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ABSTRACT  

In Drosophila, eight insulin-like peptides (DILP1-8) are produced and secreted in 

different locations. They regulate many aspects of development and physiology, such as 

organism growth, metabolic homeostasis, reproduction, stress resistance and life span. 

DILP2, 3 and 5 are mainly produced by a cluster of median neurosecretory cells in the 

brain known as insulin producing cells (IPCs). Here we showed that IPCs are under tight 

regulation of two G-protein coupled receptors (GPCRs), serotonin receptor 5-HT1A and 

octopamine receptor OAMB. Genetic manipulations of these two receptors in IPCs 

affected transcription levels of DILPs, hence altered feeding, carbohydrate levels, and 

resistance to stress (Paper I and II). Moreover, we showed that the insulin receptor (dInR) 

is strongly expressed in leucokininergic neurons (LK neurons), and selectively regulates 

growth of around 300 neuropeptidergic neurons expressing the bHLH transcription factor 

DIMMED. Overexpression of dInR in DIMM-positive neurons led to substantial 

neuronal growth, including cell body size, golgi apparatus and nuclear size, while 

knockdown of dInR had the opposite effect (Paper III). Manipulations of components in 

the insulin signaling pathway in LK neurons resulted in the similar cell size phenotypes. 

Furthermore, dInR regulated size scaling of DIMM-postive neurons is nutrient-dependent 

and partially requires the presence of DIMM (Paper III). Finally, we investigated the 

roles of DILPs (2, 3, 5 and 7) and LK neurons in regulation of feeding and diuresis at the 

adult stage (Paper IV).  In summary, we have identified two more regulators for IPC 

activity and demonstrated developmental roles of  DILPs and dInR in regulating neuronal 

size. Moreover, DILPs regulate water homeostasis together with a diuretic hormone 

leucokinin and as a consequence affects feeding behavior.  
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INTRODUCTION 

Insulin-like peptides and insulin signaling pathway 

Human insulin is composed of two polypeptide chains with a total 51 amino acids,  

which are connected by two disulfide bridges. It is an essential hormone responding to a 

greater diversity of environmental signals (see review (Geminard et al., 2006)). The 

insulin/IGF signaling (IIS) in mammals is classified into two complementary and 

interacting subsystems (Nakae et al., 2001). The first is insulin that secreted from the 

pancreatic β-cells in response to elevated glucose and amino acid levels. It primarily 

regulates anabolic metabolism in the classical insulin-responsive tissues such as adipose, 

muscle, and liver. The other is insulin, IGF-I, and IGF-II that regulate growth. Also 

reproductive physiology is targeted by IIS that modulates gonadotropin production in the 

pituitary and sex steroid production in the ovary. It is not completely clear how the 

insulin/IGF system regulates, coordinates, and integrates these processes. However, 

misregulation of IIS pathway leads to many medical disorders (Fernandez and Torres-

Aleman, 2012; Pollak, 2008; Samani et al., 2007), such as diabetes and various types of 

cancer (see review (Rorsman and Braun, 2013)). Simpler organisms that are amenable to 

efficient genetics, such as Drosophila provide increasing promise to allow a better 

understanding of this orchestration (Brand and Perrimon, 1993).  

In Drosophila, IIS has been extensively studied in recent years and shown to 

regulate development and growth (Brogiolo et al., 2001; Ikeya et al., 2002; Rulifson et 

al., 2002; Zhang et al., 2009),  as well as other physiological aspects like metabolic 

homeostasis, reproduction, stress resistance and longevity (Broughton and Partridge, 

2009; Broughton et al., 2005; Grönke et al., 2010). Eight insulin-like peptides (DILP1-8) 

have been identified in Drosophila as ligands of a single insulin receptor (Brogiolo et al., 

2001; Colombani et al., 2012; Garelli et al., 2012). Core components in the insulin 

signaling (IIS) pathways are well conserved over evolution, though there is a slightly 

higher complexity in mammals than in invertebrates (Brogiolo et al., 2001; Garofalo, 

2002; Grönke et al., 2010).  

Insulin secretion in mammals 

In humans, insulin is produced and secreted from around 1 million pancreatic islets 

consisting of 50% insulin-secreting β cells, 35-40% glucagon-releasing α cells and 10-

15% somatostatin-releasing δ cells to precisely control glucose homeostasis (Cabrera et 
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al., 2006). The glucose-induced insulin secretion requires glucose metabolism and relies 

on the classical components including the glucose transporter (GLUT1-3) (Devos et al., 

1995), ATP-sensitive potassium channels (KATP) and several voltage gated ion channels 

(Ca2+ and Na+) (Barnett et al., 1995). KATP are composed of tetramers of two proteins: a 

pore-forming K+ channel Kir 6·2, and a regulatory subunit, the sulphonylurea receptor 

SUR1 (Seino, 1999; Seino et al., 1999). The channels close when intracellular ATP bind 

to Kir 6·2 and open when ADP bind to SUR1 (Aguilar-Bryan and Bryan, 1999). Opening 

of KATP triggers influx of cytosolic Ca2+ that ultimately induces exocytosis of insulin 

granules (Henquin et al., 2003). 

 

Fig 1. Insulin signaling pathways are evolutionary conserved across species. 4EBP, 4E binding protein 

(d4EBP, Drosophila homolog of d4EBP), age-1: Caenorhabditis elegans homolog of PI3K, Akt: gene 

encoding protein kinase B (dAkt, Drosophila homolog of Akt), chico: Drosophila homolog of IRS, daf-2: 

gene encoding Caenorhabditis elegans insulin receptor homolog, daf-16: gene encoding Caenorhabditis 

elegans FOXO homolog, daf-18: gene encoding Caenorhabditis elegans PTEN homolog, InR: insulin 

receptor (dInR, Drosophila homologue of insulin receptor), IRS1-4: insulin receptor substrate 1-4, P27Kip1: 

cyclin-dependent kinase inhibitor p27, PDK1: phosphatidylinositol-dependent kinase-1 (dPDK1, 

Drosophila homolog of PDK1), PI3K: phosphatidylinositol 3-kinase (dPI3K, Drosophila homolog of 

PI3K), PTEN: phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase (dPTEN, Drosophila homolog of 

PTEN), S6K: p70 ribosomal S6 kinase, TOR: target of rapamycin (dTOR, Drosophila TOR; mTOR, 

mammalian TOR). Adapted from (Nässel and Larhammar, 2013). 

A number of hormones and neurotransmitters affect insulin secretion, of these 
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norepinephrine, somatostatin, galanin, and prostaglandins are inhibitors (Sharp, 1996) 

and glucagon-like peptide-I (GLP1), acetylcholine are the two major stimulators 

(Fehmann et al., 1995; Gilon and Henquin, 2001). Another neurotransmitter, serotonin, is 

co-localized with insulin in the β-cells of mammals (Richmond et al., 1996; Smith et al., 

1999). In mice, serotonin combined with two activated GTPases (Rab3a and Rab27a) in 

pancreatic β-cells induces exocytosis of β-granules to trigger insulin release, while 

extracellular serotonin acts on 5-HT1A on the membrane of β-cells to inhibit insulin 

secretion through the effects on cAMP (Paulmann et al., 2009). Insulin release from β-

cells is determined by the concentration ratio between intra- and extracellular serotonin 

levels.  

Insulin-like peptides in Drosophila and their distribution  

In Drosophila, DILPs display specific expression patterns at different stages 

(Summarized in Table 1). The most extensively studied DILPs are DILP2, 3 and 5, 

which are mainly produced by a set of median neurosecretory cells (MNCs) in the 

protocerebrum of the brain and released into the circulation through axon terminals in the 

corpora cardiaca - the neuroendocrine tissue producing a glucagon-like hormone, the 

anterior aorta, the foregut and crop (Brogiolo et al., 2001; Cao and Brown, 2001; 

Rulifson et al., 2002).  

These MNC cells co-expressing DILP2, 3 and 5 are known as insulin-producing 

cells (IPCs). The IPCs extend axons with collateral branches from pars intercerebralis of 

the protocerebrum into the tritocerebrum (Figure 2 and 3). In addition, in situ 

hybridization detected dilp2 in the third instar larval imaginal discs and salivary glands 

(Brogiolo et al., 2001). Moreover, DILP3 is found in muscle cells of the adult midgut and 

DILP5 in follicle cells of the ovary as well as principal cells of the renal tubules 

(Brogiolo et al., 2001; Söderberg et al., 2011; Veenstra et al., 2008). 

Ablation or inactivation of IPCs lead to severe growth defects, altered metabolism 

of carbohydrates and lipids, and changed resistance to starvation, temperature and 

paraquat induced oxidative stress (Broughton et al., 2005; Rulifson et al., 2002; Zhang et 

al., 2009). Similar effects were observed in flies with simultaneous mutation of dilps1-5 

(Grönke et al., 2010; Zhang et al., 2009). However, genetic manipulation of a single 

DILP was commonly compensated by corresponding changes of other DILPs, revealing 

redundant functions of those DILPs (Broughton et al., 2008; Grönke et al., 2010). 
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Table 1. DILPs are widely distributed in Drosophila. 

    Distribution and functional roles of DILP1 and 4 has not been well investigated, 

but in-situ hybridization detected dilp1 in IPCs (Lee et al., 2008; Rulifson et al., 2002) 

and dilp4 in the anterior midgut (Brogiolo et al., 2001). DILP6, another important 

peptide, is mainly expressed in adipose cells of the fat body and can be secreted into the 

circulation to relay growth under post-feeding stage (Bai et al., 2012; Okamoto et al., 

2009; Slaidina et al., 2009). DILP6 is also transiently expressed in the glial cells in the 

larval brain, and is known to reactivate the neuroblasts from quiescence (Chell and 

Brand, 2010). DILP7 is produced by two types of neurons in the abdominal ganglia both 

in larvae and adults (Figure 2). One pair of DILP7 expressing interneurons (DP) in 

abdominal neuromere A1 arborize in the abdominal ganglion and send axons to the 

brain; around 20 DILP7 neurons (dMP2) locate in A6-9 and some of them have axons 

Location 
DILPs 

Larvae Adult 
Axon termination 

sites References 

DILP 1 IPCs - - (Lee et al., 2008; 
Rulifson et al., 2002) 

DILP 2 

IPCs 
imaginal discs 
salivary glands 

glial cells of CNS 

IPCs 

crop 
brain neuropil 

corpora cardiaca  
anterior aorta  
proventriculus 

(Brogiolo et al., 2001; 
Cao and Brown, 2001; 
Rulifson et al., 2002) 

DILP 3 IPCs 
IPCs 

muscle cells of midgut 

crop 
corpora cardiaca  

anterior aorta  
proventriculus 

(Cao and Brown, 2001; 
Veenstra et al., 2008) 

DILP 4 anterior midgut - - (Brogiolo et al., 2001) 

DILP 5 

 
IPCs 

principal cells in RT 
 

IPCs 
follicle cells of ovary 
principal cells in RT 

crop 
corpora cardiaca  

anterior aorta  
proventriculus 

(Cao and Brown, 2001; 
Söderberg et al., 2011) 

DILP 6 

heart 
adipose cells 

salivary glands 
glial cells of CNS 

adipose cells - 
(Okamoto et al., 2009; 
Slaidina et al, 2009) 

DILP 7 abdominal ganglia abdominal ganglia 
hindgut 

brain neuropil 
reproductive tract 

(Miguel-Aliaga et al., 
2008; Yang et al., 2008) 

DILP 8 imaginal discs ovary - 
(Colombani et al., 2012; 

Garelli et al., 2012) 
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that terminate on the hindgut (Miguel-Aliaga et al., 2008; Yang et al., 2008). DILP7 

containing axons also innervate the female reproductive tract and play a role in egg 

laying behaviors (Yang et al., 2008). DILP8 is produced and secreted by larval imaginal 

discs and delays metamorphosis by inhibiting ecdysone biosynthesis (Colombani et al., 

2012; Garelli et al., 2012).  

  

Fig 2. DILPs producing cells in the central nervous system and peripheral tissues. IPCs (in blue) in 

the brain send axons to the tritocerebrum, corpora cardiaca (CC), proventriculus (PV) and the crop. 

Another set of cells (in red) in the ventral nerve cord (VNC) expresses DILP7 and extends axon 

terminations to the hindgut and rectal papillae (RP). DILP5 acts locally in the renal tubules (RT). Adjusted 

from (Nassel et al., 2013) 

Regulators of DILP signaling in IPCs of Drosophila  

In the adult Drosophila, the IPCs express two components of KATP, the sulphnylurea 

receptor (Sur) and the rectifying potassium channel (Kir) similar to mammals (Fridell et 

al., 2009). Glucose application to the adult brain depolarizes the membrane potential of 

IPCs and induces Ca2+ influx in IPCs, similar to administration of the KATP inhibitor 

glibenclamide (Fridell et al., 2009; Kreneisz et al., 2010). This suggests a conserved 

mechanism of glucose sensing and signaling pathways to trigger insulin release in adult 

Drosophila and mammals. Notably, larval brain exposed to glucose failed to release 

insulin from IPCs (Geminard et al., 2009). Corpora cardiaca (CC) cells that produce 

adipokinetic hormone (AKH), instead of IPCs, express the Sur and Kir proteins (Kim and 

Rulifson, 2004), suggesting distinct mechanisms regulating insulin secretion from IPCs 

between larvae and adult stages.  
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Fig 3. Insulin-producing cells and their branches in the brain of adult Drosophila. αL, α lobe of 

mushroom body; βγL, β and γ lobe of mushroom body; AL, antennal lobe; Ca, Calyx; LH, lateral horn; 

Dendr 1, dendrite type 1 from IPCs; Dendr 2, dendrite type 2 from IPCs; Trito, Tritocerebrum. From 

(Nässel et al., 2013) 

IPCs in Drosophila express many genes of interest for regulatory mechaminsms 

(see Table 2). Manipulations of expression of many different genes in the IPCs lead to 

different transcriptional responses in DILP2, 3 and 5. Thus, DILP signaling and IPC 

activities are under very tight and sophisticated control by both non-autonomous and 

autonomous signaling to maintain metabolic homeostasis in the organism. These 

regulators include factors from fat body and probably intestine, and neurons and glia in 

the CNS. In the larval fat body, the amino acid transporter Slimfast acts as a nutrient 

sensor senses elevation of amino acid level in the circulation, and as a consequence some 

factor is secreted into the circulation. This factor reaches the IPCs and triggers the DILP 

release from IPCs (Colombani et al., 2003; Geminard et al., 2009). In the adult flies, the 

fat body-derived factor unpaired 2 (Upd2) indirectly activates the IPCs by lifting a tonic 

inhibition from specific GABAergic neurons (Rajan and Perrimon, 2012).  

Multiple factors from CNS neurons mediate insulin signaling via their receptors in 

IPCs (Table 2). These include several GPCRs like short Neuropeptide F receptor 1 

(sNPFR1), γ-aminobutyric acid receptor B (GABABR), Tachykinin receptor (DTKR) and 

serotonin receptor 5-HT1A (Birse et al., 2011; Enell et al., 2010; Kapan et al., 2012; Lee 

et al., 2008; Luo et al., 2012). Genetic manipulations of these GPCRs in IPCs resulted in 
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significant changes of Dilp transcription levels and/or DILP immunofluoresence in IPCs 

(Birse et al., 2011; Enell et al., 2010; Lee et al., 2008). Overexpression of sNPFR1 in 

IPCs lead to significant transcriptional increase of dilp1 and dilp2, while knockdown 

resulted in the opposite (Lee et al., 2008). Knockdown of DTKR in IPCs significantly 

induced up-regulated transcriptions of dilp2 and dilp3, but not dilp5. Interestingly, 

further starvation for 24h induces differential changes of these two dilp transcripts: 

increased dilp2 but reduced dilp3 (Birse et al., 2011). Recently, an adiponectin receptor-

like protein was indentified in insulin producing cells that could regulate insulin secretion 

and controls glucose and lipid metabolism (Kwak et al., 2013). 

IPCs express a few kinases and channels that regulate the IPC activities and their 

outputs (Table 2). These include protein kinase A (PKA), c-Jun N-terminal kinase (JNK) 

and the calcium-activated potassium channel Slowpoke (SLO) together with its partner 

SLO-binding protein (SLOB) (Karpac et al., 2009; Sheldon et al., 2011; Walkiewicz and 

Stern, 2009). Reduction of PKA levels in IPCs caused upregulation of phospho-AKT, a 

protein downstream of dInR, suggesting an increased release of insulin from IPCs and 

PKA inhibits DILP signaling (Walkiewicz and Stern, 2009). JNK activation in IPCs 

mainly affects DILP signaling when the flies are under stress conditions. It was shown 

that under paraquat-induced oxidative stress Dilp2 was downregulated when JNK is 

present in IPCs, while a reduction of JNK is sufficient to eliminate the Dilp2 

transcription response (Karpac et al., 2009). Diminishing SLO in IPCs lead to decreased 

Dilp3 transcript level, stored energy, and affected DILP signaling. It was proposed that 

SLO and SLOB modulate action potential duration in the IPCs and thus have a possible 

role in release of DILPs (Sheldon et al., 2011).  
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Table 2. Genes expressed in the IPCs of Drosophila brain.  

  

Gene Coded protein Stage Regulation References 
Channels 
Slo Slopoke A Neurotransmission (Sheldon et al., 2011) 
Kir Potassium Channel A Components of KATP (Fridell et al., 2009) 
Kinases 
Jnk Jun-N-terminal kinase A Response to oxidative stress (Karpac et al., 2009) 
Pka Protein kinase A A Metamorphosis (Walkiewicz and Stern, 

2009) 
Micro-RNA 
miR-14 Micro-RNA A Acts on sugarbabe  (Varghese et al., 2010) 
Receptors 
adipr Adiponectin receptor L/A Insulin secretion, metabolism (Kwak et al., 2013) 
dtkr Tachykinin receptor A Dilp transcription (Birse et al., 2011) 
GABABr GABAB receptor A Starvation resistance (Enell et al., 2010) 
dinr Insulin receptor A Dilp transcription (Broughton et al., 2008) 
InsP3R Inositol 1,4,5-trisphosphate 

receptor 
L/A Flight, feeding and viability (Agrawal et al., 2009; 

Agrawal et al., 2010) 
5ht1a Serotonin receptor 1A A Stress, metabolism (Luo et al., 2012) 
oamb Octopamine receptor A Sleep (Crocker et al., 2010) 
snpfr1 Short NPF receptor 1 L3/A Dilp transcription (Lee et al., 2008) 
Sur Sulphnylurea receptor A Components of KATP (Fridell et al., 2009) 
Transcription factors 
Dac Dachshund L/A Promotes Dilp5 (acts with Pax6) (Okamoto et al., 2012) 
Dimmed bHLH protein L/A Neuropeptide secretion (Park et al., 2008) 
dfoxo Forkhead transcription  factor A Dilp transcription (Hwangbo et al., 2004) 
Eyeless Pax6 L Dilp transcription (Clements et al., 2008) 
Sugarbabe Zinc finger protein A Dilp transcription (Varghese et al., 2010) 
Other proteins 
Arc Activity-regulated 

cytoskeleton-associated 
protein 

L/A Starvation resistance, food 
search 

(Mattaliano et al., 2007) 

Cbl Casitas B-lineage lymphoma L/A Dilp transcription (Yu et al., 2012) 
Creb cAMP response element-

binding protein 
L3 Metamorphosis (Walkiewicz and Stern, 

2009) 
Cyp6a17 Cytochrome P450 A Temperature preference (Kang et al., 2011) 
Dmp53 p53 homologue A Lifespan (Bauer et al., 2007) 
Nemy Cytochromeb561 L/A Interacts with PHM (Iliadi et al., 2008) 
Ide Insulin-degrading enzyme A Degradation of DILPs (Hyun and Hashimoto, 

2011) 
Imp-L2 Imaginal morphogenesis 

protein-Late 2 
A Insulin-binding, lifespan (Alic et al., 2011) 

Ogt O-GlcNAc transferase L3 Dilp transcription (Sekine et al., 2010) 
Oga O-GlcNAcase L3 Dilp transcription (Sekine et al., 2010) 
Pick1 The protein interacting with C 

kinase 1 
L/A Growth (Jansen et al., 2009) 

Slob SLO-binding protein A Dilp3 and takeout transcription (Sheldon et al., 2011) 
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Insulin signaling and serotonin  

Serotonin (5-hydroxytryptamine, 5-HT) is a biogenic amine synthesized from tryptophan 

via two biosynthetic enzymes tryptophan hydroxylase (Trh) and dopa decarboxylase 

(Ddc) (see review (Mohammad-Zadeh et al., 2008; Nichols and Nichols, 2008)). It was 

originally isolated about 60 years ago (Rapport et al., 1948). As a result of long 

evolutionary history, serotonin plays a variety of roles in normal physiology. In 

Drosophila it is an essential neurotransmitter regulating aggression, learning and 

memory, sleep and olfaction related behaviors (Alekseyenko et al., 2010; Becnel et al., 

2011; Dacks et al., 2009; Sitaraman et al., 2008; Yuan et al., 2006). Detailed distribution 

of 5-HT has been mapped in both larval and adult Drosophila (Nassel, 1988; Sitaraman 

et al., 2008; Valles and White, 1988). 

Four serotonin receptor subtypes have been identified (Saudou et al., 1992; Witz et 

al., 1990) and were designated 5-HT1ADro, 5-HT1BDro, 5-HT2Dro and 5-HT7Dro. All 

these four receptors are G-protein coupled receptors. 5-HT1A and 5-HT1B are known to 

inhibit adenylate cyclase (AC) through Gαi, while 5-HT7 has a stimulatory effect via Gαs 

(Saudou et al., 1992). 5-HT2 might signal via phospholipase C, similar to the mammalian 

5-HT2 receptor (Nichols and Nichols, 2008). Besides the classical actions on adenylate 

cyclase, 5-HT1A and 5-HT1B were also found to activate phospholipase C in heterologous 

expression systems (Saudou et al., 1992).  

Several Gal4 lines were generated to assess the location of these receptors in the 

brain of Drosophila. 5-HT1B is mainly expressed in mushroom bodies, ellipsoid body and 

optic lobes (Yuan et al., 2005). 5-HT2 is mainly expressed in the ellipsoid body of the 

central complex and a small population of neurons in the protocerebrum, and probably 

participate in higher order behaviors including learning, locomotion, and sensory 

perception (Nichols, 2007). A recent study on ligand screening of serotonin receptors 

revealed that 5HT2 receptor regulates feeding behavior (Gasque et al., 2013). 5-HT7 is 

also expressed in the ellipsoid body and moderately expressed in the antennal lobe 

(Becnel et al., 2011). Distinct distribution of these receptors suggests differential roles in 

neuronal activities in the CNS.  

A study on Nucleostemin 3 (NS3), a Drosophila nucleostemin family GTPase, 

pinpoints the potential role of serotonin in insulin signaling (Kaplan et al., 2008). A null 

mutation of ns3 renders developmental delay, diminished body size and reduced body 
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weight, which is similar to disruption of DILP signaling (Ikeya et al., 2002; Rulifson et 

al., 2002; Zhang et al., 2009). Also, a significant accumulation of DILPs in IPCs was 

found in the ns3 mutants. Restoration of ns3 only in serotonergic neurons is sufficient to 

rescue all the developmental defects (Kaplan et al., 2008). It is therefore likely that 

serotonin acts as upstream regulator for DILP signaling.  

Insulin signaling and octopamine  

Octopamine, initially discovered in the posterior salivary glands of the octopus, is 

another important neurotransmitter in Drosophila. It is derived from the amino acid 

tyrosine under the catalytic synthesis by two enzymes tyrosine decarboxylase (Tdc) and 

tyramine β-hydroxylase (Tbh). In the Drosophila brain, around 100 neurons express 

octopamine (Busch et al., 2009; Monastirioti, 2003; Sinakevitch and Strausfeld, 2006) 

and mediate multiple behaviors (Cole et al., 2005; Crocker et al., 2010; Hoyer et al., 

2008; Monastirioti, 2003; Selcho et al., 2012; Suver et al., 2012; Yellman et al., 1997; 

Zhou et al., 2008). The Drosophila genome encodes four octopamine receptors, namely 

OAMB, Octβ1R, Octβ2R and Octβ3R (Balfanz et al., 2005; Han et al., 1998; Lee et al., 

2003; Maqueira et al., 2005). All of them are G-protein coupled receptors. Among these 

receptors, OAMB was named after its prominent expression in the mushroom bodies, 

while the other three are homologous to vertebrate β-adrenergic receptors. OAMB exists 

in two isoforms OAMB-K3 and OAMB-AS, due to alternative splicing of the last exon 

of the oamb gene (Han et al., 1998; Lee et al., 2003). OAMB is found to stimulate 

intracellular Ca2+ after application of octopamine, whereas OAMB-K3 can induce 

accumulation of intracellucar cAMP (Balfanz et al., 2005; Lee et al., 2003). All of 

Octβ1R, Octβ2R and Octβ3R stimulate production of cAMP when exposed to 

octopamine (Maqueira et al., 2005).  

Octβ1R, Octβ2R and Octβ3R receptors are highly expressed in the Drosophila 

head, as shown by northern blot (Maqueira et al., 2005). In situ hybridization and OAMB 

enhancer trap line driving reporter gene lacZ reveal the presence of OAMB in neurons of 

the ellipsoid body, mushroom bodies, and cells in the central brain and medulla (Han et 

al., 1998; Lee et al., 2003). In the peripheral oviduct OAMB mediates reproductive 

processes and mutation of oamb causes female sterility due to defective ovulation and 

egg laying (Lee et al., 2003). Interestingly, mRNA of OAMB K3 isoform was detected in 

single neuron extracts of IPCs, and manipulation of OAMB in IPCs induced a cascade of 
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signaling changes including cAMP and PKA (Crocker et al., 2010). Therefore, 

octopamine might be another candidate to modulate IPCs activities. 

                  

Fig 4. The adenylate cyclase (AC)-cAMP-PKA signaling cascade. Two mechanisms mediate the AC-

cAMP-PKA cascade: (1) activation of G protein binding to G-protein coupled receptors, (2) calcium and 

calmodulin (Ca2+/CaM). Activation of adenylyl cyclase by guanine nucleotide binding regulatory proteins 

(G proteins) or Ca2+/CaM lead to alteration of cAMP concentration. Cytosolic cAMP can bind to 

regulatory subunits (R) of protein kinase A (PKA) holoenzymes to releases free catalytic subunits (C). 

These catalytic subunits then translocate to the nucleus and phosphorylate downstream proteins such as 

cAMP response element binding protein (CREB). This phosphorylation can start transcription of cAMP 

response elements (CRE) associated genes. From (Vandenberghe and Tournoy, 2005) 

Insulin signaling and development 

Drosophila undergoes four morphologically distinct developmental stages, from egg to 

adult, and a complex series of processes to reach appropriate body size (Andersen et al., 

2012; Hietakangas and Cohen, 2009; Hyun, 2013; Mirth and Shingleton, 2012; 

Shingleton, 2010). Their development and growth are secured by several major signaling 

pathways together with hormonal systems like ecdysone and juvenile hormone 

(Colombani et al., 2005; McBrayer et al., 2007). Insulin signaling and Target of 

Rapamycin (TOR) signaling pathways are the major pathways regulating growth 

correlated with nutrition (Danielsen et al., 2013; Koyama et al., 2013). Starvation early in 

development is sufficient to delay the attainment of critical size probably due to the 

imparied IIS/TOR signaling (Shingleton et al., 2005). Conversely, increasing IIS by 
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upregulating the production of DILPs in IPCs causes precocious metamorphosis 

(Walkiewicz and Stern, 2009). The recently identified DILP8 is a secreted signal from 

imaginal discs that coordinates the growth status of tissues with developmental timing, 

which explains that impairment of larval imaginal discs delays growth and 

morphogenesis (Colombani et al., 2012; Garelli et al., 2012). 

The development of cells, organs and whole body are all affected by disruption of 

insulin signaling. Overexpression of DILP2 increases organismal size by increasing the 

cell size and cell number in wing and eye, while disrupted IIS leads to the opposite 

(Brogiolo et al., 2001). Ablation of IPCs and mutation of dInR causes severe 

developmental defects and strong reduction of body size (Brogiolo et al., 2001; Rulifson 

et al., 2002; Tatar et al., 2001). Delayed development of organ and tissue, like imaginal 

disc, eye, wing, adipose tissues and female ovaries, was found in the dInR mutated flies 

(Brogiolo et al., 2001; Tatar et al., 2001). Mutation of dInR in the eye imaginal discs 

causes smaller corresponding tissue size, as well as eye size and ommatidia number. 

Homozygous mutation of dInR leads to smaller wing size compared to heterozygous 

mutation (Brogiolo et al., 2001), shrunken cells in epidermis and fat body, and nutrient 

storage in gut cells (Britton et al., 2002). Nuclear sizes of the fat body cells are also 

affected by manipulation of dInR (Britton et al., 2002). Enhanced insulin signaling 

increased larval body wall muscles (Demontis and Perrimon, 2009). Another function of 

IIS is to regulate stem cells/neuroblasts reactivation in the brain (Chell and Brand, 2010) 

and proliferation of stem cells/enteroblast in peripheral tissues (Choi et al., 2011). 

Nutrient restriction effects and developmental roles of dInR on post-mitotic neurons have 

not been investigated.  

Like the insulin/PI3K/Akt pathway, the Hippo/Yorkie (Yki) pathway is a highly 

conserved oncogenic signaling pathway, recently discovered in flies that strongly 

regulates cell proliferation and organ size (Halder and Johnson, 2011; Pan, 2007; Reddy 

and Irvine, 2008; Zhao et al., 2010a; Zhao et al., 2010b). Evidence suggests that insulin 

signaling drives cell proliferation in the wing partly via Yorkie in the Hippo pathway of 

Drosophila (Strassburger et al., 2012). In vivo expression of Dp110, the catalytic subunit 

of PI3K, in the eye imaginal discs leads to reduced phosphorylation of Yorkie on Ser168. 

A similar phenotype was observed with in vitro insulin treatment to S2R+ cells 

(Strassburger et al., 2012). wtsP2 mutation in discs caused hyperactivation of Yki (Justice 

et al., 1995), dowregulated Tsc1, Tsc2, PTEN, upregulated dInR and PDK1 (Strassburger 
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et al., 2012). These findings link two conserved signaling pathways that regulate cell 

growth and proliferation. 

A recent study on neuroblast sparing revealed that the anaplastic lymphoma kinase 

(Alk) efficiently protects neural progenitor growth against nutrient restriction conditions 

by relaying PI3K signaling when the critical weight has been reached (Cheng et al., 

2011). This explains why animals under nutrient restriction have relatively large brains 

and imaginal discs while other tissues are much smaller than in normally fed flies. It is 

proposed that flies exposed to poor nutrient conditions can protect the growth of critical 

organs like brain and imaginal discs at the expense of other tissues.  

Insulin signaling and neuronal functions  

While a pivotal role of insulin signaling in cell growth and proliferation has been well 

established, it is not well studied how insulin signaling regulats neuronal function and 

behaviour. In the larval brain, it was found that a small subset of neurons displays high 

DILP-2-mediated insulin signaling activity and this selective DILP-2 uptake depends on 

the expression of the imaginal morphogenesis protein-late 2 (Imp-L2) in the target 

neurons (Bader et al., 2013). This suggests a potential role for DILP2 to directly act on 

certain brain neurons.  

Serveral studies revealed a role of insuling signaling in regulating feeding. 

Upregulation of insulin-like receptor signaling in NPFR1 cells suppressed the feeding 

response to noxious food (Wu et al., 2005), and disruption of insulin signaling in the 

mushroom body neurons impairs feeding behaviour in the Drosophila larva (Zhao and 

Campos, 2012). Furthermore, insulin signaling modulates sNPFR1 expression in the 

olfactory senory neurons (OSNs) in the antennae, hence the sensitivity to food odors and 

the food searching abilities (Root et al., 2011). 

DIMM-positive peptidergic neurons 

More than 40 neuropeptide-encoding genes were identified in Drosophila, and their 

distribution has been analyzed in some details (see review (Nassel and Winther, 2010)). 

At least 24 of these encoded neuropeptides are produced in neurons which co-express an 

amidation enzyme PHM and a basic Helix-Loop-Helix (bHLH) transcription factor 

DIMM from early post-mototic stage and through tadult life (Park et al., 2008). These 

DIMM-positive neurons usually have large cell bodies, extensive axonal projections 

and/or arborizations, and high levels of peptide expression (Park et al., 2008). 
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Interestingly, one Gal4 line C929 was generated and found to correlate with the DIMM 

expression very well (Hewes et al., 2006; Hewes et al., 2003). Recent studies on targets 

of DIMM reveal that PHM and several large dense-core vesicle (LDCV) proteins are 

strongly affected by DIMM, suggesting an essential role of DIMM on neuropeptide 

production (Park et al., 2011).  

DIMM expressing neurons overlap with neurons that express a BAR domain 

protein PICK1 (protein interacting with C-kinase 1). PICK1 protein appears to be 

expressed in the perinuclear zone of neurons, rather than at synapses, and interacts with 

many synaptic proteins including the AMPA receptor subunit GluR2 and the dopamine 

transporter. PICK1-deficient flies displayed somatic growth retardation (Holst et al., 

2013; Jansen et al., 2009).   
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AIM OF THE THESIS 

In mammals, dysregulation of  insulin/IGF signaling leads to many medical disorders, 

such as diabetes, obesity and various types of cancer. Extensive studies on insulin 

signaling have been undertaken over several decades to investigate the fundamental 

mechanisms on the insulin/IGF functions.  

Our primary aim of this thesis is to identify factors that regulate insulin-like peptide 

signaling production and release, using powerful genetic tools in the genetically tractable 

model animal Drosophila. In addition, we would like to further explore the mechanisms 

why so many regulators coexist in the insulin-producing cells. Furthermore, we try to 

investigate the developmental roles of DILPs on post-mitotic neurons in the central 

nervous system, as well as physiolgical roles in regulating feeding and water 

heomostasis. 

METHODS 

Multiple approaches were employed to investigate factors regulating DILP signaling and 

its developmental and functional roles. To visualize various signaling in different tissues 

we conducted immunocytochemistry using a multitude of antisera (Table 3). A wide 

range of transgenic fly stocks was used to up or down regulate targeted genes (Table 4 & 

5). w1118 was used as a control genetic background throughout all the papers. 

Immunocytochemistry 

The central nervous system (CNS) of first, second and third instar larvae, adult CNS, as 

well as third instar larval body wall muscles were dissected out in 0.1M sodium 

phosphate buffer (PB; pH 7.4) and fixed in ice-cold 4% paraformaldehyde (4% PFA) in 

0.1M PB for 2-4h. All tissues were rinsed with 0.1M PB three times over 1hr and washed 

finally in 0.01M PBS with 0.25% Triton-X (PBS-Tx) for 15 min before application of 

primary antisera. The primary antisera were diluted in 0.01M PBS-Tx with 0.05% 

sodium azide. Incubation with primary antiserum for whole tissues was performed for 

24-48h at 4°C with gentle agitation. Tissues were rinsed thoroughly with PBS-Tx, 

followed by application of secondary antibody overnight and thorough wash in 0.01M 

PBS and then mounted in 80% glycerol in 0.01M PBS. 
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Table 3. Antisera used. 

 

 

 

 

 

 

 

 

 

Antibody Host Dilution Source 

a-DILP2 Rat monoclonal 1:1000 (Geminard et al., 2009) 

a-DILP2 rabbit polyclonal 1:1000 (Cao and Brown, 2001) 

a-DILP2 rabbit polyclonal 1:1000 (Veenstra et al., 2008) 

a-DILP3 rabbit polyclonal 1:1000 (Veenstra et al., 2008) 

a-DILP7 rabbit polyclonal 1:4000 (Miguel-Aliaga et al., 2008) 

a-DIMM guinea pig monoclonal 1:4000 (Allan et al., 2005) 

a-Aed-InR rabbit polyclonal 1:1000 M. Brown 

a-InR rabbit polyclonal 1:1000 Cell Signaling 

a-InR rabbit polyclonal 1:1000 Cell Signaling 

a-PDF mouse monoclonal 1:80 DSHB, Iowa 

a-PDH rabbit polyclonal 1:1000 (Fernandez and Torres-Aleman, 2012; 
Homberg et al., 1991) 

a-FMRFa rabbit polyclonal 1:1000 (Lundquist and Nassel, 1990; Zhang et 
al., 2009) 

a-LK rabbit polyclonal 1:2000 (Nässel et al., 1992) 

a-LKR rabbit polyclonal 1:1000 (Radford et al., 2002) 

a-5-HT mouse monoclonal 1:80 Dako, Denmark 

a-5-HT rabbit polyclonal 1:1000 Sigma 

a-vGluT rabbit polyclonal 1:1000 
(Ikeya et al., 2002; Mahr and Aberle, 
2006; Rulifson et al., 2002; Zhang et 
al., 2009) 

a-PICK1 rabbit polyclonal 1:1000 (Jansen et al., 2009; Wigby et al., 
2011) 

a-HRP rabbit polyclonal 1:200 Jackson ImmunoResearch 

a-Rheb rabbit polyclonal 1:1000 Abcam 

a-pAKT rabbit polyclonal 1:1000 Cell Signaling 

a-nc82 mouse monoclonal 1:10 DSHB, Iowa 

a-Repo mouse monoclonal 1:10 DSHB, Iowa 

DAPI  1:2000 Sigma 

 

 

Antibody Host Dilution Source / reference 

a-DILP2 rat monoclonal 1:1000 (Geminard et al., 2009), Nice, France 

a-DILP2 rabbit polyclonal 1:1000 (Cao and Brown, 2001), Athens, GA 

a-DILP2 rabbit polyclonal 1:1000 (Veenstra et al., 2008), Bordeaux, France 

a-DILP3 rabbit polyclonal 1:1000 (Veenstra et al., 2008), Bordeaux, France 

a-DILP7 rabbit polyclonal 1:4000 (Miguel-Aliaga et al., 2008), Cambridge, UK 

a-DIMM guinea pig monoclonal 1:4000 (Allan et al., 2005), St. Louis, MO 

a-Aed-InR rabbit polyclonal 1:1000 M. Brown, Athens, GA 

a-InR rabbit polyclonal 1:1000 Cell Signaling, #3021 

a-InR rabbit polyclonal 1:1000 Cell Signaling, #3024 

a-PDF mouse monoclonal 1:80 DSHB, Iowa 

a-PDH rabbit polyclonal 1:1000 (Homberg et al., 1991), Stockholm, Sweden 

a-FMRFa rabbit polyclonal 1:1000 (Lundquist and Nassel, 1990), Copenhagen 

a-LK rabbit polyclonal 1:2000 (Nässel et al., 1992), Stockholm, Sweden 

a-LKR rabbit polyclonal 1:1000 (Radford et al., 2002), Glasgow, Scotland 

a-5-HT mouse monoclonal 1:80 Dako, Denmark 

a-5-HT rabbit polyclonal 1:1000 Sigma 

a-vGluT rabbit polyclonal 1:1000 (Mahr and Aberle, 2006), Münster, Germany 

a-PICK1 rabbit polyclonal 1:1000 (Jansen et al., 2009), Copenhagen, Denmark 

a-HRP rabbit polyclonal 1:200 Jackson ImmunoResearch, West Grove, PA 

a-Rheb rabbit polyclonal 1:1000 Abcam Abcam, Cambridge, UK 

a-pAKT rabbit polyclonal 1:1000 Cell Signaling 

a-nc82 mouse monoclonal 1:10 DSHB, Iowa 

a-Repo mouse monoclonal 1:10 DSHB, Iowa 

DAPI  1:2000 Sigma 
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Tab 4. Gal4 strains used. 

Gal4 Lines 

Fly strain (Chromosome) Used in Papers Source / reference 

w; 5-HT1A-Gal4 (II) (Paper I, IV) (Luo et al., 2012) 

w; 5-HT1B-Gal4 (III) (Paper I, IV) (Yuan et al., 2005), Philadelphia, PA 
w; 5-HT7-Gal4 (III) (Paper I, IV) (Becnel et al., 2011) 

w; Act5C-Gal4 (II) (Paper I) BDSC 

w; c929-Gal4 (III) (Paper III) BDSC 

w; Dilp2-Gal4 (II) (Paper I, II, III, IV) (Rulifson et al., 2002), Stanford, CA 

w; Dilp2-Gal4 (III) (Paper I) (Ikeya et al., 2002), London, UK 

w; Dilp6-Gal4 (II) (Paper III) (Chell and Brand, 2010), London, UK 

yw, Dilp6-Gal4 (X) (Paper III) Kyoto Stocker Center, Kyoto, Japan 

w; Dilp7-Gal4 (III) (Paper III, IV) (Yang et al., 2008), San Francisco, CA 

w; DMS-Gal4 (III) (Paper IV) J. Veenstra, Bordeaux, France 

w; elav-Gal4 (III) (Paper III) BDSC 

w; Lk-Gal4 (II) (Paper III, IV) P. Herrero, Madrid, Spain 

w; OK107-Gal4 (IV) (Paper II, IV) (Connolly et al., 1996) 

w; OK6-Gal4 (II) (Paper III) A. Ferrus, Madrid, Spain 

yw; pdf-Gal4 (II) (Paper III) BDSC 

w; Tdc2-Gal4 (III) (Paper II) (Cole et al., 2005), Charlottesville, VA 

w; Trh-Gal4 (II) (Paper III) (Alekseyenko et al., 2010), Boston, MA 

yw; ptth-Gal4;UAS-gfp (II) (Paper III) K. Revitz, Copenhagen, Denmark 

w; Tub-p-Gal80TS (III) (Paper IV) BDSC 

 

Image analysis 

Specimens were imaged with Leica EZ4HD, Zeiss LSM 510 META and LSM 780 

microscopes (Jena, Germany) using 10x, 20x, 40x oil, and 63x oil immersion objectives. 

Confocal images were obtained at an optical section thickness of 0.2-0.5µm and were 

processed with Zeiss LSM software. Images were edited for contrast and brightness in 

Adobe Photoshop CS3 Extended version 10.0. 

Quantification of immunofluorescence 

Immunocytochemisty and imaging of specimens were carried out as described above. 

Immunofluorescence was quantified in single optical sections or whole z-stack 

projections in set regions of interest (ROI) using ImageJ (http://rsb.info.nih.gov/ij). The 

data were displayed and statistics calculated using Prism 6.0 (GraphPad, CA, USA).  
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Tab 5. UAS strains used. 

UAS Lines 

Fly strain (Chromosome) Used in Papers Source / reference 

yw; UAS-mCD8-GFP (III) (Paper I, II, III, IV) BDSC 

w; UAS-S65T-GFP (II) (Paper I) BDSC 

w; UAS-5-HT7 (Paper I) (Kerr et al., 2004), Glasgow, Scotland 

w; UAS-5-HT1A-RNAi (II) (Paper I, II) VDRC 

w; UAS-5-HT1B-RNAi (II) (Paper I) VDRC 

yw; UAS-5-HT1B-RNAi (III) (Paper I) VDRC 

w; UAS-5-HT7-RNAi (II) (Paper I) VDRC 

w; UAS-Akt1-RNAi (III) (Paper III) BDSC 

w; UAS-Akt1 (II) (Paper III) BDSC 

w; UAS-Alk (III) (Paper III) R. Palmer, Umeå, Sweden 

w; UAS-AlkCA (II) (Paper III) R. Palmer, Umeå, Sweden 

w; UAS-AlkDN (III) (Paper III) R. Palmer, Umeå, Sweden 

yw; UAS-dimm-Myc (II) (Paper III) P. Taghert, St. Louis, MO 

w; UAS-dimm-RNAi (III) (Paper III) P. Taghert, St. Louis, MO 

w; UAS-dimm-RNAi (II, III) (Paper III) P. Taghert, St. Louis, MO 

w; UAS-gfp.nls (III) (Paper III) BDSC 

w; UAS-GRASP-gfp (Paper III) O. Kjaerulff, Copenhagen, Denmark 

w; UAS-dInR-RNAi (III) (Paper III, IV) VDRC 

w; UAS-InRCA (Paper III, IV) P. Shen, Athens, GA 

yw; UAS-InRDN (Paper III, IV) P. Shen, Athens, GA 

yw; UAS-dInR (II) (Paper III, IV) BDSC 

w; UAS-dInR-RNAi/CyO (II) (Paper III) J. R. Martin, Gif-Sur-Yvette, France 

yw;UAS-NaChBac (III) (Paper III, IV) BDSC 

w; UAS-OAMB-RNAi GD (II) (Paper II) VDRC 

w; UAS-OAMB-RNAi KK (II) (Paper II) VDRC 

w; UAS-Ork1/TM6cSb (III) (Paper III, IV) BDSC 

w; UAS-PI3K (Paper III) A. Ferrus, Madrid, Spain 

yw; UAS-PI3KDN (Paper III) A. Ferrus, Madrid, Spain 

w; UAS-Rheb-RNAi (III) (Paper III) BDSC 

w; UAS-Rheb (II) (Paper III) BDSC 

w; UAS-rpr-hid (II) (Paper III) J. R. Martin, Gif-Sur-Yvette, France 

w; UAS-S6k.KQ (II) (Paper III) BDSC 

w; UAS-S6k.STDETE (III) (Paper III) BDSC 

w; UAS-S6k.M (II) (Paper III) BDSC 

yw;UAS-Tor.TED (II) (Paper III) BDSC 

w; UAS-TrpA1(II) (Paper IV) BDSC 
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Quantification of axon, cell, CNS and body size 

For determination of axon and arborization size in larval body wall muscle, staining of a 

region of interest (Muscle 8 for anti-LK staining, and Muscle 12-13 for anti-HRP 

staining) in the 3rd segment was imaged and then quantified by outlining of each axon 

using Image J. For each genotype neurons in at least 6 body walls were measured.  

For cell size determination, the outline of each cell body was extracted manually 

using Image J and its area determined. For each genotype neurons in 5-15 male flies from 

3 independent crosses were measured. For cell size quantification in starved and re-fed 

flies, male w1118 flies were exposed to dry starvation for 18h and then re-fed with 0.5% 

aqueous agarose gel for 2h. For each treatment 7-10 flies were measured.   

Images of male 3d old male flies were obtained with a Leica EZ4HD light 

microscope (Wetzlar, Germany) and sizes of whole body, wing and abdomen were 

outlined using Image J and hence quantified. 19-20 flies of each genotype from 3 crosses 

are measured. 

Capillary feeding (CAFE) assay 

The capillary feeding (CAFE) assay was conducted according to Ja and others (Ja et al., 

2007) with slight changes. Male flies were placed into 1.5 ml Eppendorf tubes with an 

inserted 5 µl capillary tube with 5% sucrose, 2% yeast extract and 0.1% propionic acid. 

Three control food-filled capillaries were inserted in identical tubes without flies. The 

final consumption of food was determined as the diminished food level minus the 

average diminishment in control capillaries (due to evaporation). Daily consumption was 

measured every 24h and calculated cumulatively over 4 consecutive days. These 

experiments were run in three replicates with 10 flies of each genotype for each replicate. 

Desiccation / starvation assay 

For desiccation / starvation experiments, male flies were kept in an incubator at 25°C 

with 12:12h light:dark (LD) conditions and controlled humidity. Flies aged 4-6 d were 

exposed to desiccation / starvation in bottles (desiccation: neither food nor water; 

starvation: water but no food). The number of dead flies was monitored every 12 h. 

These experiments were run in three replicates with at least 30 flies of each genotype per 

replicate. 
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Temperature stress assay 

For the heat knockdown and chill coma recovery experiments, newly emerged adults 

were collected, sexed under light CO2 anesthesia, and sorted into groups of 20-30 males 

in fresh vials with Drosophila medium. Male flies were used at 4-5 days of age, and were 

not anaesthetized subsequent to the initial sorting.  

For the heat knockdown experiments groups of 20-30 males were placed in glass 

vials (without food), which were completely immersed in the constant-temperature 

water-bath to induce heat knockdown. Time to knockdown was monitored for flies 

exposed to 39°C at 5 min intervals.  

For the chill coma recovery experiments, groups of 20-30 males were placed in 

glass vials (without food), which were put into a box full of ice inside a refrigerator (2°C) 

to induce chill coma. The flies were exposed to the environmental stress for 4 h and the 

recovery at room temperature was recorded in food vials at 5 min intervals.  

Oxidative stress assay 

For the oxidative stress assay, 20-30 flies were placed into vials with 5ml of standard 

food with 20mM paraquat, or 0.5% agarose, 5% sucrose with 20mM paraquat (methyl 

viologen, Sigma, St Louis). Survival was recorded every 4h or 12h. These oxidative 

stress assys were run in two replicates.  

Carbohydrate and lipid assays 

Total lipid content was measured in flies of different genotypes after 0, 12 and 24h of 

starvation. The lipid content was determined according to the method of Service (Service 

et al., 1987).  Groups of 5 male flies were weighed on a Mettler MT5 Microbalance 

(Mettler Toledo, Switzerland) to obtain wet weight and subsequently dried at 65°C for 

24h. Flies were then weighed again to obtain dry weight. Lipids were extracted by 

placing intact dry flies in glass vials containing diethyl ether for 24h with gentle agitation 

at room temperature. The diethyl ether was removed and flies were dried for another 24h 

and then weighed to obtain lean dry weight. The difference between dry weight and lean 

dry weight was considered the total lipid content of the flies. 40 flies of each genotype 

was tested in three replicates. 

Male flies (3-6 days old) were used to measure concentrations of circulating 

glucose and trehalose together with whole body glycogen and trehalose. Pre-weighed 
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flies were decapitated and hemolymph was collected by centrifugation (3000 g at 4°C, 6 

min). Hemolymph was used to measure circulating glucose and trehalose whereas whole 

bodies were used for determination of glycogen and stored trehalose. All parameters 

were measured with a glucose assay kit including glucose oxidase and peroxidase 

(Liquick Cor-Glucose diagnostic kit, Cormay, Poland). Trehalose was converted to 

glucose by porcine kidney trehalase (Sigma T8778) and glycogen by amyloglucosidase 

from Aspergillus niger (Sigma 10115). Glucose and trehalose are expressed as 

concentration in hemolymph whereas glycogen and body trehalose are given as amount 

per wet weight. The amount of triacylglycerid (TAG) in fed and starved flies was 

determined with a Liquick Cor-TG diagnostic kit (Cormay, Poland) and calculated as 

amount per wet weight or as percent change after 24 h starvation. All genotypes were 

tested in 4-5 independent replicates (10-15 flies of each genotype in each sample) and 

two-way ANOVA was used to compare differences between genotypes.  

Quantitative PCR 

Total RNA was extracted from whole heads by using TRIzol (GIBCO) according to the 

manufacturer’s protocol. The RNA was treated with DNase to remove any remaining 

residual genomic DNA (Turbo DNA-freeTM, Ambion). Treated mRNA was reverse 

transcribed to cDNA using Quantitect Reverse Transcription Kit (Qiagen) according to 

the manufacturer’s instructions. Expression of genes of interests was measured relative to 

that of the housekeeping gene Actin88 (Act) using an ABI Prism 7000 instrument 

(Applied Biosystems) and a SensiFAST SYBR Hi-ROX Kit (Bioline) under conditions 

recommended by manufacturer. Detailed protocol and reagents are indicated in the 

Material and Method part of the corresponding manuscripts. 

Statistics 

All statistical analyses were performed using Prism 6.0 (GraphPad, CA, USA).  Survival 

data were analyzed by Log rank test with Mantel-Cox post test. For other data we used 

student’s T-test, one way ANOVA with Tukey’s comparison or two way ANOVA 

depending on analysis. Data are presented as means in the standard error of the mean 

(SEM). 
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DISCUSSION 

GPCRs regulate insulin transcription in IPCs and their activities (Paper I, II) 

In Paper I, we identified the presence of a serotonin receptor subtype 5-HT1A but not the 

other subtypes in the adult IPCs by generation of a 5-HT1A-Gal4 and testing its 

expression (details in the materials and methods in paper I) combined with anti-DILP2 

antibody staining. We found that serotoninergic branches superimpose the IPCs on 

arborizations in the dorsal protocerebrum region. These IPC branches may be dentritic 

and express 5-HT1A. Furthermore, examination of 5-HT1A expression in relation to IPCs 

in larval brains reveals that the majority of the IPCs start expressing 5-HT1A only after 

completion of the larval stages.  

Genetic diminishment of 5-HT1A expression in IPCs by RNA interference increased 

DILP2-immunolabeling in the IPCs, and starvation further increased the DILP2 level. 

These flies also displayed a significantly reduced median and maximal lifespan at 

starvation. Diminished 5-HT1A in IPCs or global mutation of 5-HT1A also led to 

decreased temperature tolerance.  Ectopically expressing the 5-HT7 receptor phencopied 

the reduced life span at starvation. This is probably due to the ectopic 5-HT7 receptor 

coupling to endogenous stimulatory Gαs and adenylate cyclase (Witz et al., 1990), while 

5-HT1A receptor binds to inhibitory Gαi (Saudou et al., 1992). Attempts to knock down 

the 5-HT1B and 5-HT7 receptors in IPCs by crossing different relevant receptor RNAi 

lines to the Dilp2-Gal4 driver resulted in no difference in lifespan in response to 

starvation. Thus, it seems that of the three tested receptors only 5-HT1A plays a role in 

regulation of IPCs at starvation. Moreover, administration of 5-HT1A receptor antagonist 

WAY100635 to w1118 flies or 5-HT1A mutants significantly reduced lifespan under 

starvation. This observation supports that 5-HT1A mediates a stress response in the IPCs. 

5-HT1A-RNAi flies also displayed significantly reduced lipid levels at 12 and 24 h 

of starvation. Similar results were obtained with the heterozygous 5-HT1A mutants. No 

significant weight difference was observed between controls and flies with receptor 

knockdown, suggesting that 5-HT1A-mediated signaling plays no major role in control of 

organismal growth as determined by body weight. Similar results were obtained in flies 

where the GABAB receptor was knocked down in IPCs (Enell et al., 2010). 

In Paper II, we further investigated the regulatory roles of 5-HT1A and another 

GPCR octopamine receptor subtype OAMB. With ablation of OAMB in IPCs by genetic 
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tools, we monitored again the effects on survival under two different stress conditions, 

starvation and paraquat exposure. Longer survival period was observed under fasting and 

paraquat exposure when OAMB was reduced in IPCs. These effects could possibly be 

attributed to altered transcriptional levels of DILP2, 3 and 5 monitored by quantitative 

PCR. The altered transcriptional levels of these DILPs were also observed with 5HT1A 

knockdown flies. There seems to be a differential regulation of DILPs transcription since 

knockdown of 5-HT1A led to increased dilp2 and dilp5 mRNA, while knockdown of 

OAMB caused elevated dilp3 mRNA amount. We excluded out the possibility that all 

these effects were due to the developmental growth effects of IPCs after receptors 

knockdown by examining their cell size. No significant differences of cell sizes were 

observed. 

OAMB in IPCs was suggested to regulate sleep-wakefulness activity and reduction 

of OAMB in IPCs leads to shorter total sleep periods (Crocker et al., 2010). This 

regulation was linked to a signaling cascade consisting adenylate cyclase (AC), cAMP 

and Protein Kinase A (PKA), and the latter may also mediate insulin signaling by 

targeting the downstream component cAMP response element-binding protein (CREB) 

(Walkiewicz and Stern, 2009). The effects on feeding seen after knocking down 5-HT1A 

and OAMB suggests that these two receptors converge on IPCs and may antagonistically 

regulate insulin signaling through cAMP-PKA signaling pathway, since cAMP and PKA 

are also thought to be downstream elements of 5-HT1A receptor as well (Polter and Li, 

2010).  

Insulin signaling regulates DIMM-positive peptidergic neurons (Paper III) 

Although growth-induction of neuroblasts has been studied, surprisingly little is known 

about how the size of individual post-mitotic neurons is regulated. In Paper III, we 

showed that dInR and downstream signaling components regulated growth of a set of 

about 300 neurosecretory cells specified by the bHLH transcription factor Dimmed (a 

factor known to be important in scaling or components of the secretory pathway in 

Drosophila). The size regulation of these Dimmed-positive (Dimm+) neurons requires a 

combination of dInR and TOR (target of rapamycin) signaling and is nutrient dependent. 

Increased growth can also be induced by targeted overexpression of nutrient-dependent 

TOR (target of rapamycin) signaling components, such as Rheb (small GTPase), TOR 

and S6K (S6 kinase). The increase in cell size includes cell body, axon terminations, 

nucleus and Golgi apparatus. This novel dInR-induced size scaling is seen during 
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postembryonic development, continues in the aging adult and is diet dependent. In 

summary, we have uncovered a novel postembryonic and post-mitotic mechanism to 

control the size of important neurosecretory cells, and thus their function in the 

developing and adult organism.  

The results after manipulation of dInR in the flies with DIMM partially knockdown 

suggests that dInR acts in a DIMM-dependent way. Knockdown of DIMM severely 

diminishes the dInR-induced cell growth effect, although the neurons still have the 

plasticity to shrink. In addition, DIMM manipulations significantly affects dInR 

expresssion. It still remains unknown how DIMM and dInR together regulate the cell 

size, but this study paves a way for further investigations on dInR regulated cellular 

development. 

Insulin signaling regulates functions of leucokininergic neurons (Paper IV) 

Metabolic homeostasis is maintained by complex hormonal regulatory mechanisms that 

ensure a balance between food intake, water and energy expenditure and storage. The 

metabolic state of the organism affects many behaviors and clearly nutritional signaling 

modulates neuronal circuits. In Drosophila, one hormonal system that has been 

implicated in mediation of nutritional state dependent modulation of food search and 

feeding is employing insulin signaling. However, target cells for insulin signaling remain 

poorly investigated.  

In Paper IV, we reported that one set of neurons known to produce the peptide 

leucokinin (LK) and express the insulin receptor (InR) could regulate metabolic 

homeostasis. Inactivation of LK neurons by driving an open rectifier potassium channel 

render flies with bloated abdomen size and decreased feeding (Paper III), suggesting 

that a link between water homeostasis and food intake. Furthermore, this regulation in 

wildtype flies was achieved by non-cell autonomous insulin action together with dInR in 

LK neurons. Knockdown of dInR in LK neurons at the adult stage led to significantly 

increased LK immunofluorescence intensity while the overepression led to the opposite. 

Knockdown of dInR phenocopied LK neurons hyperpolarization with the effects of 

feeding. We further investigated the roles of DILPs in feeding and water homeostasis at 

the adult stage, and demonstrated that DILPs from IPCs but not DILP7 regulate feeding 

and water homeostasis. This regulation might be synergic with serotonin action on LK 

neurons. 
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CONCLUSION  

We have shown that insulin-producing cells are under regulation of two G-protein 

coupled receptors, an inhibitory receptor 5-HT1A and a stimulatory receptor OAMB. 

Diminished 5-HT1A and OAMB in IPCs cause several phenotypes linked to altered 

insulin signaling, like resistance to different stresses, lipid and carbohydrate metabolism, 

feeding and transcriptional levels of DILPs. Our findings have also elucidated that 

serotonin and octopamine signaling both act on IPCs via specific receptors and 

differentially regulate dilp transcription.  

In this study, we have also investigated developmental roles of dInR in a set of 

neuroendocrine cells specified by a transcription factor DIMM. Our data suggests that 

humoral DILPs in the circulation regulate cellular development, while brain DILPs can 

also act on neurons. DIMM as a size-scaling factor is required for dInR action, but not 

necessary for PI3K and Rheb action. This correlates with the fact that manipulation of 

dInR could only affect cellular development of DIMM-positive neurons, but not DIMM-

negative ones. Furthermore, the different consequences of manipulation of dInR, PI3K 

and Rheb suggest that these factors play different roles individually. PI3K is known to be 

downstream of other tyrosine kinase receptors (Acebes et al., 2012; Acebes and Morales, 

2012; Martin-Pena et al., 2006). 

Although we cannot identify all neurons that express dInR in the brain, we have 

shown that dozens of neurons seem to express dInR. Among these neurons, the 

leuockininergic neurons prominently express dInR. This was further confirmed by 

immunocytochemistry with the same antibody on dInR-manipulated flies. With the data 

after RNA interference, we can conclude that dInR is at least expressed in DIMM-

positive neurons since dInR knockdown lead to diminished cell body size.  

Due to the developmental effect, unconditional knockdown of dInR in LK neurons 

affects certain physiological aspects like feeding and water homeostasis. This results in 

altered food intake each day and stress resistance to desiccation. Conditional knockdown 

of dInR in LK neurons only showed a weak phenoype on feeding and LK 

immunofluorescence in LK neurons, suggesting that dInR mainly regulates development 

of LK neurons. However, we clearly show that conditional manipulation of LK neurons, 

by using transient temperature sensitive potassium channel TrpA or Gal80 system 
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driving Ork, can lead to transient abnormal LK release, which then affects feeding and 

resistance to stress.  

Deprivation of water alone leads to dynamic changes of neuropeptide level in 

several types of neurons that producing DILPs and LK. Besides, we have shown that 

these neurons can interact with each other and revealed the links between LK 

neuropeptides levels with DILP signaling. Further work is required to fully elucidate the 

interaction between several sets of neuropeptides that control water and ion homeostasis. 
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