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Abstract 
Hunger drives animals to search for food, a behavior that is heavily dependent on the olfactory system. 
The neuronal mechanism by which hunger modulates the behavioral response towards food odor, 
however, is not well understood. In this study, using a single-fly behavioral assay and single-unit 
recording, we have demonstrated that starved flies exhibit enhanced attraction towards an attractive 
odor, ethyl acetate, via increased sensitization of the olfactory receptor neurons (ORNs). These results 
suggest that the increased attraction behavior caused by hunger is due to enhanced sensitivity in the 
ORNs. 
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Introduction 

Behavioral plasticity dependent on the presence 
or absence of specific resources, like food, is 
frequently observed in animals. For most animals 
including insects, food search behavior depends 
on olfactory cues. Sense of smell plays an 
indispensable role in detection and localization 
of food. Important discoveries were made in 
mammals towards identifying the neuropeptides 
that regulate feeding behavior. It has been well 
established that the hypothalamus in mammals 
controls food uptake and energy metabolism 
through various appetite sensing hormones, such 
as insulin, leptin, amylin, and alpha-melanin 
stimulating hormone (Berthoud, 2002). 
Subsequent activation of neurons containing 
neuropeptide Y (NPY) and agouti-related peptide 
(AgRP), expressed in a subset of neurons in the 
arcuate nucleus of the hypothalamus, increase 
food intake and reduce energy expenditure 
(Barsh and Schwartz, 2002; Morton et al., 2006). 
Injection of NPY into the hypothalamus enhances 
food intake (Stanley and Leibowitz, 1985; Stanley 

et al., 1985).  In Drosophila, short neuropeptide F 
(sNPF) and neuropeptide F (NPF), which are 
homologs of NPY, regulate feeding behavior (Wu 
et al., 2003; Lee et al., 2004; Lee et al., 2008). 
Despite much knowledge about various 
neuropeptides that control behavior associated 
with feeding, less is known about how hunger 
alters the olfactory responses and how these 
alterations lead to behavioral changes.  
 
We have investigated whether hunger modulates 
the olfactory sensitivity that mediates food 
search behavior. We found that flies when 
starved exhibit enhanced attraction towards 
food odors. This apparent state dependence 
implies that, when starved, flies release signals 
that probably interact with the neural circuitry to 
regulate behavioral expression. While most 
research has focused on central modulation for 
such behavior, few studies have been done on 
the peripheral olfactory system. Blood feeding 
insects like mosquitoes are a good example of 
antennal sensitivity to host cues being reduced 
after a blood meal. This decrease in peripheral 
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sensitivity prevents female mosquitoes from 
looking for a host when blood-fed (Takken et al., 
2001). Results obtained from these studies 
similarly suggest that receptor sensitivity is 
modulated by the animal’s motivational state. 
 
In the present study, we have investigated the 
effect of starvation at the level of olfactory 
receptor neurons (ORNs). In Drosophila, ORNs 
are housed in the olfactory sensilla on the third 
antennal segment and in the maxillary palp, and 
serve a distinct chemosensory function. The 
olfactory sensilla fall into three different 
morphological types known as basiconic, 
coeloconic and trichoid. Whereas basiconic 
sensilla are found on both the antennal and 
maxillary palp, trichoid and coeloconic sensilla 
are located exclusively on the antennal surface. 
Electrophysiological recording has been carried 
out from AB II sensilla basiconica containing two 
neurons. We have shown that the starved flies 
exhibit an enhanced sensitivity at the level of 
olfactory receptor neurons (ORNs). The 
increment in response is pronounced at lower 
attractive odor concentrations, but not 
significant at higher concentrations. In addition, 
we have further shown that when the fly is 
deprived of food, it exhibits an enhanced 
response to the attractive odor. 
 
Materials and Methods 

Fly rearing and maintenance 

Flies were grown in glass vials with standard 
cornmeal medium at 21°C in the incubator with 
circadian cycle control (12 hour light: 12 hour 
dark). The Canton-S (CS) strain was used in all 
experiments.   
 
Single Fly Behavior 

Age-matched female flies (3 days old) were 
separated and starved for 30 hours in a vial 
containing wet tissue paper. For the single fly 
behavior test, five flies were tested in one set. 
Five glass tubes were taken with one fly in each. 
Each glass tube was closed on both ends with 

traps prepared with a micropipette tip and 
microcentrifuge tube (200µl).  An overhead 
camera (Watec Monochrome Video Camera) was 
used to record the movement of flies during the 
test. A schematic representation of the 
behavioral setup is shown in Fig. 1. 
 

 
 
 
 
 

 

Figure 1. The schematic representation of the 

single fly behavior assay. Each glass tube was 

taken with one fly and the tube was closed on 

both ends with traps prepared with a 

micropipette tip and microcentrifuge tube 

(200µl).  An overhead camera (Watec 

Monochrome Video Camera) was used to record 

the movement of flies during the test. For 

analysis, the tube was divided into 8 zones and 

zone 1 was designed as the odor zone, while 

zone 8 was designed as the control zone. 

 

Analysis was made in a custom written program 

in MATLAB (R2007b) (Mathworks Inc. USA) which 

tracks the path of the individual fly in each tube. 

The flies spend 2 minutes (for attractive odors) 

or 5 minutes (for aversive odors) in the tube. The 

tube was divided into 8 zones (zone 1 to zone 8) 

and zone 1 was designated as the odor zone. The 

flies display exploratory behavior by making 

frequent visits to each end of the tube. In the 

presence of an attractive odor, a fly spends more 

time around the odor zone (zone 1), whereas in 

the presence of an aversive odor, it spends more 

time away from the odor zone (zone 8). The 
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response index was calculated as: time spent in 

zone1 – time spent in zone 8)/ Total time of the 

assay. 

 
Single unit recording from olfactory receptor 

neurons (ORNs) 

3 day -old female flies were cold anesthetized on 
ice and mounted in a 1.6 mm diameter glass 
capillary. The protruding head was immobilized 
with low melting myristic acid. The mounted fly 
was kept for 45 mins in a moist chamber before 
recording. Large sensillum basiconica on the 
third antennal segment were identified by their 
position on a standard map of the antennal 
surface. The ground electrode was inserted into 
the third antennal segment and the recording 
electrode was placed in the base of the basiconic 
sensillum. Signals were amplified 1000X (Model 
750, World Precision Instruments, New Haven 
CONN. USA), digitized with a digitizer (NI-DAQ 
software) and stored in the computer for further 
analysis with LabVIEW 7.1 software (National 
Instruments Software, USA).  AC signals (100–
10,000 Hz) were recorded for 12 s, starting 10 s 
before stimulation.  Action potentials were 
counted off-line in a 500 ms period before 
stimulation and during the 500 ms stimulation. 
The response of individual neurons was then 
calculated as the increase (or decrease) in action 
potential frequency (spikes/500 ms). Odor pulses 
of 500 ms durations separated with an inter-
stimulus interval of 10 sec were given using a six 
port custom-built olfactometer.  
 
Statistical analysis 

Data are shown as mean ± SEM (Standard Error 
of the Mean). Student's t-test was performed for 
statistical comparisons and the significance level 
was set at P < 0.05. 
 
Results 

Enhanced attraction behavior in starved flies 

Behavioral expression of food-associated 

memory in the fruit fly is constrained by satiety 

and promoted by hunger, suggesting an 

influence by the motivational state (Krashes et al., 

2009). To determine whether hunger has an 

effect on food search behavior, we measured 

single fly behavioral response to ethyl acetate 

(EA). EA constitutes 33% of the volatiles in 

pineapple (Umano et al., 1992). Flies were 

starved for 30 hours in a vial with only moist 

tissue paper, thereby allowing flies access to 

water but not food. Starved flies spent more 

time in the odor zone and exhibited robust 

increases in attraction behavior to EA, as 

compared to the un-starved flies (Fig.2A), 

indicating that hunger promotes food search 

behavior via the olfactory system. To confirm 

whether this behavior change is common for 

attractive odors in general, we measured the 

single fly behavior in response to another 

attractive odorant, geranyl acetate (GA). As 

shown in Fig.2B, starved flies exhibited 

remarkable increases in attraction behavior to 

GA as compared to un-starved flies. To test 

whether this behavioral change by starvation is 

specific to the attractive odor, we measured the 

single fly behavioral response to an aversive odor, 

benzaldehyde. The behavioral response to 

benzaldehyde was unaffected by starvation (Fig. 

2C). Taken together these results suggest that 

starvation enhances the behavioral response to 

the attractive odor, but not the aversive odor. 
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Figure 2: Effect of starvation on single fly 
behavior. A. Starved flies have a higher response 
index as compared to un-starved flies when 
tested with ethyl acetate (EA) at 10-6. Error bars 
indicate SEM. ** indicates P < 0.01, n = 20. B. 
Starved flies have a higher response index as 
compared to un-starved flies when                                                                                            
tested with geranyl acetate (GA) at 10-5. Error 
bars indicate SEM. ** indicates P < 0.01, n = 20. C. 
No significant difference in the aversion behavior 
in flies measured with benzaldehyde. Error bars 
indicate SEM. P > 0.05, n = 20.  

Starvation increases the sensitivity of ORNs 

We next examined the effect of starvation at the 
level of olfactory receptor neurons (ORNs). 
Electrophysiological recordings were performed 
from the AB II sensillum which responds to a 
broad spectrum of odorants (mainly esters and 

ketones). AB II sensilla basiconica have two 
neurons and their spikes are well identified 
based on their amplitudes.  The neuron with a 
larger spike amplitude is referred to as the ‘A’ 
neuron and the one with a smaller amplitude is 
referred to as the ‘B’ neuron (Fig. 3A). The ‘A’ 
neuron in AB II sensillum responds strongly to EA, 
represented by an increase in the firing 
frequency of the spikes, while the firing 
frequency in the ‘B’ neuron is unaffected by EA. 
Female flies were starved for 30 hrs in a vial with 
a moist tissue paper bed. We found that the 
starved flies showed a remarkable increase in the 
firing frequency of the spikes in the AB IIA 
neuron when stimulated with low concentrations 
of EA compared to the un-starved flies, 
suggesting that hunger enhances ORN sensitivity 
(Fig. 3B). However, no significant increase was 
observed in the spike firing rate at high 
concentrations of EA in the starved flies 
compared to the un-starved flies (Fig. 3B), 
indicating that the response at high 
concentrations has most likely been saturated.  
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Figure 3: Sensitization of ORNs by starvation. A. 
Spontaneous spikes recorded in AB II sensillum 
of ORNs (showing A neuron and B neuron). B. 
Dose response curves of EA-evoked spikes in the 
AB IIA neurons of starved and un-starved flies. 
Wild type (CsBz) female flies were starved for 30 
hours. Error bars indicate SEM. * indicates P < 
0.05; ** indicates P < 0.01; n = 10. 

Discussion 

We report here that starvation modulates the 
sensitivity of the olfactory receptor neurons 
housed in AB II sensillae basiconica. Starvation 
increases behavioral attraction to food odors 
such as EA and GA. Enhanced peripheral 
sensitization due to starvation is in line with the 
observation that in Diptera, EAG amplitude 
increases with starvation (Den Otter et al., 1991). 
The starvation effect is more pronounced at 
lower concentrations of EA. Increased 
responsiveness at lower concentrations is found 
in both electrophysiological and behavioral 
experiments. The internal state of the fly during 
starvation acts on sensory neurons. Starvation 
modulates the peripheral sensitivity in order to 
match the changing physiological needs of the 
animal. Our study demonstrates that the firing 
frequency of AB IIA increases with starvation, 
indicating enhanced sensitivity of the AB IIA 
neuron. It is likely that starvation modulates 
some intracellular pathways to regulate hunger 
and this is related to the increase in ORN 
sensitivity. The exact mechanism underlying 
starvation induced sensitization is still poorly 
understood. Recently it has been shown that 
fluctuating metabolic cues control sNPFR1 levels 
in the AB IB neuron that houses Or42b receptors, 
which in turn modulate feeding behavior (Root et 
al., 2011). However, it has yet to be determined 
whether the enhanced sensitization we 
measured in AB IIA neuron is also subject to 
sNPF-dependent modulation.  
 
In mammals, when animals are starved due to 
lack of a food supply, metabolic changes occur in 
stored energy metabolites, including 

carbohydrates, lipids and proteins, which occurs 
sequentially in that order (Barsh & Schwartz, 
2002). Animals are forced to look for food due to 
starvation-induced changes in the levels of 
hormones and neuropeptides, such as insulin, 
ghrelin, leptin and NPY, and these modulators 
act on the hypothalamus, the appetite 
controlling center in mammals (Brown et al., 
1999; Hewes & Taghert, 2001; Mayer & Belsham, 
2009; Hong et al., 2012). This raises the 
possibility that a central mechanism controlling 
feeding behavior is also important in Drosophila. 
A recent study demonstrates that appetitive 
memory requires the NPF receptor in the 
dopaminergic neurons that innervate specific 
lobes of the mushroom body (Krashes, et al., 
2009). This raises the question of whether 
multiple neural substrates are required for 
starvation-dependent modulation.  Enhanced 
peripheral sensitization due to starvation may 
serve as a switch for animals to detect specific 
food odors. Features of the peripheral olfactory 
system are very similar in Drosophila and 
mammals. It is very likely that in mammals 
hunger also reshapes the sensitivity of the 
olfactory system. The anatomical simplicity of 
Drosophila makes this organism a particularly 
amenable system for identifying the neuronal 
changes that result from starvation and linking 
starvation’s role to behavior. Results from such 
experimentation could then provide direction for 
conducting mammalian studies. 
 
Acknowledgement 

In acknowledgement of his formidable biological 
insight and inspirational mentorship that guided 
this work, DC, TSC, NS and PR dedicate this paper 
in memory of Prof. Obaid Siddiqi. We thank Sarit 
Pati Goswami for writing fly tracking software, 
Abu Farhan and Srikanya Kundu for performing 
preliminary behavioral experiments. TSC was 
supported by research fellowship from the 
National Center for Biological Sciences (NCBS), 
India. 
 
 



25            Journal of Postdoctoral Research June 2014: 20–25 

References 

1. Barsh GS, and Schwartz MW (2002) Genetic 
approaches to studying energy balance: 
perception and integration. Nat. Rev. Genet. 
3, 589–600. 

2. Berthoud HR (2002) Multiple neural systems 
controlling food intake and body weight. 
Neurosci. Biobehav. Rev. 26, 393–428. 

3. Brown MR, Crim JW, Arata RC, Cai HN, Chun 
C, and Shen P. (1999) Identification of a 
Drosophila brain-gut peptide related to the 
neuropeptide Y family. Peptides 20, 1035–
1042. 

4. Den Otter CJ, Tchicaya T and Schutte AM. 
(1991) Effects of age, sex and hunger on the 
antennal olfactory sensitivity of tsetse flies. 
Physio Entomol 16 173-182 

5. Hewes RS, and Taghert PH. (2001) 
Neuropeptides and neuropeptide receptors 
in the Drosophila melanogaster genome. 
Genome Res. 11, 1126–1142. 

6. Hong SH, Lee KS, Kwak SJ, Kim AK, Bai H, et 
al. (2012) Minibrain/Dyrk1a Regulates Food 
Intake through the Sir2-FOXO-sNPF/NPY 
Pathway in Drosophila and Mammals. PLoS 
Genet 8(8): e1002857.  

7. Krashes MJ, DasGupta S, Vreede A, White B, 
Armstrong JD, Waddell S. (2009) A neural 
circuit mechanism integrating motivational 
state with memory expression in Drosophila. 
Cell. 139(2):416-27.  

8. Lee KS, You KH, Choo JK, Han YM, Yu K (2004) 
Drosophila short neuropeptide F regulates 
food intake and body size. J Biol Chem 279: 
50781–50789. 

9. Lee KS, Kwon OY, Lee JH, Kwon K, Min KJ, et 
al. (2008) Drosophila short neuropeptide F 
signaling regulates growth by ERK-mediated 
insulin signalling. Nat Cell Biol 10: 468–475. 

10. Martel V, Anderson P, Hansson BS and 
Schlyter F. (2009) Peripheral modulation of 
olfaction by physiological state in the 
Egyptian leaf worm Spodoptera littoralis 

(Lepidoptera: Noctuidae). J Insect Physiol. 
55(9) 793-97. 

11. Mayer CM, and Belsham DD. (2009) Insulin 

directly regulates NPY and AgRP gene 

expression via the MAPK MEK/ERK signal 

transduction pathway in mHypoE-46 

hypothalamic neurons. Mol. Cell. Endocrinol. 

307, 99–108. 

12. Morton GJ, Cummings DE, Baskin DG, Barsh 
GS, Schwartz MW. (2006)  Central nervous 
system control of food intake and body 
weight. Nature 443:289–295. 

13. Root CM, Ko KI, Jafari A, Wang JW. (2011) 
Presynaptic facilitation by neuropeptide 
signaling mediates odor-driven food search. 
Cell 145: 133–144. 

14. Stanley BG, Daniel DR, Chin AS, Leibowitz SF. 
(1985) Paraventricular nucleus injections of 
peptide YY and neuropeptide Y preferentially 
enhance carbohydrate ingestion. Peptides 
6:1205–1211. 

15. Stanley BG, Leibowitz SF. (1985) 
Neuropeptide Y injected in the 
paraventricular hypothalamus: a powerful 
stimulant of feeding behavior. Proc Natl Acad 
Sci USA 82:3940–3943. 

16. Takken W, van Loon JJ and Adam W. (2001) 
Inhibition of host-seeking response and 
olfactory responsiveness in Anopheles 
gambiae following blood feeding. J Insect 
Physiol. 47(3) 303-10. 

17. Umano K, Hagi Y, Nakahara K, Shoji A, 

Shibamoto T. (1992) Volatile constituents of 

green and ripened pineapple (Ananas 

comosus). J. Agric. Food Chem., 40, 599–603. 

18. Wu Q, Wen T, Lee G, Park JH, Cai HN, and 

Shen P. (2003) Developmental control of 

foraging and social behavior by the 

Drosophila neuropeptide Y-like system. 

Neuron 39, 147–161. 
 

 
 


