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Abstract

Neuromodulators play a key role in adjusting animal behavior based on environmental cues and 

internal needs. Here, we review the regulation of Drosophila feeding behavior to illustrate how 

neuromodulators achieve behavioral plasticity. Recent studies have made rapid progress in 

determining molecular and cellular mechanisms that translate the metabolic needs of the fly into 

changes in neuroendocrine and neuromodulatory states. These neuromodulators in turn promote or 

inhibit discrete feeding behavioral subprograms. This review highlights the links between 

physiological needs, neuromodulatory states, and feeding decisions.
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Introduction

Animals have evolved diverse behavioral repertoires to facilitate survival. Many of these 

behaviors are plastic and subject to modulation by environmental cues and internal needs. 

Neuromodulators, such as biogenic amines and neuropeptides, play a critical role in 

achieving behavioral plasticity. Work in invertebrates, particularly in the crustacean 

stomatogastric ganglion and C. elegans, has provided detailed insight into how 

neuromodulators alter biophysical properties of individual neurons and reconfigure circuits 

[1,2]. Here, we will examine how these lessons apply to establishing flexibility in a complex 

innate behavior by reviewing recent findings on neuromodulation in the fruit fly feeding 

circuit.
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The basic challenge in food intake regulation is to maintain energetic homeostasis by 

balancing food consumption with energy expenditure. Recent studies of Drosophila feeding 

illustrate several principles of how neuromodulatory systems link physiological needs to 

flexible expression of adaptive behaviors. This review focuses on how metabolic changes 

are translated into neuroendocrine and neuromodulatory states and how these in turn 

impinge on central circuits to regulate feeding decisions.

Structure and plasticity in Drosophila feeding behavior

Drosophila feeding behavior is composed of a series of behavioral modules or subprograms 

(Figure 1). In a food-deprived state, an adult fruit fly will forage for potential food sources 

(a, panel a, Figure 1) [3,4]. Chemosensory detection of a palatable food leads to cessation of 

locomotion (b), meal initiation (c), and consumption (d) [5,6]. Post-ingestive signals 

generated during consumption cause meal termination (e) and disengagement from the food 

source (f) by reactivating locomotion. Flexibility in this behavioral ensemble depends on the 

molecular and cellular mechanisms that couple internal states to altered physiology of the 

nervous system.

Nutritional status is converted into neuromodulatory states

The central nervous system monitors systemic energy balance and alters feeding probability 

based on internal nutritional state. Remarkably, recent studies reveal that a small number of 

specialized central brain neurons directly sense specific circulating macronutrients and 

modify feeding. Behavioral evidence that flies have internal nutrient sensors came from 

studies showing that flies can distinguish sugars based solely on caloric content in the 

absence of sweet taste detection [7•-10]. One internal nutrient sensor is Gr43a, a gustatory 

receptor that is expressed in taste neurons in the periphery and a few central neurons in the 

superior protocerebrum [11••]. These central neurons directly sense circulating fructose 

levels and promote feeding in nutrient-deprived flies. A second internal sensor has been 

identified that selectively reports amino acid availability [12••]. In Drosophila larvae and 

mammals, vacant tRNAs generated by amino acid depletion activate a conserved kinase 

GCN2 that leads to a behavioral change preventing feeding on food with amino acid 

imbalances [13]. In Drosophila, GCN2 is activated in three central dopaminergic neurons to 

trigger an intracellular signaling cascade that leads to reduced sensitivity to GABAergic 

input, increased neuronal activity and dopamine release, resulting in food rejection. These 

studies thus identify central brain mechanisms that sense availability of specific nutrients, 

convert it to a change in neuromodulator output, and promote or inhibit feeding. 

Importantly, comparable central mechanisms are likely to exist for other classes of 

macronutrients and in other animals. For example, there is accumulating evidence that 

central sensors directly detect the levels of circulating carbohydrates and amino acids in 

mammals [13-15].

Peripheral tissues also report changes in physiological state by producing systemic 

endocrine signals. For example, leptin and insulin are adiposity signals secreted in 

proportion to available energy reserves that reduce food intake in mammals [16]. Similarly, 

the fat body and the corpus cardiacum are two endocrine organs in Drosophila that 
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coordinate metabolism and behavior with nutritional state by secreting systemic signals [17]. 

The fat body combines the functions of mammalian adipose tissue and liver [18]. It monitors 

available carbohydrate, amino acid and fat levels and secretes humoral signals such as the 

leptin ortholog Unpaired2 (Upd2) to modify physiology [19,20•]. Interestingly, Upd2 

controls insulin release in medial neurosecretory cells (mNSCs) that regulate food intake 

[21,22]. Similarly, the corpus cardiacum plays an important role in glucose homeostasis by 

secreting the adipokinetic hormone (AKH) – a functional homolog of mammalian glucagon. 

Corpus cardiacum cells depolarize and secrete AKH under conditions of energy deprivation. 

AKH mobilizes stored energy reserves by triggering lipolysis, glycogenolysis and trehalose 

release in the fat body [23]. AKH signaling also adjusts selective aspects of feeding behavior 

[3,24,25].

In most vertebrate and invertebrate species, feeding thresholds are rapidly modulated during 

the course of a meal before systemic homeostasis is restored [6,26]. This indicates that 

feeding thresholds are at least in part established by signals emanating from the digestive 

tract such as cholecystokinin and other gut hormones that suppress food intake in mammals 

[27]. Although the role of post-ingestive signals has not been studied in Drosophila, work in 

the blowfly demonstrated that the recurrent nerve connecting the visceral nervous system to 

the CNS is important to inhibit consumption [28]. In summary, evidence from both 

vertebrates as well as insects suggests that animals have evolved multiple feedback 

mechanisms to monitor the physiological status of the organism [29]. Imbalances in 

macronutrient homeostasis are translated into neuromodulator and endocrine states that are 

read out by downstream circuits (Figure 2).

Converting neuromodulatory states into feeding decisions

A dozen neuromodulatory systems in Drosophila have been implicated to date in food 

intake regulation. Many of the signaling systems appear to be functionally conserved 

throughout evolution, including orthologs for mammalian peptidergic signals tachykinin, 

cholecystokinin, neuropeptide Y, Neuromedin U and insulin [21,30•-33]. Although our 

understanding of how neuromodulators sway feeding decisions is far from complete, recent 

studies serve to illustrate conserved functions of neuromodulators (please see [1,2] for 

general reviews).

Antagonistic actions of neuromodulators

Multiple central effector pathways have been identified that report hunger and satiety states 

and antagonistically regulate feeding (Figure 3). For example, both small Neuropeptide F 

(sNPF) and corazonin are peptides that promote consumption. Overexpression of sNPF 

promotes short-term consumption in adults [34] and activation of corazonin neurons causes 

increased sucrose consumption in starved flies [35]. Whether these cues independently and 

coordinately promote intake is unknown.

Different sets of neuropeptides inhibit feeding. Drosulfakinin (DSK) is the fly ortholog of 

cholecystokinin in mammals, which is a canonical satiety signal released from the gut. 

Reducing DSK expression solely in a small subset of medial neurosecretory cells (mNSCs) 

increases food intake by 40% in hungry flies and increases the probability of consuming 
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food containing deterrents [21]. Interestingly, these cells also co-express Drosophila insulin-

like peptides (dILPS), suggesting that multiple satiety signals may be co-released. Another 

anorexigenic insect neuropeptide is allatostatin A (AstA), which suppresses both meal 

initiation and ingestion of appetitive substances [35]. The targets for AstA neurons, DSK 

and dILPs are not resolved. The complexity of neuromodulatory regulation demonstrates 

that feeding and termination of feeding are antagonistic actions influenced by different sets 

of neuromodulators in response to different internal states.

Neuromodulator release site dictates function

A single neuromodulator can have multiple and sometimes conflicting roles in a single 

behavior. Recent studies demonstrate that dopamine influences feeding by multiple 

mechanisms. Using an elegant molecular genetic approach to label neurons that respond to 

dopamine, Inagaki and colleagues showed that sugar-sensing gustatory neurons are targets 

for dopamine in hungry flies. Dopamine is detected by the DopEcR receptor in sensory 

neurons, leading to increased taste-induced responses and reduced feeding thresholds after a 

period of starvation [36••]. A second dopaminergic mechanism that promotes feeding 

initiation requires the D2R receptor [37••]. Activation of a single dopamine neuron, TH-

VUM, in the subesophageal zone triggers proboscis extension in a D2R-dependent manner. 

TH-VUM activity increases with food deprivation, suggesting that it links changes in 

nutritional state to changes in dopamine release, adjusting the probability of meal initiation 

to nutrients. Contrary to the orexigenic effects of DA, the same neuromodulator represses 

food intake in larvae in response to amino acid deprivation [12]. Therefore, neurons 

expressing the same neuromodulator are often subdivided into independent functional units 

that have different and sometimes antagonistic effects on behavior.

The observation that subsets of cells harboring the same neuromodulator can impact 

behavior in often divergent ways underscores the importance of localizing the precise 

cellular substrate giving rise to the modulatory signal. This is apparent for dopamine 

signaling, where a single dopaminergic neuron in the SOG promotes proboscis extension, a 

cluster of 6 cells in posteriolateral protocerebrum suppress the expression of appetitive 

memory and a different group of 3 cells in the DL1 cell cluster promotes food aversion 

[12,37,38]. These findings argue that small clusters or even a single cell can comprise 

functionally important neuromodulatory units that have profound and specific consequences 

on behavior.

Neuromodulators regulate the expression of behavioral subprograms

As is evident from the previous examples, neuromodulatory systems do not always act as 

global coordinators of behavior but often have more nuanced local effects, adjusting the 

expression of a single or a few feeding subprograms. For example, leucokinin, an ortholog 

of the mammalian anorexigenic neuropeptide tachykinin, selectively affects meal 

termination [30]. Mutations in the leucokinin or leucokinin receptor (LKR) genes or ablation 

of neurons expressing these genes causes an increase in meal size. Interestingly, however, 

overall food intake does not change due to compensatory changes in meal frequency. This 

demonstrates that some neuromodulatory systems can selectively influence the expression of 
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a single subprogram of a behavior, thus changing the pattern of behavioral modules without 

a clear effect on long-term caloric intake.

Analyzing neuromodulator function with regard to particular feeding subprograms provides 

a way to reconcile a number of conflicting findings in the field. For example, Drosophila 

insulin-like peptides (dILPS) play an important yet complicated role in regulating feeding 

behaviors that is confounded by their role in carbohydrate metabolism. This is mirrored by 

the complex role insulin plays in mammalian energy homeostasis. Although mammalian 

insulin acts as an adiposity signal in the brain where it acts to suppress food intake, 

perturbing insulin function does not lead to obesity despite hyperphagic symptoms in type 1 

diabetes, as insulin is required peripherally for macronutrient uptake in tissues [39]. 

Drosophila melanogaster has eight different insulin like peptides and one described insulin 

receptor (dInR) [33,40]. In larvae, pan-neuronal overexpression of dILP2 and dILP4 but not 

dILP3 led to a reduction in feeding rate [22]. Increased insulin signaling in adults results in 

reduced foraging behavior [41••]. In contrast to these reports, a series of studies have 

reported that insulin signaling has no discernable effects on meal initiation or overall food 

consumption in adult Drosophila [37,42,43]. This seems to suggest that insulin alters 

feeding by fine-tuning the expression of only a single or subset of feeding behavioral 

modules as opposed to acting as a global satiety signal suppressing all aspects of feeding. A 

more careful dissection of the role of different insulin peptides and their targets is warranted 

to clarify its role in food intake.

Single behavioral subprograms are fine-tuned by multiple modulator systems

Studies of starvation-dependent foraging illustrate that single behavioral subprograms are 

controlled by multiple neuromodulatory systems. For example, a recent study demonstrates 

that olfactory-driven foraging is upregulated by sNPF signaling and suppressed by insulin 

signaling [41]. Root and colleagues showed that olfactory receptor neurons (ORNs) 

expressing the Or42b receptor are required for attraction to apple cider vinegar under food-

deprived conditions. The enhanced attraction is mediated by sNPF autocrine signaling in 

Or42b neurons that acts to increase presynaptic release. Under fed states, high insulin 

downregulates sNPFR expression in ORNs, decreasing sensitivity. Thus a global change in 

insulin levels may be translated into a local change in sNPFR signaling, altering olfactory 

sensitivity. Beyond the first order relay, foraging is also regulated by dNPF – an ortholog of 

the mammalian orexigenic peptide NPY. In starved states, four central dNPF neurons are 

required for foraging behavior and mediate attraction to a wide variety of appetitive odors 

[4]. Thus, multiple signals likely acting at different sites can regulate foraging probability.

Identifying the targets of neuromodulation

For the majority of neuromodulators with significant effects on feeding, including 

allatostatin, hugin, corazonin, and others, the target neuronal populations have not been 

identified [32,35•]. Molecular genetic tools, such as TANGO-map, that enable visualization 

of neurons activated in response to specific neuromodulatory signals, will be indispensable 

to bridge this gap [36]. Previous work in crustaceans suggests that almost every neuron and 

synapse is subject to neuromodulation by one or more modulatory systems [44]. Regulation 

of the Drosophila feeding circuit is likely to be equally complex. Peptidergic and aminergic 
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modulators regulate the gain of appetitive sensory stimuli already at the axonal terminals of 

first-order sensory neurons [36,41]. Although some of the plasticity in feeding behavior can 

be ascribed to regulation of sensory neurons, this is unlikely to account for all observed 

behavioral adaptability [6]. A better understanding of the neural circuitry for feeding will 

provide a basis for examining modulatory mechanisms that promote or inhibit feeding-

associated behaviors.

Conclusions

Recent work in Drosophila and other model systems has revealed how neuromodulators 

respond to changes in nutrient availability to adjust discrete aspects of feeding. Systemic 

signals from peripheral tissues and circulating nutrients report nutritional status to the brain. 

Central effector pathways release neuromodulators to independently promote or inhibit 

discrete feeding behavioral subprograms. Recent studies have made rapid progress by 

identifying and characterizing key signals that regulate feeding. Future efforts to determine 

the hierarchy or independence of neuromodulatory interactions, the neural circuit changes 

associated with neuromodulation, and the temporal dynamics of regulation will be important 

to examine how feeding is dynamically regulated over the course of a meal, a day or a 

lifetime.
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Highlights

• Signals from peripheral tissues and circulating nutrients report nutritional status

• Multiple cues signal hunger and satiety

• Subprograms of feeding behavior are under independent modulatory control
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Figure 1. Modules in the feeding behavioral repertoire in Drosophila melanogaster
(a) Flies use odor cues during foraging to find food. (b)Activation of chemosensory bristles 

on tarsi leads to cessation of locomotion and (c) meal initiation. (d) Activation of sensory 

bristles on the proboscis leads to food ingestion. (e) Post-ingestive signals lead to meal 

termination and (f) food disengagement.
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Figure 2. Conversion of homeostatic perturbations into neuromodulatory states
Metabolic needs are detected by designated peripheral organs, or directly by central neurons, 

that convert the physiological perturbation into an endocrine or neuromodulatory signal. 

AKH – adipokinetic hormone, DA – dopamine, DL1 – cluster of dopaminergic neurons, FB 

– fat body, Gr43a – protocerebral neurons expressing the fructose receptor Gr43a, Upd2 – 

unpaired 2, ‘?’ – unknown neuromodulator.
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Figure 3. Central neuromodulatory systems that regulate individual feeding modules
Neuromodulatory systems that have been implicated to date in the regulation of one or more 

feeding subprograms. DA – dopamine, LK-leucokinin, DSK – drosulfakinin, ‘cry-’ – 

cryptochrome negative NPF neurons. Filled neurons – identified causal cells releasing 

respective neuromodulator, unfilled neurons – causal cells releasing respective 

neuromodulators unknown.
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