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ABSTRACT OF THE THESIS

Hunger and smell: neuropeptidergic push-pull modulation in starvation dependent odor-
driven food search

by

Gang lll Ko

Master of Science in Biology

University of California, San Diego, 2011

Professor Jing W. Wang, Chair

Internal physiology has a dramatic effect on animals’ nhtbehavior. We
therefore investigated the effect of starvation in shapingctoifa processing in
Drosophila. Previous work from our lab has shown that glomeruli in the difsictory
relay are hardwired for attraction and aversion. DM1 glomeruttivily signals for
attraction to food odor, whereas DM5 glomerular activity triggeessaon. We observed
that DM1 glomerular activity increases via presynaptic itatibn while DM5 activity
decreases via presynaptic inhibition. DM1 modulation is mediatetiday BPF (SNPF)

signaling and DM5 modulation is mediated by tachykinin (DTK) aligng. Both of these
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opposite modulatory mechanisms in DM1 and DM5 are required fornfteddbd search
behavior. Together, these two different neuropeptide signaling meahaapresents a
push-pull mechanism, whereby starvation causes attraction to be edtat aversion
to be suppressed. This leads to maximal attraction in staiesdafid minimal attraction

in fed flies.
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Chapter 1. Introduction



1.1 Introduction

Animals face different challenges under different internal phygioal states that
influence their behaviors. For example, prolonged starvation leads teased
probability of finding food in the blow flies (Gelperin, 1971). Manynaais rely on the
olfactory cues for essential survival behaviors such as feediatjing and predator
avoidance. Does internal state change features of the olfextstgm? A number of
modulator systems has been identified in olfactory systems oy ar@mals (Olsen and
Wilson, 2008; Root et al., 2008; Ignell et al., 2009). Whether changes in raal’ani
internal state engage these modulatory systems has not b#emwsstigated. For
animals experiencing starvation, it makes sense to increaaetooyf sensitivity to
improve the food finding efficacy. This thesis investigates neurorabdal in the
Drosophila antennal lobe and identifies a push-pull mechanism mediatedvby t
neuropeptides, short NPF (sNPF) and tachykinin (DTK) in responsart@tson, and its

behavioral consequences of food seardbriosophila.

1.2 Theolfactory system in Drosophila

The basic organization of the olfactory system is remarkaingerved from flies
to humans (Hildebrand and Shepherd, 1997). The primary sensory neuronsyyolfact
receptor neurons (ORNs) have ciliary nerve endings exposed toxtimat world
(Anholt et al., 1987). A chemical substance called odorant can bind todtrand
receptors that transform the chemical information into etadtimpulses by way of G-
protein signaling (Brunet et al., 1996; Belluscio et al., 1998; Worad.,e2000). ORNs

send their axons to the antennal lobe in flies (olfactory bulb in)mideere they synapse



onto projection neurons (PNs, mitral/tufted cells in the olfactory d@lap et al., 2000;
Vosshall et al., 2000; Scott et al., 2001; Couto et al., 2005). This rediere ORNs
synapse onto PNs is called a glomerulus. In rats, 2-deoxyglucasadiagraphy studies
showed that an odor activates a distinct population of glomeruli, andnitraased
concentration of odor recruits more glomeruli (Stewart et al., 1958¢dt et al., 1982).
Thus, a glomerulus is believed to be the functional unit in thetola system and the
pattern of glomeruli is thought to create the first internal represemtatiodor.

The discovery of a novel multigene family of ORNs in 1991 by Barét Axel
led to the molecular genetic manipulation of the olfactory systéims.study showed that
ORNSs express different but distinct olfactory receptor géBesk and Axel, 1991).
Buck hypothesized that hypervariable regions found in these genexctatemwith the
different odorants and conferred specificity. Furthermore, lacZesgmn under a
promoter of a specific receptor gene in mice demonstrated a congergé axons of
ORNSs expressing the same olfactory receptor gene onto a sloglerglus (Mombaerts
et al., 1996). Thus, an activated glomrulus is a direct representattithe activated
ORNs expressing the specific receptor genes. In flies,yna@adlfactory receptor genes
have been identified (Couto et al., 2005; Fishilevich and Vosshall, 280%) family of
GPCRs and ionotrpic glutamate receptor currently account forlynedr odorant
responsive glomeruli (Benton et al., 200®9al-4 lines for each receptor gene are
available in flies, which allows for a precise genetic digseaof distinct glomeruli and

makesDrosophila an attractive model organism.



1.3 Dynamic modulation in the antennal lobe

A dense network of excitatory and inhibitory local interneurons (Lais)found
in the antennal lobe (Wilson et al., 2005; Shang et al., 2007; Olsen arzh\\AB08;
Root et al., 2008; Ignell et al., 2009). However, their role in the tolfagrocessing
remains largely unknown. Electrode recording and two-photon imadundjes in
Drosophila demonstrated that interglomerular pre-synaptic inhibition mediated b
GABAergic LNs plays an important role in normalizing olfactorformation (Olsen and
Wilson, 2008; Root et al., 2008; Olsen et al., 2010). This normalizatidmer réttan
decreasing the maximal PN response, widened the range spanrekpitise as odor
concentration increases. Interestingly, this shift in dynararmge is also seen in the
visual system by a population of horizontal and amacrine cells, itapthys an
indispensable role in light perception (Sakmann and Creutzfeldt, 1969).iek) fl
perturbing GABA signaling in the antennal lobe impairs matalpiog behavior,
suggesting that such modulation is important for behavior (Root €088). Thus, LNs
in the antennal lobe have the capacity to critically impact tlfgcprocessing and
behavior.

Other neuromodulators such as serotonin (Dacks et al., 2009) and tachykinin
(DTK) (Ignell et al., 2009) have been shown to alter olfactopyesentation in flies. In
particular, DTK peptides are expressed in the local LNs andseleonto ORN terminals
that express the DTK receptor. Two-photon calcium imaging ledethat DTK
signaling mediates presynaptic inhibition, and knocking down DTK recepigr
expressing RNAI in ORNSs alters behavioral response to high athaentration (Ignell

et al., 2009). Other studies showed that DTK signaling playseaimohutrition-based



mechanism such as regulation of adipose-kinetic hormone (a homolog of ahamm
glucagon) and stimulation of visceral muscle (Nassel and Winther, f2018view). A
more precise understanding of the role DTK plays in odor-driven behawains to be

determined.

1.4 Olfactory circuit and behavior

How does olfactory representation among glomeruli relate toaramal’s
behavior? Studies in the past have shown that i€@n aversive odorant that activates
the V glomerulus only. Blocking synaptic vesicle release irdR&ls projecting to the V
glomerulus using a temperature sensitive dynamin gene, c&igite (Shi*), was
sufficient to eliminate avoidance behavior to Q@ flies (Suh et al., 2004). In addition,
artificial activation of the V glomerulus using channelrhodopsin sudBcient to elicit
avoidance behavior in flies (Suh et al., 2007). In the fly pheromonarsyattivation of
Or67d neurons, which project to DAl glomerulus, mediates male-maldsitigur
behavior and aggression behavior (Kurtavic et al., 2007; van der Goes vareiN\ate
2007; Wang and Anderson, 2010). Thus, each glomerulus can be a functional umt both
terms of olfactory representation and behavioral output.

Most odors activate a pattern of glomeruli rather than a singheegulus. Thus,
it has been long speculated that the unique combinatorial activatgloroéruli is the
key to understanding how odor identities are encoded. However, re@udi@sshave
shown that the activation of a single glomerulus is necessatysafficient to elicit
attraction and aversion behavior. Apple cider vinegar is an odoramefeshbles natural

food odorant. Using two-photon calcium imaging, Julia Semmelhack andWamgy



found that cider vinegar activates six glomeruli. Usshi® to individually block each of
these six glomeruli, they have shown that suppressing DM1 and ViAfnales
attraction behavior in flies towards apple cider vinegar (Semwielaad Wang, 2009).

In addition, selective rescue of each glomerulus in Or83b mutant background shdwed tha
DM1 and VA2 are sufficient to restore attraction to cider vinedaterestingly,
activation of DM5 glomerulus at high concentration of cider vinegareisessary and
sufficient to mediate aversion. Thus, particular glomeruli that mgkeodor-evoked
patterns appear to be hard-wired for attraction and aversion.

In this thesis, we investigate how DM1 and DM5 glomeruli are moetilahder
nutritional stress. We hypothesize that starvation will leashdeeased DM1 activation
and decreased DM5 activation, and that there should be a differelmansm to mediate
such opposite modulation. We show that SNPF mediates pre-synapiiatian in DM1

and DTK mediates pre-synaptic inhibition in DM5 to achieve such modulation.
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2.1 Abstract

Internal physiological states influence behavioral decisionsh&Ve investigated
the underlying cellular and molecular mechanisms at the flfattory synapse for
hunger modulation of food search behavioDirosophila. We found that a local signal
by short neuropeptide F (sSNPF) and a global metabolic cue blnirsse integrated at
specific odorant receptor neurons (ORNs) to enable hunger modulationaofooff
sensitivity. Results from two-photon calcium imaging show thatvation increases
presynaptic activity via intraglomerular sNPF signaling. Esgien of sNPF and its
receptor (SNPFR1) in ORNSs is necessary for starvation-indteed search behavior.
Furthermore, this presynaptic facilitation specifically iMt2ly neurons is necessary and
sufficient for food finding. Quantitative RT-PCR experiments denmatesthat starvation
increases the transcription level SNPFR1 but not that ofSNPF, and insulin signaling
suppressesNPFR1 expression. Thus, starvation increases expressiosNBFR1 to

change the odor map, resulting in more robust food search behavior.

2.2 Introduction

The modulation of behavior by basic physiological need is esséntianimal
survival. Physiological modulation is often accomplished by releds\euromodulators
that alter neuronal excitability or network properties (Ddsteand Marder, 2004). In
particular, appetite and satiety modulate feeding behavior in masgknthrough the
actions of neuropeptides. In mammals, the hypothalamus, an importantrégyain
controlling appetite (Berthoud, 2002), integrates hormonal signalsasughrelin, insulin

and leptin from the gut, pancreas and adipose tissues, respectivahgatidie of neurons
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containing neuropeptide Y (NPY) and AgRP in the arcuate nucleus bfypgathalamus
augment food intake (for review see (Barsh and Schwartz, 2002)). éotsngwo
independent homologs of NPY, neuropeptide F (NPF) and short neuropeptidBl (sN
(Brown et al., 1999; Hewes and Taghert, 2001), promote feeding belijee®ret al.,

2004; Wu et al., 2003) when broadly overexpressed in neurons. Although much is known
about the central control of feeding behavior, little is known about lmungdulation of

sensory representation in any animal.

For most animals in their natural environment, feeding begins wsthaech for
the appropriate food source in which the sense of smell playadspensible role
(Dethier, 1976). While important inroads have been made in idenfifyeuropeptides
that regulate feeding behavior, little is understood about whethehoar these
hormones/neuropeptides alter olfaction and how that leads to behasharades. In
rodents, central projections of olfactory fibers from the offigcbulb largely bypass the
thalamus and project directly to the olfactory cortex (Moriletl®99; Shepherd, 2004).
Nonetheless, internal state does influence olfactory respondee imlfactory cortex
(Murakami et al., 2005). However, it is not clear whether thedalrakc hormones act
directly on the olfactory cortex or whether they play a modujatole in the olfactory
bulb where a variety of different neuromodulators influence neaa@ity (Shepherd,

2004).

Insulin is a global metabolic cue that promotes glucose uptai@tinvertebrates
and invertebrates (Rulifson et al., 2002). In addition to the regulatibloodl glucose,

insulin signaling is implicated in the modulation of behaviors relatmgfeeding,
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reproduction and memory (Gerozissis, 2003) and insulin injection intoygahalamus
reduces food intake in rodents (Bruning et al., 2000; Woods et al.,. }13@8¢ver, how
insulin signaling fine-tunes defined neural circuits to alter behais not well
understood. Studies of hunger modulation in Bnesophila nervous system affords an
opportunity to investigate an evolutionarily conserved mechanism for energy hasieos

and establish a causal link between neuropeptide modulation and feeding behavior.

We have investigated whether hunger modulates olfactory procedsatg t
mediates food-search behavior. We report that starvation altextaoif representation
of food odor at the first olfactory synapse. The neuropeptide, SNREh is implicated
in feeding behavior (Lee et al., 2004) and expressddrasophila olfactory receptor
neurons (ORNSs) (Carlsson et al., 2010; Nassel et al., 2008), nsethégdechange by
facilitating synaptic transmission from select ORNSs. Intagrular signaling by sNPF
is necessary for starvation-dependent enhancement of odor-driven focil lselaavior.
Furthermore, starvation increases the expression level of e septor (SNPFR1) by
a reduction in insulin signaling. Thus, neuropeptide signaling causegatn-
dependent presynaptic facilitation of sensory transmission, which ipgsinolfactory

representation for food finding.

2.3 Hunger altersolfactory representation and food sear ch behavior

The antennal lobe is the center for early olfactory processidgis a target for
many neuromodulators. Within the antennal lobe, ORNs expressingitie @dorant
receptor genes (Clyne et al., 1999; Vosshall et al., 1999) conwerige a single

glomerulus (Vosshall et al., 2000). ORNs make synapses with loealyinterneurons
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and the cognate projection neurons (PNs) (Distler and Boeckh, 19@put®Ns of the
antennal lobe transmit olfactory information from glomeruli to Brghrain centers such
as the lateral horn and mushroom body (Stocker et al., 1990; VosshaBtecicer,
2007). Although ORNSs are the main drivers of PN output (Olsen et al.; R0OT et al.,
2007), interneurons have been shown to control olfactory sensitivity bynpreg
inhibition (Ignell et al., 2009; Olsen and Wilson, 2008; Root et al., Y888 lateral
excitation (Olsen et al., 2007; Root et al., 2007; Shang et al, 2007)p. Tw
neuromodulators, serotonin (Dacks et al., 2009) and tachykinin (Ign&ll 20@9), have
been shown to alter antennal lobe activity. If hunger modulates antebealeurons, we

should observe a change in odor-evoked activity in PNs.

We performed two-photon imaging (Denk et al., 1990) to measureeRdlritic
calcium responses to odor stimulation in fed and starved flies BéaringsH146-Gal4
andUAS-GCaMP transgenes express the calcium sensor GCaMP in many IBiNggl
the select measurement of calcium response in PN dendrites @Vahg 2003). We
investigated calcium response of PNs to apple cider vinegar, which is attyhlgtive for
Drosophila and is a complex odor that resembles a natural food source (8&oknand
Wang, 2009). We imaged PN dendritic activity in flies that wedeand flies that were
starved overnight (Figure 2.1a). Cider vinegar excites five gldinat the tested
concentrations. Starvation significantly enhances odor responseergtbreeruli (DM1,
DM4 and DM2) but decreases odor response in two glomeruli (VM2 art] ¥igure
2.1b, c). It is interesting to note that starvation alters the amdpliof calcium activity

without changing the temporal kinetics (Figure 2.1b). In sharp contastprevious
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study shows that activation of GABAeceptors causes presynaptic inhibition and alters
the temporal kinetics of PN calcium activity (Root et al., 2008refore, a change in
GABAg receptor signaling is unlikely to account for the starvation depe¢rati@nge in
olfactory response. Rather, our results are more consistent watkcaability change in

antennal lobe neurons.

The apparent starvation-dependent change of olfactory responke iDM1,
DM2, DM4, VM2 and VA3 glomeruli could be due to intra- or inter-glomarul
mechanisms. We therefore investigated hunger modulation of indivgthrakeruli with
reduced lateral activity. To do this, we imaged PN responsepdadl of five different
odorants, each of which excites one or a few glomeruli at lmnecentrations (Figure
2.1d, e). The responses in DM1 and DM4 to ethyl acetate wereicagily enhanced by
starvation; the response of DM2 but not VM2 to ethyl hexanoate isnesthaby
starvation; and the responses in DM1, DM4 and DP1M to 1l-octen-3-oklace
significantly enhanced. In contrast, the responses of VA3 and \éN2phenylethanol
and 3-heptanol, respectively, are not modulated by starvation. Therefole,[INA and
DM2 are more sensitive to odor stimulation in starved animals. However, VA3 a@d VM
are not subject to starvation modulation. This result suggests thatpbarent
suppression of VA3 and VM2 in response to cider vinegar is due tol laeiztion. We
conclude that some antennal lobe neurons are subject to hunger modelsuiting in

an alteration of the odor map.

Hunger as an internal state affects feeding behavior (Geldgifl), which

begins with an olfaction-dependent search for an appropriate food sobecefore, we
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expect that the starvation-dependent change in olfactory repitesensoould be
matched by an alteration in behavior. We developed a single fhy disat allows the
assessment of hunger modulation on odor driven food search behavior. We rélasbned
latency to find food is a metric of food search. We employe@waomatic computer
system to monitor the position of individual flies from which weasured the latency
required for individuals to reach an odor target. Individual flies vietr@duced into
small arenas that contained a food odor, apple cider vinegar, artee During the 10
minute observation period, starved flies spend most of the time watidar the food
source, whereas fed flies wander in the entire arena witkfargnce for the perimeter
(Figure 2.2a). The latency of food finding is significantly deseglaupon starvation
(Figure 2.2b) and is independent of fly speed (data not shown). Furthesuoyeal
removal of the antennae impairs this behavior (data not shown).thkeusense of smell,
mediated by the antennae, is required for food search behavior, and hunger enhances food

finding in Drosophila.

What is the time-course of the starvation-dependent change atoo{faactivity
and food-search behavior? We first varied starvation time and redasalcium imaging
of PN dendrites in response to precise electrical stimulatitimeablfactory nerve in flies
bearing theGH146-Gal4 and UAS-GCaMP transgenes. Imaging calcium activity in PN
dendrites of the DM1 glomerulus, we found that calcium activityesmed with
starvation duration up to four hours. Longer starvation duration for éwedurs did not
result in more neuronal response (Figure 2.2c, d). We next vaamdtsdn time and

examined the latency of food search behavior. Similar to theasitar-dependent effect
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on calcium activity, food search behavior increases up to four hours arad further
increased with 12 hours of starvation (Figure 2.2e). Thus, the chareggeinnal lobe

activity and food search behavior occurs within four hours of starvation.

2.4 sNPF signaling in ORNs mediates hunger modulation of food search

What is the mechanism by which starvation affects odor-guided lmeAalhe
neuropeptide sSNPF promotes feeding behavior (Lee et al., 2004) and is expressed in some
ORNSs (Carlsson et al., 2010; Nassel et al., 2008). We therefpathiegized that SNPF
signaling in ORNs is responsible for the starvation-dependent esmiant of food
search behavior. We expressed RNAi to knockdown ORN sNPF skpreis flies
bearing theOr83b-Gal4 andUAS SNPF-RNAI transgenes, and as a control we expressed
SNPF-RNAI in PNs of flies bearin@H146-Gal4 and UAS-sNPF-RNAi transgenes. If
sNPF signaling in ORNs is important for food search behavior, ewgect that
knockdown of sNPF in ORNs would eliminate the effect of starvatnohexpression of
the RNAI in PNs should not. We measured the latency of food findiogii behavioral
assay and found that indeed starved flies lacking sNPF in ORMNsitex significantly
longer latency in food finding (Figure 2.3a, b). Within 10 minutes, ab?2U of control
flies reach the odor source while only 9% of sSNPF knockdown fliesodénterestingly,
sNPF knockdown flies behave similarly to fed flies (data not shasuggesting that low
sNPF signaling mimics the fed state in the antennal lobe. Tifexedice in latency
between sNPF knockdown flies and control flies however cannot be atriboita
change in locomotor activity (data not shown). Furthermore, fligh @i P-element

disruption of the first exon of the SNPF gesNRF***®) are similarly impaired in food
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finding (data not shown). Thus, sSNPF expression in olfactory receptoons mediates

the starvation-dependent enhancement of food search behavior.

While our findings are in accord with previous work indicating that ORNsesspr
the sNPF peptide (Carlsson et al., 2010; Nassel et al., 2008), the popafaheurons
that express sNPFR1 (Feng et al., 2003), the receptor for sBlRtgt known. In
salamanders, the NPY receptor localizes to sensory neurohe offactory epithelium
(Mousley et al., 2006), and is thus poised for a feedback modulation. Inathenalian
hypothalamus, NPY neurons project from the arcuate nucleus tatéhal Ihypothalamus
(Barsh and Schwartz, 2002; Cowley et al., 1999) and are poised fadtorigeard
modulation. Thus, two possible mechanisms may account for the observed torgdula
effects of the neuropeptide: 1) if SNPFR1 localizes to ORBgeptide may modulate
starvation-induced behavior through ORN-ORN feedback modulation, orsiAFR1
localizes to PNs, its peptide may modulate starvation-induced loehlarough ORN-PN
feedforward modulation. To discriminate between these two possiilitte expressed
RNAI to knockdown sNFPRL1 in either the ORNs or PNs in flies bgagitherOr83b-
Gal4 or GH146-Gal4, respectively andUAS-SNPFR1-RNAi. We found that expression
of SNPFR1-RNAiI in ORNs mimics the effect of the neuropeptide knockdown (Figure
2.3c, d). In contrast, expressionadfPFR1-RNAI in the PNs has no effect on food search
behavior. The difference in latency between sNPFR1 knockdown and comsatdhnot
be attributed to a change in locomotor activity (data not showanihérmore, disruption

of SNPFR1 by expression of a dominant negative gene (Lee 20@8) in ORNSs results
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in a similar decrease in food finding (data not shown). Thus, feedbhadklation by

SNPFR1 expressed in ORNSs is necessary for starvation-dependent food search.

2.5 Presynaptic activity in ORNsis modulated by sNPF signaling

Given that knockdown of sSNPF and its receptor in ORNs has a profffectian
starvation-dependent food search behavior, we reasoned that hungeradteoddtivity
in ORN axon terminals. To investigate this, we imaged odor-evokedtyagt ORNS in
flies that were fed and flies that were starved overnigles bearing th€r83b-Gal4
and UAS- GCaMP transgenes allow the select measurement of calcium aatvi®dRN
axon terminals. We observed that cider vinegar activates the fseglomeruli when
comparing ORNSs (Figure 2.4a) to PNs (Figure 2.1a). Three gldn{&M1, DM4 and
DM2) exhibit significant increases in calcium activity upomsttion, while the VM2
glomerulus exhibits significant suppression of response to low odoemwaton, and
the VA3 glomerulus is not affected (Figure 2.4b,c). Thus, starvatimnsablfactory
representation in sensory neurons, which is largely consistenthgittheinges observed

in the antennal lobe output PNs.

We next asked if SNPF signaling in ORNs causes the hunger-thdheages in
olfactory representation. To investigate this, we imaged ORdoNs® to cider vinegar in
starved and fed flies with perturbed sNPF signaling. We found xipa¢gsion osSNPF-
RNAI in the ORNs eliminates the effect of starvation such that dlactory
representation in starved flies lacking sSNPF mirrors thagaitcbntrol flies (Figure 2.4c).
The overlapping curves between control fed flies and starved Rigaisuggest that the

effect of RNAI is specific to SNPF signaling rather tl@apotential non-specific effect on
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neuronal properties. Furthermore, there is no difference betateeved and fed sNPF
knockdown flies, indicating that SNPF mediates the hunger modulatiORf activity.
In addition, expression of RNAIi to knockdown expression of the sNPRRQ@RNs
similarly eliminates the effect of starvation (data not sHowwe further investigated
whether abolishing sNPF signaling presynaptically in ORNs eétes the starvation-
dependent enhancement in postsynaptic PNs. To do this, we used #resylibe
GH146-LexA, LexAop-GCaMP, Or83b-Gal4 and UAS SNPF-RNAI transgenes. Imaging
PN calcium activity in the DM1 glomerulus in the absence o$yraptic SNPF, we
found that the effect of starvation is abolished such that PN resporstarved flies
matches that of fed flies (data not shown). The data suggesié¢hatfect oSNPF-RNAI

is not due to a non-specific disruption of synaptic transmission fr&N0 Thus, we
conclude that sNPF signaling causes the change in olfactorgsegpation upon

starvation.

2.6 sNPF signaling mediates presynaptic facilitation

The above results indicate that hunger enhances activity in GigNsNPF
signaling, suggesting that the neuropeptide could act to féeipt@synaptic activity. To
directly test this hypothesis we asked if exogenous applicatiorsNHF affects
presynaptic calcium activity in ORN terminals. In order to &late the contribution of
any potential modulation at ORN cell bodies, we removed the antemuhédelivered
precise electrical stimulation to one olfactory nerve whilagimg calcium activity in the
ipsilateral antennal lobe. We expressbPF-RNAI in ORNSs to eliminate endogenous

sNPF, which may occlude the effect of exogenously applied sRIR¥s bearing the
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Or83b-Gal4, UAS-GCaMP and UAS-sNPF-RNAI transgenes lack sNPF expression and
express GCaMP in ORNSs. Electrical stimulation of the olfgctarve elicits a calcium
transient that is increased upon sNPF application (Figure 2.5atejedtingly, this
increase occurs only in starved flies but not in fed flies, suggesting that aNiRffRaling

is upregulated upon starvation. We compared the sensitivity to sNREdmethe five
glomeruli that respond to cider vinegar and found that the DM1, DM2 and DM4
glomeruli exhibit enhanced activity by the neuropeptide, wherea®/ki& and VA3
glomeruli do not (Figure 2.5d). This result reveals that ORNsit@ting in VM2 and
VA3 are not modulated by sNPF, which is consistent with the reseltsbtained with
odor stimulation (Figure 2.1b-e). Therefore, the suppression of calatmityain VM2
ORNSs (Figure 2.4b) could be a result of lateral presynaptibitiom (Olsen and Wilson,
2008; Root et al., 2008). Furthermore, the suppression of VA3 PN calciumtyact
(Figure 2.1b) could be due to lateral feedforward inhibition (SaahdeGalizia, 2002).
Thus, the sNPF peptide and its receptor mediate presynaptitaterilin starved flies at

select glomeruli.

2.7 SNPF signaling in DM 1 is necessary and sufficient for starvation-dependent food
sear ch behavior

The ORNSs of the DM1, DM2 and DM4 glomeruli have the ability tpoesl to
exogenous sNPF, however the endogenous source of the neuropeptide is Thelear.
peptide could come from receptor neurons of the same glomerulusroa@ely from
neighboring glomeruli. We therefore investigated the inter- vaagtdmerular source of

sNPF by knocking down sNPF expression in specific ORNs and im&@JRiN activity in
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all glomeruli. Flies bearing th@r83b-LexA, LexAop-GCaMP, UAS-sNPF-RNAi andOr -
specific-Gal4 transgenes permit the measurement of calcium activity inakwamal
termini of many glomeruli, while knockdown of sNPF expressionargdted to one
specific glomerulus. We found that knockdown of sNPF expression in Or&is O
eliminates hunger modulation in only the cognate DM1 glomerulus witdmogimpact

on the ORNs of DM2 or DM4 glomeruli (Figure 2.6a). Similarly, knockdaf/sNPF in
Or22a and Or59b ORNSs abolished hunger modulation in ORNs of DM2 and DM4
glomeruli, respectively, without any impact on the other glomeFigjure 2.6a). These
results suggest that intraglomerular sSNPF peptide is necea$dls/ interglomerular

SNPF is not sufficient for hunger modulation of olfactory sensitivity.

The above results indicate that intraglomerular sNPF signasielectively
increases activity in only three of the five glomeruli actigdabg cider vinegar. Given
that a previous study has found that not all glomeruli contributellgqaaodor-guided
behavior (Semmelhack and Wang, 2009), we next asked if SNPF sigmaindjvidual
glomeruli is necessary for food search behavior. We expresséd tBXnockdown the
peptide or the receptor in the DM1, DM2 and DM4 ORNSs, which are medulay
sNPF. We found that knockdown of the neuropeptide or its receptor in DMIsOR
results in significantly decreased food finding in starved fll@gure 2.6b). Within 10
minutes, only about 10% of the RNAI expressing flies reach the edget; whereas
about 24% of the control flies do so. This difference cannot be attributdifference
in locomotor activity (data not shown). Strikingly, knockdown of the neuropeptids

receptor in the DM2 or DM4 ORNSs has no effect on the starvation-dependeneéyod s
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behavior (Figure 2.6b). Expression of the SNPF-RNAI in the VM2 an8 WRNSs that
are not sensitive to sSNPF signaling does not affect food sednakibe(data not shown).
These results indicate that SNPF signaling in a single Ofnel is necessary for the

starvation-dependent food search behavior.

It has been observed that sNPF is also expressed in the mushroo(hasskel et
al., 2008), which suggests that hunger modulation in the central nervoes £ysild be
important for food search behavior. We therefore evaluated the comnbatithe
peripheral modulation by performing gain of function experiments in flied to
determine if peripheral modulation alone is sufficient to inducevaian-like food
search behavior. We first performed imaging experimentsterdae if overexpression
of sSNPFR1 increases odor-evoked calcium activity. We imaged calciumitgath Or42b
ORNs in control flies bearing th@©r83b-LexA and LexAop-GCaMP transgenes and
overexpression flies that also contained @rd2b-Gal4 and UAS-sNPFR1 transgenes.
Ectopic expression alNPFRL significantly increaseaF/F in the DM1 glomerulus in fed
flies (Figure 2.7a). Furthermore, this enhanced activityaisstated into a shorter latency
in food finding behavior in fed flies. Within 10 minutes, about 20% of fexb flvith
ectopic expression ;dNPFRL1 in Or42b neurons have found the odor source, whereas
only 7% of control flies have done so (Figure 2.7b). Thus, modulationtigityadin the
Or42b ORNSs is both necessary for, and sufficient to mimic, digtendent food search
behavior. This result also suggests that sNPF is released pvéme ifed state.
Furthermore, the data suggest that modulation of peripheral olfaattwty makes an

important contribution to food search behavior.
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2.8 Insulin functions as a satiety signal to suppress SNPFR1 expression.

What is the molecular mechanism to increase ORN sensitivisyarved flies to
gate appetitive behavior? We first investigated whether thisglbggal switch involves
gene transcription by performing quantitative RT-PCR. We meddsie level o8NPF
andsNPFRL1 transcripts in isolated antennae of fed and starved fliesveslatia control
gene,rp49 (a ribosomal protein). Interestingly, we found that the leveENPFRL
MRNA is increased by approximately four-fold upon starvation, whielevel ofsNPF
MRNA does not change (Figure 2.8b). Although we do not detect a charsyhn
MmRNA, we cannot rule out the possibilities of starvation-dependenhgebain
neuropeptide translation or release. Nevertheless, ectopic egpress sNPFR1
expression is sufficient to induce presynaptic facilitation ed flies (Figure 2.7a).
Therefore, starvation leads to increased expressi@NBFR1, which is sufficient to
cause presynaptic facilitation even in the absence of anyastandependent change in

SNPF.

We next asked what is the metabolic sensor for ORNs to indgmression of
SNPFR1? It has been well established that the levels of circul@nagophila insulin-
like peptide plummets in the hunger state (Geminard et al., 2009)thanhcahe
downstream signaling from the insulin receptor (InR) has thecttga control gene
expression (Edgar, 2006). Furthermore, expression of an insuliptoedeas been
observed in ORNs of. elegans (Chalasani et al., 2010). We therefore asked if ORNs
express the insulin receptor, by assaying immunoreactivity WwRhantiserum in flies

that express GFP in Or83b ORNSs. Indeed there is a largeap\Jstween Or83b neurons
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and InR immunoreactivity indicating that some ORNs express Ingur@ 2.8a) and

therefore could be subject to insulin modulation.

Does InR activity alter the expression of SNPFR1 signalivg?reasoned that
ectopic expression of a constitutively active InR (InR-CA) in GRNould mimic the fed
state. We first looked at the starvation-dependent expressMP&R1 transcripts and
found that starved flies beari@y83b-Gal4 andUASInR-CA do not exhibit an increase
in SNPFR1 transcripts measured by gRT-PCR (Figure 2.8b). Similaalgiuum imaging
experiments reveal that expression of INR-CA in ORNs elimsn#te sensitivity to
exogenous sNPF application in the DM1 glomerulus of starved Higsire 2.8c). This
experiments was carried out in the same way as those ireRgbL In control starved
flies, bath application of SNPF enhances the axonal calcium tnaesieked by electrical
stimulation of the olfactory nerve. These results predict thetvaion should not
sensitize Or42b ORNSs in these flies with the constitutivetiv@adnR. Indeed, calcium
imaging experiments show that starvation does not increaseoojfaesponse to cider
vinegar in DM1 (Figure 2.8d). Constitutive activation of InR spedlficaliminates the
starvation-dependent sensitization because the odor response in f€&A IfiRs is not
different from fed controls, indicating that the manipulation does ngaimthese
neurons. Measurement of food search behavior indicates that the cwesjitattive InR
reduces food finding (Figure 2.8e). Therefore, activation of InR presatsation-

dependent presynaptic facilitation and food search behavior.

We next asked if blockade of InR could mimic the effect of stemvan ORNSs.

Phophatidylinositol 3-kinase (PI3K) is a crucial downstream madefarlinsulin control
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of gene transcription and translation to promote cell growtreges et al., 1996;
Weinkove et al., 1999). We hypothesized that pharmacological inhibitiBi3&f should
mimic the hunger state by preventing InR signaling. Two commoséd anti-tumor
drugs, wortmannin and LY294002, have been shown as effective inhibitors3kf Pl
(Arcaro and Wymann, 1993; Vlahos et al., 1994). Indeed feedingflmmight with 4%
sucrose plus 25 nM wortmannin or 3 LY294002 sensitizes olfactory response in the
DM1 glomerulus to the same level as that of starved fliessggmificantly greater than
that of flies fed only 4% sucrose (Figure 2.8f). Do these PI3lagamists alter ORN
SNPFR1 mRNA levels? Indeed gRT-PCR experiments from isolated anteenaaled
that feeding flies with wortmannin or LY294002 causes a significaneéase irsNPFR1
expression relative to flies fed with 4% sucrose (Figure 2.8b)., Eitner of these PI3K
antagonists causes increased expressiNBFRL in ORNs in addition to sensitized
olfactory response. However, these two PI3K inhibitors appear to secrpeptide
MRNA level that is not observed in starved flies. Thereforefuntber investigated the
link between the drug-induced increase SMPFR1 and the drug-induced olfactory
sensitization with epistatasis experiments. ExpressionsNBFR1-RNAi in ORNs
eliminates the drug-induced sensitization (Figure 2.8f), indicatiag the sensitization
resulting from blocking insulin signaling depends sMPFR1 expression in ORNS.
Lastly, we asked if blocking PI3K induces starvation-like behavided flies. Feeding
flies either wortmannin or LY294002 led to significantly increaseddf finding in
comparison to those expressiggPFR1-RNAI in Or83b neurons and control flies fed
only 4% sucrose (Figure 2.8g). These results demonstrate ndini signaling is

necessary and sufficient for starvation-dependent up-regulaticsNPFR1L and the
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induction of presynaptic facilitation, indicating that InR in ORN#h&s nutrient sensor to

trigger appetitive behavior (Figure 2.8h).

2.9 Discussion

We report here that a state of hunger modulates olfactorytiggpsat the first
synapse in a form of presynaptic facilitation. Starvation inesesi$PFRL1 transcription
in ORNSs, which is both necessary and sufficient for presynaptiitdion and to
mediate a starvation-dependent food search behavior. It has beeestablished that
fluctuation of insulin is a key metabolic cue to maintain energyduostasis. This study
implicates that a low insulin signal via the PI3K pathway iasessNPFR1 expression.
Interestingly, a subset of glomeruli exhibit starvation-dependeslypaptic facilitation
that depends on intraglomerular sSNPF signaling, while selektivekdown of sSNPF or
SNPFR1 in only the DM1 glomerulus affects food search behavior. fliming
corroborates our previous work revealing that the DM1 glomerulus ribvhrad for
innate odor attraction (Semmelhack and Wang, 2009). Thus, an ird&ateabf hunger,
with insulin as a global satiety signal acting on sensory neulwoagh a local sNPF
signal, shifts the odor map to increase the saliency of gloareagtivity to match the

changing physiological needs of an organism.

Our results and a number of other reports reveal that modulationlypteasory
processing can have profound effects on stimulus detection. For instaro&onin
mediates presynaptic facilitation of mechanosensory neuroAplysia to sensitize the
siphon and gill withdrawal reflex (Brunelli et al., 1976). Serotonimliates presynaptic

inhibition of mechanosensory transmission in the leech to establishhavitel
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hierarchy in which feeding suppresses tactile sensation (GandryKristan, 2009). In
the olfactory system, serotonin modulates activity at the oi&ctory synapse in
mammals (Petzold et al.,, 2009) and insects (Dacks et al., 2009; Kmppeand

Hildebrand, 1995), and GABA-mediated synaptic inhibition serves as hamem to

modulate sensitivity (Aroniadou-Anderjaska et al., 2000; Murphy e2@05; Olsen and
Wilson, 2008; Root et al., 2008; Sachse et al., 2007; Wachowiak et al., 2005)
olfactory behavior (Root et al., 2008; Sachse et al., 2007). This stuelgls modulation
of the first olfactory synapse by internal physiological st&wethermore, the Or42b
sensory neurons may be considered as a neural substrate forepplktices, because

they integrate internal and external cues to influence an important inhatadre

The present results indicate that a highly conserved neuropepticegHend
Taghert, 2001) plays an important role in the early olfactorstesy to mediate
starvation-dependent neuromodulation. A similar presynaptic faéicfitanechanism may
exist in vertebrates as well. In an aquatic salamander, Ni8Yo&en shown to enhance
electrical responses of cells in the olfactory epithelium twa related odorant in
hungry animals (Mousley et al., 2006). In addition, NPY immunoreactivisy bdeen
observed in the olfactory epithelium of mouse (Hansel et al., 2001) em@fizh
(Mathieu et al., 2002). In the nematoGeelegans, elevated activity levels of an NPY-
like receptor cause a change in foraging pattern (Macosko €20419). Our study
demonstrates that a fluctuating metabolic cue consHRFRL levels, which in turn

modulate the peripheral sensory system to alter appetitive beh@wen the ubiquitous
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use of insulin as a metabolic cue, modulation by NPY/sNPF reeeptothe early

olfactory system could be a conserved mechanism between different anined.spec

Central mechanisms to control appetitive behavior, similar to th#- we
documented modulation of the hypothalamus by NPY, also appear to beantpar
Drosophila. A recent study demonstrates that appetitive memory reqtheedNPF
receptor in the dopaminergic neurons that innervate specific oamhbody lobes
(Krashes et al., 2009). This poses the question: what functions arevedblsg hunger
modulation of multiple neural substrates? It is interesting to rnate Sensitization of
Or42b ORNSs is sufficient to enhance food search behavior in fed Piegbaps central
modulation by hunger is not necessary for food search behavior. Modulat the
periphery may serve to gate an animals’ sensitivity to gpefmbd odorants, while
central modulation may serve to enhance an animal’s ability teméer the relevant
cues in finding a particular food source. As olfaction plays gortant role in our flavor
perception (Shepherd, 2006), peripheral modulation of the olfactoryrsystehunger

may thus be a potential therapeutic target to control appetite.

2.10 Methods

Two-photon calcium imaging. GCaMP imaging was performed as previously described
(Root et al., 2008; Wang et al., 2003). In odor experiments, a consteow aif 1 |/min

was applied to the antennae via a pipe of 12 mm diameter. Odor assebmtrolled by
mixing a defined percentage of carrier air with air redeédhrough odor bottles as
previously described (Root et al.,, 2008; Semmelhack and Wang, 2009). Nerve

stimulation was performed with a glass suction electrode and asti&d8ator (Grass,
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Warwick, RI) as previously described (Root et al., 2008; Wang,e2(03). Starved flies

were starved overnight with water for 17-24 hr.

Behavior assay. Female flies that were 2-5 days old and presumed non-virgauwsed
for all experiments. Single flies were introduced into chambsas were 60 mm in
diameter and 6 mm in height. The chamber was illuminated by 6805is. Flies were
tracked at 2 Hz with custom software written in Labview (V.8l&tional Instruments),
and analysis was performed with Igor Pro (V.6, Wavemetric3,using a custom macro.
Latency is defined as the elapsed time before an individuaspighds more than 5
seconds within a 5 mm distance from the odor source, which minifi@silsespositives
due to random entry into the odor zone. Apple cider vinegar was dilutedifi:10®low
melting temperature agarose andu5were placed in the center of the chamber. We
observed that 17-24 hr starvation and 4-6 hr starvation producedarsiragults,
consistent with the starvation effect measured by calciurginggFigure 2e). Therefore,
some experiments were carried out with 4-6 hr starvation andsatkiernight; controls

and experimentals were always treated the same.

Phar macology. sNPF peptide, AQRSPSLRLRF-NH38% purity (Celtek Peptides) was
dissolved in saline to a final concentration of [ M. Wortmannin and LY294002 (LC
Laboratories, Woburn, MA) were dissolved in DMSO at stock concemisadf 10 mM
and 50 mM, respectively. Flies were fed overnight in vials contaiditg sucrose

solution alone, or that plus 25nM wortmannin onBDLY294002.
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Transgenic flies. The following fly stocks were use@r83b-Gal4 (Kreher et al., 2005);
Or83b-LexAVP16 (Lai and Lee, 2006)0r42b-Gal4, Or43b-Gal4, Or22a-Gal4 and
Or67d-Gal4 (Fishilevich and Vosshall, 2005Qr59b-Gal4 (Couto et al., 2005)GH146-
Gal4 (Stocker et al., 19975H146-LexAGAD (Lai et al., 2008)UAS-GCaMP (Wang et
al., 2003); LexAop-GCaMP (Root et al., 2008)UAS sNPF-RNAI (Lee et al., 2004JAS
SNPFR1-DN, UASsNPFR1, and UASsNPFR1-RNAiI (Lee et al., 2008) SNPFe00448
(obtained from the Exelixis stock collection at Harvard Med®ethool), UASINR-CA

(obtained from the Bloomington stock center #8263).

Quantitative RT-PCR. RNA was isolated from antennae of 50 female flies for each
sample. The RNeasy kit (Qiagen) was used to isolate RiAtlee reverse transcription
was performed using the Retroscript kit (Ambion) with random mecs. This cDNA
was subjected to PCR analysis using SYBR green detection oryeerithermocycler

(Biorad). All values are normalized againg49 as a control gene.

Immunostaining. Antennal sections were obtained by mounting live fly heads im,OC
freezing at -20C on the stage of a cryostat, and 12 mm thick section were agsSI
were immediately fixed with ice-cold 4% paraformaldehyde in OPBS for 10 min.
Staining was performed using standard techniques with chick-amti-(A#¥©13970,
Abcam, Cambridge, MA), rabbit-anti-InR (3021, Cell Signaling Teobgwl Danvers,

MA), at 1:1000, and 1:200 respectively.
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Figure 2.1. Olfactory representation in projection neuronsis altered by starvation.

a, Two-photon imaging of PN calcium activity in response to ciderganetimulation

on two optical planes of the antennal lobe in fed flies. Gray-scalges show antennal
lobe structure while pseudocolored images reveal odor-evoked actiity% SV.b,
Representative traces of fluorescence change over time févehglomeruli excited by
cider vinegar at 0.1% S\¢, PeakAF/F across a range of cider vinegar concentrations for
each glomerulusd, PN activity of fed and starved flies in response to pure odo@gnts.
PeakAF/F for each glomerulusl,e, Odors were applied at the following concentrations
(% SV): 1% ethyl acetate, 0.1% ethyl hexanoate 1:10,000 in mineral oil, 1% 1-ecten-3
0.5% 2-phenyl ethanol, and 0.1% 3-heptac@, n=5-10 for each condition; error bars
show SEM. *P<0.05, **P<0.01; t-test
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Figure 2.2. Food search behavior and olfactory sensitivity are modulated within
four hours of starvation.

a, A food search assay was used to measure the latency of odai-duedifinding.
Grayscale image (left) shows an arena with a food odor, cidegar, in the center and a
single fly (white arrow). The coordinates of single fliee plotted as a function of time
in pseudocolor for a representative fed and starvedflfhe latency of food search is
guantified as the cumulative percentage of flies that find the @dwmces as a function of
time. c,d, Two-photon imaging of PN calcium activity in the DM1 glomerulus i
response to electrical stimulation of the olfactory nexeRepresentative traces of
fluorescence change over time from the DM1 glomerulus in W#s varied starvation
durations. d, Peak AF/F normalized to the average response without starvation.
Stimulation was 1 ms in duration, 10 V in amplitude and 4 pulses at 20043-8 for
each starvation condition. Error bars show SEM<GB5, t-test, Data from behavioral
experiments with varied starvation durations shown as the food findirgerpege

normalized to that of the fed stabee n=53-102 flies for each condition. Error bars show
SEM. *P<0.05, **P<0.01, z-test for proportions.
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Figure 2.3. Starvation-dependent food sear ch requires SNPF signaling in ORNSs.
a, A behavioral assay was used to measure the latency of odor-fpidefinding. Flies

were introduced into a dark arena containing a food odor, cider vinegar, in the center. The
coordinates of single flies for representative control flie$t two plots) and those
expressingNPF-RNAI (sNPFi) in PNs (third from left) or ORNs (righthp, The latency

of food search is quantified as the cumulative percentage oftfae$ind the odor source

as a function of timec, The coordinates of two representative control flies (left two
plots) and those expressisiyPFR1-RNAI (SNPFRi) in PNs (third from left) or ORNs
(right). d, The latency of food finding as a function of time. n=64-103 fl@sefach
condition. Error bars show SEM. *P<0.05, **P<0.01; z-test for proportions comparing

the top three curves to the bottom curvée,mh
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Figure 2.4. sSNPF signaling alters presynaptic calcium activity in sensory neurons.
a, Two-photon imaging of ORN axon terminal calcium activity inpoese to cider
vinegar stimulation at 0.4% S\, Representative traces of fluorescence change over
time for the five glomeruli excited by 0.1% cider vinegar in corflies (top) and those
expressingNPF-RNAI in ORNs 6NPFi) (bottom), in fed (solid line) and starved (dashed
line) flies. c, Peak AF/F across a range of cider vinegar concentrations for each
glomerulus.c, Starved and fed Control flies and those expressiii-i. n=10-12 each
condition; error bars show SEM. *P<0.05; t-test comparing starved control to fed control.
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Figure 2.5. The sNPF receptor is upregulated upon starvation and mediates
presynaptic facilitation.

a-b, Two-photon imaging of ORNs axon terminal calcium activity @sponse to
electrical stimulation of the olfactory nerve before and aépplication of sNPF.
Stimulation was 1 ms in duration, 10 V in amplitude and 16 pulses at 0@, H
Representative traces of fluorescence change over time frodMbeglomerulus in fed
(top, black) and starved flies (bottom, red), in saline (solid limel) a&ter addition of
10uM sNPF (dashed lineh, PeakAF/F before and after SNPF in fed and starved fies.
Percent increase in pedE/F after exogenous sNPF addition before and after sNPF in
fed and starved flied, Percent increase in peak/F after SNPF addition for the five
glomeruli that respond to cider vinegar in starved flies. n=5-6. Bams indicate SEM
*P<0.05, **P<0.001, t-test.



37

a

Control Or42b-Gal4, UAS-sNPFi Or22a-Gal4, UAS-sNPFi Or59b-Gal4, UAS-sNPFi
= I e [ [
o ] ] |
- I = I [
< ] | i
- T 3 F
a

! ! ! T T T T T T T T T

1.0 15 2.0 25 1.0 15 2.0 25 10 15 2.0 25 1.0 15 2.0 25
Peak AF/F normalized to fed control
DM2 DM4
—e— 0r59-Gal4

° 30 - O oo ol UAS-SNPFi 3049~ q’rf"‘a"/‘ DASSNGH
o) — ¥ = 0r22a-Gal4, UAS-sNPFRi T =¥= Orasb-Galf, UAw sNEFRI
o
°
£
T
<
T
[}
o
o
o

Time (min)

Figure 2.6. sSNPF signaling in a single glomerulus is necessary for starvation-
dependent food sear ch.

a, Two-photon imaging of ORN axon terminal in flies expressing RtéAnockdown
SNPF expression in the ORNs of individual glomeruli. PA&K- normalized to the
average response from fed control flies to 0.2% SV cider vinegar. n=56.09 t-test.
b, The latency of food search behavior for starved flies expre§d\Ay to knockdown
SNPF or sNPFR1 in individual glomeruli. RNAI expression in onlyliMl glomerulus
significantly decreases food finding. n=80-195 flies for each conditior0.t5, z-test
for proportions comparingontrol to SNPFi and tosNPFRi. Error bars show SEM.
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Figure 2.7. Overexpression of sSNPFRL1 is sufficient to enhance activity and food

sear ch behavior.

a, Two-photon imaging of ORN axon terminals in the DM1 glomerulus offlies in
response to 0.2% SV cider vinegar. Control flies haveCig&Sb-LexA and LexAop-
GCaMP transgenes, and experimental flies also beafOtd@b-Gal4 and UAS-sSNPFR1
transgenes. n=5-6, *P<0.05, t-telsf. The latency of food search behavior in fed flies.
n=134-168, *P<0.05, z-test for proportions comparing overexpression flies to two
controls. Error bars show SEM.
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Figure 2.8. Insulin signaling modulates expression of SNPFR1 and olfactory

sensitivity.

a, Antennal tissue with immunoreactivity for the InR and GFP espmasunder the
Or83b promoter. Tissue was stained with anti-GFP (green) anthBnfred) antibodies.

b, Quantitative RT-PCR analysis of starvation-induced changesRNA expression in
the antennae of control flies and flies expressing constitutaeiye InR (InR-CA) in
ORNSs (left), and that of flies fed PI3K antagonists relativdhose fed only sucrose
(right). Results are the average of four replicates, eachhafhwwas measured in
triplicate and normalized to a control gene (rp49Response to electrical stimulation of
the olfactory nerve before and after application ol sSNPF is plotted as the percent
increase in peakF/F after peptide addition in starved flies. Stimulus was 1msidorat
10V in amplitude and 4 pulses at 100 Hz. n=@k9PN dendritic response to 0.2% SV
cider vinegar in the DM1 glomerulus for control flies and those egprgdnR-CA in
ORNSs. n=5-9. e, The latency of food search behavior in starved control flies and those
expressing INR-CA in ORNs. n=70-90 flie§, PN dendritic response to 0.2% SV cider
vinegar in the DM1 glomerulus for control flies fed sucrose overragiat those fed
sucrose plus 25nM wortmannin or @M LY294002. n=5 eachg, The latency of food
search behavior in flies fed wortmannin and LY294002, and control fliesuese
only. n=60-92 fliesh, Model for hunger modulation of olfactory sensitivity. Error bars
indicate SEM. *P<0.05, **P<0.01, **P<0.001, t-test forc, d, f, and z-test foe,g.
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3.1 Abstract

Internal physiology has a dramatic effect on animals’ natuta\ber. Here we
investigate starvation-induced modulation in DM5—a glomerulus thaiates innate
aversion behavior. We found that starvation suppresses DMb5's sénsitiviodor
stimulation, and that this suppression is mediatedDbgsophila tachykinin (DTK)
signaling. Experiments described in Chapter 2 show that stamv@d¢ipendent
sensitization in DM1 is mediated by sNPF signaling. Hershesv starvation-dependent
depression in DM5 is mediated specifically by DTK signalingrtfiermore, hunger
modulation of DM5 also influences food finding behavior. We have begun tdigates
the molecular mechanism underlying this starvation modulation. Conaiyutctive
insulin receptor abolishes suppression of DM5 in starved flies, awakibg) insulin
signaling pathway with wortmannin promotes suppression of DM5 inflies. We
conclude that starvation has opposite effects on different population 6fs-OR
presynaptic facilitation in DM1 and inhibition in DM5, suggesting a push

mechanism to maximize food finding efficacy.

3.2 Introduction

An animal maintains energy homeostasis by changing metabaicohe and
neuromodulator levels, which subsequently modulates the CNS senditivinduce
appetitive behaviors. In particular, injection of insulin in the muhpeothalamus leads
to decreased feeding behavior, suggesting insulin as a satjey (Bruning et al., 2000;
Woods et al., 1998). Yet, in a natural environment, an animal’s food fifihgvior

precedes feeding behavior, in which the sense of smell plays apendable role
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(Dethier, 1976). Little is known about whether and how these hormones and
neuromodulators can affect an animal’s food search behavior.

External food-related stimuli are sensed by the olfactrgptor neurons (ORNS)
that express specific receptor genes, and those expressisgntieegene converge and
synapse onto projection neurons (PNs) in a region called the glom@arlusview see
Su et al., 2009). Activity in a particular single glomerulus ldadspecific behaviors—in
particular, DM1 is hard-wired for innate attraction behavioot ¢oncentration of food-
related odor, apple cider vinegar, and the DM5 glomerulus mediate® ianatsion
behavior at high concentrations of cider vinegar (Semmelhack and Wang, Reéent
studies revealed existence of many neuromodulators in the flyrehte®be, suggesting
dynamic modulation of the glomerular map and therefore an anitvetiavioral output
(Olsen and Wilson, 2008; Root et al., 2008; Ignell et al., 2009; Dacils, &009). In
particular, DTK is expressed in the local interneurons (LNs)maadiates presynaptic
inhibition (Ignell et al., 2009).

We have previously shown that that starvation re-tunes the odomedipted by
low global insulin level, and a shift in DM1 activity alone canuefice a fly’'s food
search behavior (See Chapter 2). Here, we show that DM5 is suguprgss starvation
due to DTK mediated presynaptic inhibition. DM5 suppression is regesand
sufficient to bias food finding behavior. We also show here thatglowal insulin level
that directly increases DM1 activity has an opposite suppressiecgt in DM5. Taken
together, these results suggest that starvation engages a pusheptpeptide

modulation of select olfactory channels to maximize attraction to food odor.
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3.3 DM5 activity is starvation dependent and is modulated by tachykinin

Does starvation influence DM5 activity? To test this, we perfdrime-photon
calcium imaging (Wang et al., 2003) to measure PN dendriticucalcesponses to a
range of cider vinegar concentration from 5% to 80% saturatedr yaressure (SV).
Indeed, we found that DM5 activity is suppressed in starved flesthas suppression is
significant at 20% to 80% SV but not at 5% or 10% SV (Figure 3.1AD)XC,This
suggests that starvation re-tunes the olfactory map at high foodcodoentration by
decreasing sensitivity of DM5 at high concentration.

What is the underlying mechanism for this suppression? We hypbetiat
DTK signaling could mediate this suppression, since it is a neuroatodtihat mediates
presynaptic inhibition in ORNs (Ignell et al., 2009). We expressedM@ in PNs and
RNAI to knockdown DTKR selectively in ORNs using flies bearing @t¢146-LexA,
LexAOp-GCaMP, Or83b-Gal4, and UASDTKR-RNAiI transgenes. Indeed, genetic
knockdown of DTKR in ORNs abolishes starvation-dependent suppression of DM5
response (Figures 3.1C and D). Response of the DM5 glomerulus in slegesedas
restored to the same level of fed flies. In contrast, DTKR knockdowDRNSs does not
change the normal starvation-enhanced response in DM1 (data not shioarefofie, we
conclude that that DTK signaling is required for starvation-induced suppressionsof DM

We next asked if the DM5 modulation holds true for another odor! Etiyrate
is a pure chemical odorant that activates a closely relseedf glomeruli that are
activated by cider vinegar (Hallem and Carlson, 2006). We therewamined DM5
activity with ethyl butyrate as an odor source. Indeed, we obsergadilar starvation-

dependent suppression of DM5 response as seen with cider vinegar, aughphéssion
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required DTK signaling (Figure 3.2). Thus, we conclude that thivadtan-induced
modulation may be a general property of DTK signaling in DM5 indepenafeodor

identity.

3.4 Tachykinin signaling is both necessary and sufficient for food finding behavior

What is the behavioral consequence of DTK-mediated suppression of 1DM5?
hypothesized that suppression of DM5, an aversive glomerulus (Semskealidh Wang,
2009), should improve flies’ food finding efficacy. In order to invesédghis, we used
the single fly assay described in Chapter 2 to measure foathdssglravior. We knocked
down DTKR expression in ORNs by expressing RNAI in starved flies bearir@y 83b-
Gal4 and UASDTKR-RNAI transgenes, and measured the latency required for flies to
reach the target. We found that knocking down DTKR in ORNSs resu#tssignificantly
longer latency in food finding; about 45% of control flies find the amrce within 10
minutes while only 25% of DTKR knockdown flies do so (Figure 3.3A, B). Thd¥ D
signaling in ORNSs is important for food search behavior in starved flies.

Can modulation in DM5 alone influence food finding behavior? To testwhs
expressed DTKR-RNAI in Or85a neurons, which project to DM5 glomer(@osito et
al., 2005; Fishilevich and Vosshall, 2005). Indeed, DTKR knockdown in DM5 alone is
sufficient to mimic the behavioral impairment observed in recdptockdown in many
ORNSs (Figure 3.3C, D). This suggests that DTKR expression in BMigcessary for
food search behavior in the starved state.

Next, we asked whether overexpression of DTKR in the DM5 sensorgngeur

can bias food search behavior. We ectopically expressed DTKR in iDNEd flies
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bearingOr85a-Gal4 andUAS-DTKR-OE transgenes. Over-expression of DTKR in DM5
alone is sufficient to significantly increase a fly's food rshabehavior; 16% of fed
control flies find the food odor source within 10 minutes while 27% of lied fvith
ectopic DTKR expression do so (Figure 3.3E, F). However, DTKR overssipn in fed
flies does not trigger food search behavior to the same leselisestarved flies, and this
is likely to be due to low DM1 activity in fed flies (data r&ftown). Together, our
behavioral data suggest that DTKR expression and the subsequensuplpi®ssion is

necessary and sufficient to bias food search behavior.

3.5 DM 5 modulation is concentration dependent

In a natural environment, flies are exposed to a wide range fefatif odorant
concentrations during their pursuit to find food. High threshold f5Dactivation
suggests that DM5 modulation may be concentration dependent. To gatestine
function of DTK signaling at various concentrations, we ectopicaiyessed DTKR in
Or85a neurons and measured their food finding latency in response to 125%%nd
75% cider vinegar. Fed flies were used in order to prevent DMlitdion from
affecting food finding behavior. Ectopic expression of DTKR in DM5 did emdtance
food search when 1% cider vinegar was placed as an odor sourcee (Bigur This
suggests that DM5 modulation serves no role in food search when theoodentration
is low. However, food search is significantly enhanced in oypgession flies when the
concentration goes from 5% to 25% (Figure 3.4). Interestingly coatrdl DTKR
overexpression flies both exhibited reduced attraction to the 75% wregar (Figure

3.4), which may indicate that this concentration is sufficient teatet DM5 even with a
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high amount of presynaptic inhibition. Thus, we conclude that the food fitdingvior

mediated by DM5 modulation is concentration dependent.

3.6 Tachykinin isreleased from LNsto suppress DM5

Where is the source of DTK for the hunger modulation of DM5 response?
Previous studies have shown tl@i#298-Gal4 line labels a subpopulation of LNs in
Drosophila antennal lobe that is immunoreactive to DTK and GABA (Wilson and
Laurent, 2005; Ignell et al., 2009). We therefore hypothesizediftatis released from
these LNs to suppress DM5. We expressed DTK-RNAI in theseabdsmeasured PN
response of DM5 in flies bearinGH146-LexA, LexAOp-GCaMP, GH298-Gal4, and
UASDTK-RNAI transgenes (Figure 3.5A). Indeed, peptide knockdown abolished DM5
suppression in starved flies (Figure 3.5B), suggesting the GH29®id\&le the direct

source of DTK required for starvation-induced modulation at DM5.

3.7 Insulin signaling modulates DM 5 sensitivity

What is the mechanism by which starvation induces DTK sigmatinsuppress
DM5? Insulin is a satiety signal in fruit flies and insuleceptor is expressed in many
ORNSs (See Chapter 2: Figure 2.8). It is possible that the gknbal metabolic cue that
suppresses sNPF signaling could also decrease DTK signEtingvestigate the role of
insulin in DTK signaling, we examined PN activity of DM5 in flievith blocked insulin
signaling. Flies were fed overnight with sugar and wortmanninug thrat selectively
blocks PI3K, an enzyme involved in insulin signaling. We observed thaetde\F/F in

both DM1 and DM5 glomeruli in wortmannin-fed flies mimicked that aingtd flies,
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confirming the drug’s effectiveness to mimic the low insulivelefound during
starvation (Figure 3.6A, B). Strikingly, expression of DTKR-RNA ORNSs eliminated
the effect of wortmannin selectively in DM5 (Figure 3.6A, B), sutggsthat DM5
suppression in wortmannin-fed flies required DTK signaling. Conversgjyression of
constitutively active insulin receptor (InR-CA) in the ORNstafrved flies prevented the
starvation-dependent suppression of DM5 (Figure 3.6C). Thus, we concltidiesthien
modulates DTK signaling and subsequently DM5 sensitivity.

What is the molecular mechanism by which DTK signaling irsgeaupon
starvation? Because ectopic expression of receptors in DM5 sesteureed food finding
behavior in fed flies (Figure 3.3F), we hypothesized that DTKRession increases in
the ORNSs upon starvation. We measured the level of DTKR mRNA ggiagtitative
RT-PCR in surgically isolated antennae of fed and starved flies. Indeddund that the
receptor mRNA is increased by approximately four-fold in staflies (Figure 3.6D).
Thus, we conclude that DTK signaling is amplified upon starvatiombneasing the

receptor expression in the ORNS.

3.8 Discussion

Together with Chapter 2, we present here a physiological andvibed
characterization of two opposite modulatory mechanisms in the factoly system.
Upon starvation, presynaptic facilitation by sSNPF increases tacoi the DM1
glomerulus, whereas presynaptic inhibition by DTK suppresses DMbit\act
Surprisingly, both modulation mechanisms are engaged by the wetabdolic cue,

insulin. This study reveals that a global cue such as insulimaartune the odor map in
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a push-pull fashion to maximize a natural behavior such as food findimigeover, this
study encourages investigation of other odor-driven natural behaviatsntay be

affected by an animal’s internal physiological state, such as maditug.st

3.9 Methods

Two-photon calcium imaging. GCaMP imaging was performed as previously described
(Root et al., 2008; Wang et al., 2003). In odor experiments, a constw af 1 |/min

was applied to the antennae via a pipe of 12 mm diameter. Odor assebntrolled by
mixing a defined percentage of carrier air with air redeédhrough odor bottles as
previously described (Root et al., 2008; Semmelhack and Wang, 2009).dSligase

were starved overnight with water for 17-24 hr.

Behavior assay. Female flies that were 2-5 days old and presumed non-virgenwsed
for all experiments. Single flies were introduced into chambeas were 60 mm in
diameter and 6 mm in height. The chamber was illuminated by 6A(5is. Flies were
tracked at 2 Hz with custom software written in Labview (V.8l&tional Instruments),
and analysis was performed with Igor Pro (V.6, Wavemetric3,using a custom macro.
Latency is defined as the elapsed time before an individuaspiynds more than 5
seconds within a 5 mm distance from the odor source, which minirfi@silsespositives
due to random entry into the odor zone. Apple cider vinegar was dilutedifi:10®low
melting temperature agarose for 1%, 1:25 for 5%, 1:4 for 25%, and 1:1.33%or5ul

were placed in the center of the chamber.
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Pharmacology. Wortmannin (LC Laboratories, Woburn, MA) was dissolved in DMSO
at stock concentrations of 10 mM. Flies were fed overnight in viatgaming 4%

sucrose solution alone, or that plus 25nM wortmannin.

Transgenic flies. The following fly stocks were use@r83b-Gal4 (Kreher et al., 2005);
Or83b-LexAVP16 (Lai and Lee, 2006)0Or42b-Gal4 and Or85a-Gal4 (Fishilevich and
Vosshall, 2005)GH146-Gal4 (Stocker et al., 1997)JAS-GCaMP (Wang et al., 2003
LexAop-GCaMP (Root et al., 2008) UASDTKi, UASDTKRi, GH298-Gal4, UAS
DTKR-GFP (Ignell et al., 2009)UAS-sNPFR1 (Lee et al., 2008}JAS-InR-CA (obtained

from the Bloomington stock center #8263).

Quantitative RT-PCR. RNA was isolated from antennae of 50 female flies for each
sample. The RNeasy kit (Qiagen) was used to isolate RiAtlee reverse transcription
was performed using the Retroscript kit (Ambion) with random decamThis cDNA
was subjected to PCR analysis using SYBR green detection oryeerithermocycler

(Biorad). All values are normalized againg49 as a control gene.
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Figure 3.1. DM5 activity is starvation dependent and is modulated by tachykinin.

A and B, Two-photon imaging of PN calcium activity in response to cideegar
stimulation on DM5 plane of the antennal lobe in starved and fed @iestrol =
GH146LexA, LexAOp-GCaMP/+; Or83b-Gal4/+, DTKRi = GH146LexA, LexAOp-
GCaMP/UAS DTKR-RNAI; Or83b-Gal4/UASDTKR-RNAI. Gray-scale images show
antennal lobe structure while pseudocolored images reveal odor-evokeéy att80%

SV. C, Representative traces of fluorescence change over timévibreRcited by cider
vinegar at 80% S\WD, PeakAF/F across a range of cider vinegar concentrations for DM5
glomerulusD, n=5-10 for each condition; error bars show SEM. **P<0.01,; t-test.
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Figure 3.2. DM5responseto ethyl butyrate is starvation dependent.

PN dendritic response to 0.4% SV 1:100 ethyl butyrate in the DM5egidus. Control

= GH146LexA, LexAOp-GCaMP/+; Or83b-Gal4/+, DTKRi = GH146LexA, LexAOp-
GCaMP/UAS DTKR-RNAI. DM5 is suppressed only in starved control flies. n=5 for each
condition; error bars show SEM. *P<0.05; t-test.
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Figure 3.3. DM5 activity is necessary and sufficient for food search.

A, A behavioral assay was used to measure the latency of ododdoadefinding. Flies
were introduced into a dark arena containing a food odor, cider vinegar, in the ceater. T
coordinates of single flies for representative control fliels (leo) and those expressing
DTKR-RNAI (right) in the ORNs.B, The latency of food search is quantified as the
cumulative percentage of flies that find the odor source as adanetitime.C, The
coordinates of representative control flies (left) and those ssipgeDTKR-RNAI in

DM5 (right). D, The latency of food finding as a function of tinke.The coordinates of
representative control flies (left) and those ectopically esgong DTKR-OE in DM5
(right). F, The latency of food finding as a function of time. n=66-165 fliesefeh
condition. Error bars show SEM. *P<0.05, **P<0.01; z-test for proportions comparing
the top curves to the bottom curvednD, F.
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Figure 3.4. Tachykinin modulation of DM5 is concentration dependent.

The latency of food search is quantified as the cumulative pageof flies that find the
odor source as a function of cider vinegar concentration. Inducing DM5 atiauin
fed flies does not have an effect at 1% cider vinegar, but sigmifjcancreases food
search performance at 5% and 25% cider vinegar. n=72-165 for eachb&rs show
SEM. **P<0.01; z-test for proportions comparing the top curve to the bottom curve.
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Figure 3.5. DTK isreleased from GH298 neurons.

A, schematic diagram of LNs expressing DTK-RNAI transgBn®N dendritic response
to 80% SV cider vinegar in the DM5 glomerulus for the starved.fli@sntrol =
GH146LexA, LexAOp-GCaMP/+; Or83b-Gal4/+, GH298-G4, UAS-DTKi =
GH146LexA, LexAOp-GCaMP/UAS-DTK-RNAI; GH298-Gal4/UAS-DTK-RNAI. n=5 for
each condition; error bars show SEM. *P<0.05; t-test.
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Figure 3.6. Insulin suppresses tachykinin signaling in DM5.

A, PN dendritic response to 0.2% SV cider vinegar in the DM1 glooeifol control
flies fed sucrose overnight and those fed sucrose plus 25nM wortmannin. Knoakidown
DTKR in ORNs had no effect in DM1 activity in wortmanin-fdak$. n=5 eachB, PN
dendritic response to 80% SV cider vinegar in the DM5 glomeruluhiéosdme groups
from A. Knockdown of DTKR in ORNSs recovered a sugar-fed response of DM&tyac

in wortmanin-fed flies. n=5 eaclt, PN dendritic response to 80% SV cider vinegar in
the DM5 glomerulus for control flies and those expressing INR{CARNS. n=5 each.
D, Quantitative RT-PCR analysis of starvation-induced change®TKR mRNA
expression in the antennae. Results are the average of fouateglieach of which was
measured in triplicate and normalized to a control gene (rpd9, C, n=5 for each
condition; error bars show SEM. *P<0.05, **P<0.01, ***P<0.001; t-test.
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