5):R1297-1307. 

doi:10.1152/ajpregu.00584.2001 

55. Predel R, Wegener C, Russell WK, Tichy SE, Russell DH, Nachman RJ (2004) 

Peptidomics of CNS-associated neurohemal systems of adult Drosophila melanogaster: a 

mass spectrometric survey of peptides from individual flies. J Comp Neurol 474 (3):379-392. 

doi:10.1002/cne.20145 

56. Predel R, Wegener C (2006) Biology of the CAPA peptides in insects. Cell Mol Life Sci 

63 (21):2477-2490. doi:10.1007/s00018-006-6187-3 

57. Boerjan B, Verleyen P, Huybrechts J, Schoofs L, De Loof A (2010) In search for a 

common denominator for the diverse functions of arthropod corazonin: a role in the 

physiology of stress? Gen Comp Endocrinol 166 (2):222-233. 

doi:10.1016/j.ygcen.2009.09.004 

58. Veenstra JA (2009) Does corazonin signal nutritional stress in insects? Insect Biochem 

Mol Biol 39 (11):755-762. doi:10.1016/j.ibmb.2009.09.008 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

27 

59. King AN, Barber AF, Smith AE, Dreyer AP, Sitaraman D, Nitabach MN, Cavanaugh DJ, 

Sehgal A (2017) A Peptidergic Circuit Links the Circadian Clock to Locomotor Activity. Curr 

Biol 27 (13):1915-1927 e1915. doi:10.1016/j.cub.2017.05.089 

60. Root CM, Ko KI, Jafari A, Wang JW (2011) Presynaptic facilitation by neuropeptide 

signaling mediates odor-driven food search. Cell 145 (1):133-144. doi:S0092-

8674(11)00122-X [pii] 

10.1016/j.cell.2011.02.008 

61. Ko KI, Root CM, Lindsay SA, Zaninovich OA, Shepherd AK, Wasserman SA, Kim SM, 

Wang JW (2015) Starvation promotes concerted modulation of appetitive olfactory behavior 

via parallel neuromodulatory circuits. Elife 4. doi:10.7554/eLife.08298 

62. Martelli C, Pech U, Kobbenbring S, Pauls D, Bahl B, Sommer MV, Pooryasin A, Barth J, 

Arias CWP, Vassiliou C, Luna AJF, Poppinga H, Richter FG, Wegener C, Fiala A, 

Riemensperger T (2017) SIFamide Translates Hunger Signals into Appetitive and Feeding 

Behavior in Drosophila. Cell Rep 20 (2):464-478. doi:10.1016/j.celrep.2017.06.043 

63. Bharucha KN, Tarr P, Zipursky SL (2008) A glucagon-like endocrine pathway in 

Drosophila modulates both lipid and carbohydrate homeostasis. J Exp Biol 211 (Pt 

19):3103-3110. doi:211/19/3103 [pii] 

10.1242/jeb.016451 

64. Bergland AO, Chae HS, Kim YJ, Tatar M (2012) Fine-scale mapping of natural variation 

in fly fecundity identifies neuronal domain of expression and function of an aquaporin. PLoS 

Genet 8 (4):e1002631. doi:10.1371/journal.pgen.1002631 

65. Miyamoto T, Amrein H (2014) Diverse roles for the Drosophila fructose sensor Gr43a. 

Fly (Austin) 8 (1):19-25. doi:10.4161/fly.27241 

66. Johnson EC, Shafer OT, Trigg JS, Park J, Schooley DA, Dow JA, Taghert PH (2005) A 

novel diuretic hormone receptor in Drosophila: evidence for conservation of CGRP 

signaling. J Exp Biol 208 (Pt 7):1239-1246. doi:10.1242/jeb.01529 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

28 

67. Park JH, Chen J, Jang S, Ahn TJ, Kang K, Choi MS, Kwon JY (2016) A subset of 

enteroendocrine cells is activated by amino acids in the Drosophila midgut. FEBS Lett 590 

(4):493-500. doi:10.1002/1873-3468.12073 

68. Suska A, Miguel-Aliaga I, Thor S (2011) Segment-specific generation of Drosophila 

Capability neuropeptide neurons by multi-faceted Hox cues. Developmental biology 353 

(1):72-80. doi:10.1016/j.ydbio.2011.02.015 

69. Choi YJ, Lee G, Hall JC, Park JH (2005) Comparative analysis of Corazonin-encoding 

genes (Crz's) in Drosophila species and functional insights into Crz-expressing neurons. J 

Comp Neurol 482 (4):372-385. doi:10.1002/cne.20419 

 
  

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 16, 2019. ; https://doi.org/10.1101/522441doi: bioRxiv preprint 

https://doi.org/10.1101/522441
http://creativecommons.org/licenses/by-nc/4.0/


	
	

29 

Figure captions 
 

Figure 1: Crz and CrzR expression in the CNS of adult Drosophila. Crz-GAL4 driven 

GFP and Crz-immunoreactivity is present in (A) dorsal lateral peptidergic neurons (DLPs) in 

the brain and (B) two to (B1) three pairs of male-specific neurons in the abdominal ganglia. 

CrzR-GAL4 drives GFP expression in CAPA/pyrokinin producing neurons (labeled with anti-

PRXamide antibody) in (C) the subesophageal zone (SEZ) and (D) ventral nerve cord 

(VNC). The three pairs of neurons in the VNC are referred to as Va neurons. Note that 

within the SEZ, CrzR-GAL4 driven GFP is also colocalized with another PRXamide related 

peptide, probably Hugin-PK, which cross-reacts with the antibody (cells indicated by the 

white box). For further details of CrzR expression see Fig. S2 – S4. 

 

Figure 2: Va-GAL4 and CAPA-GAL4 drive GFP expression in CAPA neurons. (A) Va-

GAL4 drives GFP expression in several neurons in the central nervous system, including a 

pair of CAPA/pyrokinin producing neurons in the SEZ and (B) Va neurons in the VNC 

(labeled with anti-PRXamide antibody). (C) CAPA-GAL4 does not drive GFP expression in 

the CAPA/pyrokinin neurons in the SEZ but it does so in Va neurons in the VNC (D). Only 5 

neurons are visible in this preparation; however, there are usually 6 neurons in most 

preparations (D1). Note that the posterior-most pair of Va neurons sends axonal projections 

into the abdominal nerve (indicated by the white arrow) where they terminate to form 

neurohemal release sites. The anterior two pairs send axons to a neurohemal plexus in the 

dorsal neural sheath. 

 

Figure 3: Va-GAL4 driven CrzR-RNAi impacts CAPA signaling, stress tolerance and 
feeding. (A) Knockdown of CrzR in Va neurons results in decreased CAPA/pyrokinin 

peptide levels, as measured using immunohistochemistry (** p < 0.01 as assessed by 

Mann-Whitney test). Va-GAL4 driven CrzR-RNAi(1) results in (B) delayed recovery from 

chill coma, and (C) increased survival under ionic stress, (D) desiccation and (E) starvation. 

For B-E, data are presented as survival curves (**** p < 0.0001, as assessed by Log-rank 

(Mantel-Cox) test). (F) CrzR knockdown in Va neurons has no effect on wet weight, dry 

weight or water content. (G) Cumulative food intake (measured with CAFE assay over 4 

days) is significantly reduced (*** p < 0.001, **** p < 0.0001 as assessed by One-way 

ANOVA). 
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Figure 4: CAPA-GAL4 driven CrzR RNAi impacts desiccation tolerance. CAPA-GAL4 

driven CrzR-RNAi(1) has no impact on (A) chill coma recovery and survival under (B) ionic 

stress or (D) starvation. However, CrzR-RNAi in CAPA neurons increases survival under 

(C) desiccation stress. (E) CrzR knockdown in CAPA neurons has no effect on wet weight, 

wet weight after 24hour desiccation, dry weight and water content as well as (F) cumulative 

food intake (measured with CAFE assay over 4 days).  

 

Figure 5: Crz peptide injections in vivo influence chill coma recovery and desiccation 
survival. (A) Low dose (10-9M) of injected Crz has no effect whereas a high dose (10-6M) of 

Crz delays chill coma recovery (** p < 0.01, *** p < 0.001 as assessed by two-way ANOVA). 

Solid, dashed and dotted line types indicate results from the different time points the 

experiments were performed. (B) A non-active exogenous peptide (10-6M), non-amidated 

Aedes adipokinetic hormone/corazonin-related peptide (naACP), has no effect on chill coma 

recovery (** p < 0.01 as assessed by two-way ANOVA). Solid and dashed line types 

indicate results from the different time points the experiments were performed. (C) Crz (10-

6M) injected flies (solid lines) display reduced survival under desiccation compared to 

control flies (dashed lines) injected with saline. Lines of different shades indicate results 

from the three different time points the experiments were performed. (Treatment: p = 0.0003 

as assessed by Cox proportional hazards model). 

 
Figure 6: Summary of the phenotypes obtained following different manipulations. (A) 
Effects of Crz>Crz-RNAi and CrzR-RNAi (using different GAL4 lines) on stress tolerance, 

feeding, water content and anti-PRXamide levels in Va neurons. (B) Effects of Crz injections 

on chill coma recovery and desiccation tolerance. Black shading = not tested.  

 

Figure 7: Crz and CAPA/pyrokinin peptide levels following nutritional and osmotic 
stress. Adult flies were either kept under normal conditions, starved, desiccated or 

rewatered (desiccated and then incubated on 1% aqueous agar) and the peptide levels 

monitored using immunohistochemistry. (A, B) Crz peptide levels in large neurosecretory 

cells (indicated by white arrows) are lower in desiccated and rewatered flies. (A, C) Crz 

peptide level in all Crz neurons are lower in starved, desiccated and rewatered flies. (D, E) 
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CAPA/pyrokinin peptide levels are significantly higher in rewatered flies compared to other 

conditions. (* p < 0.05, ** p < 0.01 and **** p < 0.0001 as assessed by One-way ANOVA). 

 

Figure 8: Crz signaling modulates nutrient and osmotic homeostasis. A schematic 

showing the location of Crz (red) and CrzR-expressing neurons/cells (yellow), as well as a 

model proposing how Crz modulates stress and homeostasis. Crz is released from dorsal 

lateral peptidergic neurons (DLPs) into the hemolymph and activates its receptor on the fat 

body and Va neurons. Crz modulates the release of CAPA from Va neurons, which in turn 

affects chill-coma recovery and desiccation tolerance via its effect on the renal tubules. Note 

that CrzR is also expressed in the antennal lobes; however, these have been excluded from 

the figure for purposes of clarity. The scheme is based on findings in this study and that of 

[6,9,69]. 

 
Supplementary figures 

 
Figure S1: CrzR expression in Drosophila tissues. Tissue and developmental 

expression profile of CrzR (data compiled from Flyatlas.org; [24]). 

 

Figure S2: Crz neuron processes superimpose those of CrzR expressing cells in the 
adult Drosophila brain. (A, B) Crz-producing dorsal lateral peptidergic neurons (DLPs) 

send projections to the pars intercerebralis near a set of CrzR>GFP expressing median 

neurosecretory cells. (C) Crz interneuron projections partly overlap Crz>GFP expressing 

processes in the lateral horn. (D) Crz>20X GFP expression in the brain. Note that the Crz 

neuron branches enter the antennal lobe (position marked with AL).   

 
Figure S3: CrzR-GAL4 driven GFP is expressed in several subpopulations of neurons 
in adult Drosophila CNS. (A) CrzR-GAL4 drives GFP expression in neurons expressing 

FMRFamide-related peptide in the SEZ but not in the brain (B). These may be sNPF and 

Hugin-PK co-expressing Hugin neurons. (C) CrzR is expressed in three pairs of brain 

median neurosecretory cells that do not express Drosophila insulin-like peptide 2 (DILP2). 

(D) CrzR is not expressed in the adipokinetic hormone (AKH)-producing cells of the corpora 

cardiaca.  
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Figure S4: CrzR is expressed in small ventral lateral (sLNv) clock neurons. (A, B) 
CrzR-GAL4 drives GFP expression in sLNv clock neurons labeled with anti-pigment 

dispersing factor (PDF) antibody. (C) CrzR>GFP expression is present in the characteristic 

dorsal-projecting axons of the sLNvs.  

 
Figure S5: Identifying post-synaptic partners of Crz neurons. (A) Crz interneurons in 

the abdominal ganglion send axon projections in close proximity to Va neurons. (B) 
Expression of trans-Tango components using Crz-GAL4 generates presynaptic signal 

(labeled with anti-GFP antibody) and post-synaptic signal (labeled with anti-HA antibody; 

magenta) in the ventral nerve cord but no post-synaptic signal is present in the Va neurons. 

(C) Crz>trans-Tango generates broad presynaptic and post-synaptic signals in the brain. 

(D) Crz>trans-Tango drives post-synaptic signal in axons of median neurosecretory cells. 

(E) These cells are likely to be insulin-producing cells as seen from the colocalization (white 

arrow) of the post-synaptic signal in some of the cell bodies (labeled with anti-DILP2 

antibody).  

 
Figure S6: Knockdown efficiency of CrzR RNAi. Actin-GAL4 driven CrzR-RNAi results in 

efficient knockdown of CrzR transcript in whole adult flies compared to control flies (Actin > 

w1118) as tested by qPCR. (** p < 0.01 as assessed by One-way ANOVA). 

 
Figure S7: CAPA>CrzR RNAi and anti-PRXamide levels. CAPA-GAL4 driven CrzR-

RNAi(1) has no significant impact on CAPA/pyrokinin peptide levels in Va neurons. 

 

Figure S8: CAPA-GAL4 driven CrzR-RNAi(2) impacts desiccation tolerance. CAPA-

GAL4 driven CrzR-RNAi(2) has no impact on (A) CAPA/pyrokinin peptide levels in Va 

neurons, (B) chill coma recovery and survival under (C) ionic stress or (E) starvation. 

However, CrzR-RNAi(2) in CAPA neurons increases survival under (C) desiccation stress 

(**** p < 0.0001, as assessed by Log-rank (Mantel-Cox) test). (F) CrzR knockdown in CAPA 

neurons has no effect on wet weight, wet weight after 24hour desiccation, dry weight and 

water content as well as (G) cumulative food intake (measured with CAFE assay over 4 

days). (* p < 0.05, ** p < 0.01 and *** p < 0.001 as assessed by One-way ANOVA). 
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Figure S9: Knockdown of Crz impacts stress resistance. (A) Crz1-GAL4 driven Crz 

RNAi (1) causes a significant decrease in anti-Crz staining in the brains of adult Drosophila 

(**** p < 0.0001 as assessed by unpaired t-test). (B) Crz1-GAL4 driven Crz RNAi (1) has no 

effect on CAPA/pyrokinin peptide levels in Va neurons as measured using 

immunohistochemistry. (C) Crz knockdown results in a significant delay in recovery from 

chill-coma and (D) increased survival under ionic stress. For C and D, data are presented 

as survival curves (**** p < 0.0001, as assessed by Log-rank (Mantel-Cox) test). (E) Crz 

knockdown has no effect on normal wet weight, wet weight after 24hour desiccation or on 

water content, but causes a significant increase in dry weight (** p < 0.01 as assessed by 

One-way ANOVA). 

 
Figure S10: Knockdown efficiency of Crz RNAi. Crz1-GAL4 driven Crz-RNAi(1) but not 

Crz-RNAi(2) causes a significant decrease in anti-Crz staining in the brains of adult 

Drosophila (**** p < 0.0001 as assessed by One-way ANOVA).  

 

Figure S11: Calcium activity of Va neurons under nutritional and osmotic stress. (A) 
The calcium activity of Va neurons, as measured using CaLexA, is low in flies that have 

either been kept under normal conditions, starved, desiccated, or rewatered (desiccated 

and then incubated on 1% aqueous agar). (B) No differences were detected in the GFP 

intensity of Va neurons across all conditions. (C) No differences in the number of Va 

neurons that could be detected across all conditions (assessed by one-way ANOVA 

followed by Tukey’s multiple comparisons test). 

 

Figure S12: The CAPA receptor (CAPAR) is expressed in the adult gut and Malpighian 
tubules.  
CAPAR-GAL4 drives 20X GFP (pJFRC81-10xUAS-Syn21-myr::GFP-p10) expression in the 

adult (A) proventriculus, (B) principal cells of the Malpighian tubules as well as in gut 

muscles. (C) anti-PRXamide (most-likely CAPA/pyrokinin) immunoreactivity is present on 

the proventriculus (also in A). (D) A schematic of the adult gut and heat map showing 

expression of CAPAR in different regions of the gut (R1 to R5) and its various cell types 

(VM, visceral muscle; EEC, enteroendocrine cell; EC, enterocyte; EB, enteroblast; ISC, 

intestinal stem cell; Ep, epithelium. Data was mined using Flygut-seq [45]. The CAPAR-

GAL4 expression pattern is in agreement with the transcriptomic data.  
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