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SUMMARY

Behavior cannot be predicted from a ‘‘connectome’’
because the brain contains a chemical ‘‘map’’ of neu-
romodulation superimposed upon its synaptic con-
nectivity map. Neuromodulation changes how neural
circuits process information in different states, such
as hunger or arousal. Here we describe a genetically
basedmethod tomap, in an unbiased and brain-wide
manner, sites of neuromodulation under different
conditions in the Drosophila brain. This method,
and genetic perturbations, reveal that the well-
known effect of hunger to enhance behavioral sensi-
tivity to sugar is mediated, at least in part, by the
release of dopamine onto primary gustatory sensory
neurons, which enhances sugar-evoked calcium
influx. These data reinforce the concept that sensory
neurons constitute an important locus for state-
dependent gain control of behavior and introduce
a methodology that can be extended to other neuro-
modulators and model organisms.
INTRODUCTION

The physiological responses of an animal’s nervous system to

sensory stimuli can differ, depending on internal states such

as hunger or arousal (Chiappe et al., 2010; Dubner, 1988;

Maimon et al., 2010; Niell and Stryker, 2010; Shea and Margo-

liash, 2010; Tsuno and Mori, 2009). Such state-dependent

influences enable animals to adjust their behavioral responses

to metabolic, emotional, attentional, or other demands. Neuro-

modulators, such as biogenic amines and acetylcholine, as well

as neuropeptides play a major role in encoding or mediating

internal states (Harris-Warrick and Marder, 1991; Pfaff et al.,

2008), by altering the input-output properties of specific
neural circuits (Birmingham and Tauck, 2003; Marder and

Bucher, 2007).

Hunger and satiety represent a prototypicmodel for an internal

state(s) that influences behavior. In the vinegar fly Drosophila

melanogaster, for example, food deprivation is known to affect

olfactory sensitivity (Root et al., 2011), formation, and expression

of food-associated memory (Krashes et al., 2009), the extent of

feeding (Riemensperger et al., 2011), and locomotor activity

(Lee and Park, 2004; Meunier et al., 2007) . In addition, in

Drosophila (Scheiner et al., 2004) as well as in other species

(Berridge, 1991; Dethier, 1976; Gillette et al., 2000; Moskowitz

et al., 1976; Moss and Dethier, 1983; Page et al., 1998), starva-

tion changes the consummatory response to tastants, typically

by enhancing the acceptance of energy resources such as

sugar, with an associated increased tolerance for bitter-tasting

contaminants. This dramatic starvation-dependent shift in sensi-

tivity to sweet versus unpalatable and potentially toxic energy

resources illustrates how state-dependent control of behavior

is critical for survival.

Despite the importance of hunger for regulating animal

behavior, we know relatively little about the circuit-level mecha-

nisms underlying such regulation. Studies in blowflies and honey-

bees have demonstrated that biogenic amines can modulate

feeding-related behaviors (Brookhart et al., 1987; Long et al.,

1986; Scheiner et al., 2002). Whether such modulators actually

mediate the effect of hunger on these behaviors, however, has

been more difficult to establish in these systems due to the lack

of genetic tools. It has also been challenging to identify the

circuitry through which such modulators mediate behavioral

responses to starvation. Modulatory neurons often exhibit wide-

spread projections throughout the brain (Mao and Davis, 2009;

Monastirioti, 1999) and act via multiple receptors. Identifying the

behaviorally relevant circuitry on which a given modulator acts,

and demonstrating that suchmodulation is required for a specific

state-dependent influenceonaspecificbehavior in vivo, hasbeen

achieved in only a few cases (Crocker et al., 2010; Kong et al.,

2010;Krasheset al., 2009; Lebestkyet al., 2009;Rootet al., 2011).
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Figure 1. Characterization of DopR-Tango In Vitro and in Drosophila

(A) Design of the DopR-Tango transgene; note HA epitope tag on LexA.

(B) Schematic illustrating DopR-Tango mechanism.

(C) DopR-Tango reporter (b-gal) activity in response to indicated ligands in HEK293 cells cotransfected with CMV-GAL4, UAS-DopR-Tango, and LexAop-b-gal.

Increases in b-gal activity relative to background are shown. Error bars represent the standard error of mean (SEM). Asterisks represent statistically significant

increases (p < 0.05, t test with Bonferroni correction, n = 3).

(D) Representative confocal projections of whole-mount brains from DopR-Tango flies visualized with GFP native fluorescence (green) and anti-HA immuno-

staining (magenta).

See also Figure S1 and Table S1.
Drosophila provides an attractive system to address the

circuit-level mechanisms underlying neuromodulation of feeding

behavior because of the availability of powerful genetic tools

and our growing understanding of the gustatory receptors and

neural circuitry that control feeding in this species (Dahanukar

et al., 2007; Gordon and Scott, 2009; Marella et al., 2006; Mon-

tell, 2009; Scott et al., 2001; Thorne et al., 2004; Wang et al.,

2004; Weiss et al., 2011). Although several neuropeptides, as

well as biogenic amines, have been implicated in mediating the

influence of food deprivation on feeding behavior in Drosophila

(Nässel and Winther, 2010), with few exceptions (Root et al.,

2011; Wu et al., 2005) the circuit-level mechanisms underlying

their influences remain poorly understood.

Here we have developed and applied a method, called

TANGO-map, to detect the release of endogenous neuromodu-

lators in vivo and identify the circuits on which they act.

We have used this method to examine the mechanisms that

underlie a starvation-induced change in a feeding behavior in

Drosophila. Our results identify a hunger-dependent, dopamine

(DA)-mediated gain control of behavior at the level of primary

gustatory sensory neurons. They also provide proof-of-

principle for a methodology that may have general applicability

in the genetic dissection of circuit-level neuromodulatory

mechanisms.
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RESULTS

Design and Validation of a Drosophila DA
Receptor-Tango System In Vitro
We sought to develop a genetically based tool that reports

endogenous neuromodulator release and sites of action in vivo

with anatomic specificity. To do this, we adapted to Drosophila

the Tango system (Barnea et al., 2008), which transforms a tran-

sient ligand/receptor interaction into a stable, anatomical

readout of reporter gene expression. The reporter gene is acti-

vated by a ‘‘private,’’ synthetic signal transduction pathway,

using a bacterial transcription factor (lexA) that is covalently

coupled (via a specific tobacco etch virus [TEV] protease-sensi-

tive cleavage site) to the exogenous DA receptor expressed in

the cells of interest (Figure 1B). The transcription factor is

cleaved from the DA receptor following ligand binding, by

recruitment of an arrestin-TEV protease fusion protein, and

translocates to the nucleus where it activates a lexAop-driven

reporter. This system was originally developed to detect

receptor activation in cultured mammalian cell lines (Barnea

et al., 2008), but whether it could also be used to detect receptor

activation in vivo was not clear.

To adapt this system to identify circuit-level sites of endoge-

nous neuromodulator action in Drosophila in vivo, we generated



a Tango system for DA (DopR-Tango), using the Drosophila DA

receptor DopR1 (Gotzes et al., 1994; Sugamori et al., 1995)

and Drosophila Arrestin1 (Figure 1A). Here, LexA is used as the

tethered transcription factor. Stoichiometric coexpression of

the Arrestin-TEV protease fusion was achieved using a 2A

peptide (Szymczak and Vignali, 2005), which we have shown

to permit bicistronic expression in Drosophila (Figures S1A–

S1C available online).

To test whether DopR-Tango specifically reports cellular acti-

vation by DA, we coexpressed DopR-Tango in human embry-

onic kidney (HEK) 293 cells with a lexAop-b-galactosidase

(b-gal) reporter. Treatment of these cells with DA or a DopR1

agonist (6,7-ADTN) resulted in a dose-dependent increase in

reporter gene expression (Figure 1C). The EC50 of DopR1-Tango

to DA and the D1 agonist are c.a. 1 mM in this experiment, similar

to values previously reported in insect cell lines (Sugamori et al.,

1995). In contrast, neuromodulators that are not ligands for

DopR1, such as 5-HT or octopamine (OA), did not induce

reporter gene expression (Figure 1C). Together, these results

indicate that (1) a Drosophila DA receptor and arrestin can be

successfully used to generate a functional Tango system; (2)

Drosophila DopR-Tango can activate reporter expression in

response to DA receptor ligands, in a dose-dependent manner;

and (3) DopR-Tango maintains the ligand specificity of the orig-

inal DA receptor. Analogous results in HEK293 cells were ob-

tained with a Tango system constructed using a Drosophila OA

receptor (OctR-Tango) (data not shown).

DopR-Tango Induces Reporter Expression in a
Ligand-Specific Manner in Drosophila In Vivo
We chose Drosophila as a model to test whether the Tango

systemcan report ligand activity in vivo. To do this, we generated

transgenic flies that express DopR-Tango components under

the control of elav-GeneSwitch (elav-GS), a pan-neuronally ex-

pressed, hormone (RU486) inducible form of GAL4 (GAL4-PR)

(Osterwalder et al., 2001). This transgenic line (referred to sub-

sequently as ‘‘DopR-Tango flies’’) also contains a lexAop-

mCD2::GFP transgene that encodes a membrane-tethered

form of green fluorescent protein (GFP), as the Tango reporter.

The use of an inducible GAL4 was based on the assumption

that background signal would be minimized by restricting

expression of the DopR-Tango system to a 24 hr period just prior

to the experimental manipulation, thereby avoiding develop-

mental accumulation of the reporter.

After feeding with RU486 for 12–24 hr, widespread expression

of DopR-Tango was detected throughout the brain by immuno-

staining with an antibody to an HA epitope-tag present on LexA

(Figure 1D2). Importantly, widespread brain expression of the

GFP Tango reporter was also observed (Figure 1D1), beginning

at 12 hr and peaking at 36 hr after the onset of Tango expression

(Figure S1E). The pattern of reporter expression was not identical

to that of the HA-tag, due to the different subcellular localization

of the two markers (membrane versus nuclear; Figure 1D3).

Expression of the GFP reporter was not detected in control flies

that expressed DopR fused to LexA without the Arrestin-TEV

protease fusion protein (Figure S1D). These data indicate that

GFP expression in DopR-Tango flies is Arrestin-TEV protease

dependent and not due to basal transcription of the lexAop-
mCD2::GFP reporter transgene or TEV-protease-independent

cleavage of TEVcs-LexA.

To investigate whether Tango reporter expression in flies can

report changes in levels of endogenous DA signaling, we

examined expression of the reporter after drug treatments.

Feeding DopR-Tango flies with L-dopa, a precursor of DA

that is known to increase DA levels in the fly brain (Bainton

et al., 2000), for 2 days after RU486 treatment caused a statis-

tically significant increase in reporter expression in various

neural structures including the antennal lobe (AL), the subeso-

phageal ganglion (SOG), and b and g lobes of the mushroom

body (MB) ((Figures 2A2–2A3, 2B1–4, and S2E; see Figures

S2A–S2C for details of GFP reporter quantification). This

increase, moreover, was reduced by SCH23390 (Sugamori

et al., 1995), a D1 receptor antagonist, to a statistically signifi-

cant extent in the AL (Figure 2B1) and MB b lobe (Figure 2B3),

and exhibited a trend to reduction that did not reach signifi-

cance in the SOG (Figure 2B2) and MB g lobe (Figure 2B4).

The dynamic range of this reporter (2- to 15-fold; Figures

2B1–2B4) is similar to that of the best currently available genet-

ically encoded calcium indicators (GECIs) (Tian et al., 2009),

although the signal-to-noise ratio (SNR; c.a. 4) is lower (see

Extended Experimental Procedures). These data confirm that

DopR-Tango can read out a statistically significant increase

in reporter gene expression in response to an experimentally

induced increase in DA levels in vivo.

We also investigated the source of the baseline expression of

the Tango reporter observed in unmanipulated flies (Figure 2A2).

Genetic elimination of DA in DopR-Tango flies was not feasible,

as null mutations in Tyrosine hydroxylase (Th) are embryonic

lethal (Riemensperger et al., 2011). Instead, we fed flies

with SCH23390 or the DA synthesis inhibitor 3-iodotyrosine

(3IY) (Bainton et al., 2000). SCH23390 feeding significantly

decreased, but did not abolish, Tango reporter expression in

both the AL and SOG (Figures 2C1 and 3C1). 3IY feeding also

decreased reporter expression in the AL (Figure 2C2) in a statisti-

cally significant manner, but the decrease in the SOG did not

reach significance (Figure 3C2). The incomplete effects of the

antagonist to inhibit basal (as well as L-dopa-induced; Figures

2B1–2B4) expression of the reporter may reflect limits on the

effective levels of the drug that can be achieved in vivo, due to

instability, nonspecific absorption, or toxicity. Alternatively, it

may reflect some level of DA-independent expression of the

Tango reporter, for example due to ligand-independent binding

of Arrestin-TEVp to DopR-Tango. Whatever the explanation,

these results indicate that the level of baseline GFP reporter

expression in DopR-Tango flies is, at least in part, a reflection

of endogenous DA signaling in the brain.

DopR-Tango reporter expression also exhibited ligand speci-

ficity in vivo. When DopR-Tango flies were fed with either L-dopa

or chlordimeform (CDM), an OA receptor agonist, only L-dopa

feeding increased expression of the reporter in the SOG (Fig-

ure 2D2). L-dopa feeding also yielded an increase in DopR-

Tango reporter signal in the AL (Figure 2D1), but in this case a

smaller but still significant induction was observed using CDM.

This difference may reflect an indirect effect of CDM to increase

dopaminergic signaling in the AL, given that OA did not activate

DopR-Tango in vitro (Figure 1C). In OctR-Tango flies fed with
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Figure 2. Characterization of DopR-Tango in Transgenic Flies

(A) Specific activation of DopR-Tango by L-dopa in vivo. (A1) Experimental design. Red line represents 24 hr detection window for Tango reporter (see Fig-

ure S1E). (A2–4) Pseudocolor images of DopR-Tango reporter (GFP) expression; color scale to left. See Figure S2 for image processing details. Neuropils indicated

by dashed outlines are as follows: AL, antennal lobe (white); SOG, subesophageal ganglion (pink); mushroom body (MB) b and g lobes (yellow and red,

respectively).

(B–D) Quantification of reporter expression in the indicated neuropils. SCH23390, D1 receptor antagonist; 3IY (3-iodotyrosine, DA synthesis inhibitor). Unless

otherwise indicated, p values in this and subsequent figures represent Kruskal-Wallis one-way ANOVA followed by Mann-Whitney U tests with Bonferroni

correction. n > 5 for each experimental group. Boxplots: lower and upper whiskers represent 1.5 interquartile-range (IQR) of the lower and upper quartiles,

respectively; boxes indicate lower quartile, median, and upper quartile, from bottom to top.

See also Figure S2.
L-dopa or CDM, only CDM increased expression of the GFP

reporter in the AL (Figure S2D). These data suggest that in vivo,

as well as in HEK293 cells, DopR-Tango can specifically report

an artificially induced increase in DA signaling.

DopR-Tango Reveals Increased DA Release onto
Primary Gustatory Neurons during Starvation
To investigate whether DopR-Tango can identify neural circuits

that are targets of modulation by endogenous DA, we exposed

DopR-Tango flies to various treatments and looked for increases

in reporter expression. Wet starvation of DopR-Tango flies for

2 days produced a statistically significant increase in GFP

expression in the SOG, the primary gustatory center (Figures
586 Cell 148, 583–595, February 3, 2012 ª2012 Elsevier Inc.
3A and 3C1–3C2), but not in the MB b and g lobes or the AL (Fig-

ures 3D1–3D3). Inclusion of the DopR antagonist SCH23390 or

the DA synthesis inhibitor 3IY abolished the starvation-induced

increase in GFP expression in the SOG (Figures 3C1 and 3C2).

Based on the time course of Tango reporter expression, we esti-

mate that the enhanced GFP expression likely reflects cumula-

tive DopR-Tango activation integrated over the first 24 hr of

food deprivation (Figure S1E).

Two lines of evidence suggest that the starvation-induced

increase in GFP expression in the SOG occurs, at least in part,

in the terminals of primary gustatory receptor neurons (GRNs).

First, the pattern of Tango reporter expression in the SOG resem-

bled that of the projections of sugar-sensing GRNs, as visualized
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Figure 3. DA Release onto GRNs Increases during Starvation

(A) Experimental design and normalized Tango reporter (GFP) expression in brains of fed versus 48 hr wet-starved flies; color scale to left. Laser scanning was

performed at a higher gain setting to increase sensitivity. Dashed boxes delineate SOG (enlarged in lower panels). White dashed line in lower panels show ROIs

used for quantification, based on UAS-DsRed expression in SOG neuropil.

(B) Representative confocal projections of sugar-sensing GRNs (B1) and Tango reporter expression (B2 and B3) in the SOG of normal (B1 and B2) or labellum-

ablated (B3) flies.

(C and D) Normalized GFP expression in DopR-Tango flies quantified in the SOG (C1–2), MB b lobe (D1), MB g lobe (D2), and AL (D3). n > 6 for each experimental

group.

See also Figure S3.
using a Gr5-GAL4 transgene specifically expressed in these

neurons (Wang et al., 2004) to drive mCD8::GFP expression (Fig-

ure 3B1). Second, surgical removal of the labellum (tip of
proboscis, a mouth part of a fly; Figure S3A), which contains

the cell bodies of GRNs, strongly reduced Tango reporter

expression (Figures 3B2 and 3B3).
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Figure 4. Hunger and DA Increase the Sugar Sensitivity of the PER

(A) Fraction of fed versus wet-starved (WS) flies showing a PER at different concentrations of sucrose. (A1) Average responses. Error bars represent SEM. (A2)

MAT (mean acceptance threshold; the sugar concentration where 50% of the flies show PER), plotted as a function of starvation time. One-way ANOVA followed

by t test with Bonferroni correction (n > 4 for each experimental group).

(B) PER responses in nonstarved flies fed with the indicated concentrations of L-dopa (n > 4 for each experimental group).

(C) Genetic activation of DA neurons increases sugar sensitivity. PER versus sugar concentration curves are shown for experimental Th-GAL4;UAS-dTRPA1 (C1)

and genetic control flies (C2 and C3) at the permissive (red) and nonpermissive (blue) temperatures for dTRPA1. Within-genotype differences between

temperatures were analyzed using a two-way ANOVA with replication followed by post-hoc t tests with the Bonferroni correction at each sugar concentration.

*p < 0.05; n.s., not significant (n > 4 for each experimental group).

See also Figure S3.
Starvation and L-dopa Both Increase Behavioral
Sensitivity to Sucrose
The proboscis extension reflex (PER; Figure S3A) (Dethier,

1976) is a simple feeding behavior elicited by presentation of

sugar to Gr5a-expressing GRNs located in the labella or legs

(Gordon and Scott, 2009; Marella et al., 2006). In Drosophila,

the sucrose sensitivity of the PER (elicited from the legs) has

been reported to increase with the duration of food deprivation

(Scheiner et al., 2004), although a direct comparison to un-

starved flies was not performed. Surprisingly, an effect of

starvation to enhance the PER in response to activation of

labellar sugar receptors has not previously been reported in

this species. Therefore, to identify a behavioral correlate of

the starvation-induced Tango signal on labellar sugar-sensing

GRNs, we first investigated whether starvation indeed increases

the sensitivity of the PER to sucrose applied to labellar taste

receptors.

Wet starvation indeed increased the fraction of flies exhibiting

a PER across a broad range of sugar concentrations (Figure 4A1),

although decreasing sensitivity to bitter tastants (H.K.I. and

D.J.A., unpublished data). In addition, the mean acceptance

threshold (MAT; the sucrose concentration at which the proba-

bility of a PER response at the population level is 50%; see

Figures S3B–S3D and Extended Experimental Procedures)

(Long et al., 1986) significantly decreased as the starvation

time was increased from 1 to 2 days (Figure 4A2; note that the

y axis/ordinate is inverted: when sensitivity increases the
588 Cell 148, 583–595, February 3, 2012 ª2012 Elsevier Inc.
threshold decreases). This increase in sugar sensitivity is gradual

and reversible (Figure S3E; significant changes observed as

early as 6 hr ofwet starvation). Thus,Drosophila exhibits a starva-

tion-induced enhancement of PER behavior induced by sucrose

applied to labellar GRNs, whose magnitude depends on the

duration of food deprivation.

Because our DopR-Tango results suggested that Gr5a GRNs

may be a target of dopaminergic regulation, we next asked

whether experimental elevation of DA levels in fed flies would

mimic the effect of food deprivation to enhance the PER. We

performed such an elevation in two ways: pharmacologically

and genetically. After 2 days of L-dopa feeding, we observed

a dose-dependent increase in PER sugar sensitivity similar to

that produced by starvation (Figures 4B1 and 4B2). The sugar

sensitivity of the PER was also increased in fed flies by artificial

activation of dopaminergic neurons using dTRPA1, a Drosophila

thermosensitive cation channel (Hamada et al., 2008), expressed

under the control of Th-GAL4 (Friggi-Grelin et al., 2003) (Figures

4C1 and 4C3). This behavioral phenotype was detectable within

10 min of the temperature shift to 27�C. Together, these data

indicate that elevating endogenous levels of DA can increase

behavioral sensitivity to sucrose in fed flies, mimicking the effect

of starvation. Importantly, DopR-Tango flies also showed a

starvation-induced increase in the sugar sensitivity of the PER

(Figures S3F1 and S3F2), indicating that expression of this

detector system in GRNs does not impair the physiological func-

tion of these neurons in feeding behavior.



The DA Receptor DopEcR Expressed in Sugar-Sensing
GRNsMediates the Effect of L-dopa Feeding to Enhance
the PER
Given that both starvation and the experimental elevation of

endogenous DA levels increase DopR-Tango reporter levels on

sugar-sensing GRNs and also enhance the PER, we next

investigated whether DA receptors expressed in GRNs mediate

this behavioral effect. We approached this objective by (1)

identifying the DA receptors expressed in sugar-sensing

GRNs; (2) testing whether genetic inactivation of any of these

receptors blocks the effect of L-dopa feeding to enhance the

PER; (3) testing whether the same genetic manipulations block

the effect of starvation to enhance the PER.

In the absence of immune reagents specific for each of

the DA receptor subtypes, we carryied out qRT-PCR experi-

ments with RNA isolated from sugar-sensing GRNs via the

‘‘TU-tagging’’ method to investigate whether GRNs normally

express any of the four known Drosophila DA receptors

(Gotzes et al., 1994; Han et al., 1996; Hearn et al., 2002; Srivas-

tava et al., 2005) (see Extended Experimental Procedures;

Miller et al., 2009). qPCR of cDNA synthesized from this RNA

showed a 10-fold enrichment for Gr5a mRNA itself, relative to

mRNA encoding the bitter sensing receptor Gr66, which is

not expressed in sugar-sensing neurons (Figure S4A). This

result implied successful synthesis of cDNAs enriched in

sugar-sensing neurons. qPCR analysis of this cDNA revealed

that three of the four Drosophila DA receptors, namely

DopR1, D2R, and DopEcR, are expressed in Gr5a GRNs to

varying levels, whereas DopR2 mRNA was not detectable

(Figure S4A).

We next asked whether any of the three DA receptors ex-

pressed in Gr5a GRNs is required for the effects of L-dopa

feeding or starvation to enhance sugar sensitivity. In flies

bearing a hypomorphic mutation in DopEcR, DopEcRc02142

(Figure S4B; H.I. and T.K., unpublished data) (Thibault et al.,

2004), L-dopa feeding failed to produce an increase in sugar

sensitivity (Figures 5A2 and 5A3). Moreover, expression of a

DopEcR RNAi using pan-neuronal Gal4 driver neuronal synap-

tobrevin (nsyb)-GAL4 (Pauli et al., 2008) (Figure S4C) similarly

blocked the effect of L-dopa to enhance the PER (Figures

5B1–5B4). By contrast, flies bearing a hypomorphic mutation

in DopR1 (Lebestky et al., 2009) showed a normal L-dopa-

dependent increase in sugar sensitivity (Figure S4D), as did flies

with a pan-neuronal RNAi-mediated knockdown of D2R

(Figures S4E1–S4E3).

Importantly, cell-specific knockdown of DopEcR in Gr5a

GRNs also prevented the L-dopa feeding-induced enhancement

of the sugar sensitivity of the PER, whereas control flies express-

ing either UAS-GFP or UAS-DopR2 RNAi showed a statistically

significant enhancement of PER behavior by L-dopa (Figures

5C1–5C4). The MAT of vehicle-fed flies of both the DopEcR

RNAi and DopEcR mutant genotypes was not significantly

different from that of the genetic control flies (Figures 5A3, 5B4,

and 5C4), indicating that DopEcR is not necessary for baseline

PER behavior per se but rather for its enhancement by L-dopa

feeding. Taken together, these data indicate that DopEcR ex-

pressed in Gr5a GRNs is necessary for the effect of L-dopa

feeding to increase sugar sensitivity.
DopEcR Expressed in Sugar-Sensing GRNs Is Required
for the Effect of Starvation to Enhance PER Behavior
Having demonstrated that DopEcR inGr5a neurons is necessary

for the effect of L-dopa feeding to enhance the sugar sensitivity

of the PER, we next testedwhether DopEcR inGr5aGRNs is also

necessary for starvation to exert the same behavioral effect.

Indeed, in flies wet starved for 6 hr, DopEcR mutant flies failed

to exhibit an increase in sugar sensitivity, in contrast to wild-

type controls (Figures 5D1 and 5D2). Importantly, this phenotype

could be rescued by specific expression in DopEcR mutant

flies of a UAS-DopEcR transgene in Gr5a neurons (Figure 5D3).

Overexpression of DopEcR (but not of DopR1) in Gr5a neurons

of DopEcR+ flies also enhanced the sucrose sensitivity of the

PER in starved, but not in fed, animals (Figures S4H1–S4H4

and S4I1–S4I3).

Finally, specific knockdown of DopEcR in sugar-sensing

neurons using RNAi also strongly attenuated the increase in

sugar sensitivity caused by 6 hr of starvation (Figures 5E1–5E3).

Thus, both selective rescue of the DopEcR mutant phenotype

and selective expression of RNAi implicate Gr5a neurons as

a site of DopEcR action. Interestingly, although the DopEcR

mutation and RNAi both impaired PER enhancement by 48 hr

of L-dopa feeding, they did not do so in flies wet starved for

24 hr or more (Figures S4F1–S4F3 and S4G1–S4G3). This obser-

vation suggests a time-dependent recruitment of either redun-

dant DA receptors or DA-independent mechanisms, mediating

enhanced sugar sensitivity at later stages of starvation. Flies

lacking both DopEcR and DopR1 did not show an impaired

PER response after 24 hr of starvation, suggesting the involve-

ment of additional neuromodulators (data not shown). Whatever

the explanation, at early times of starvation, DA, acting through

DopEcR expressed in Gr5a GRNs, is required for enhancement

of PER behavior.

Cellular Mechanism of the Starvation-Induced Increase
in Behavioral Sensitivity to Sucrose
Lastly, we approached the cellular mechanism through which

starvation and DA enhance the sugar sensitivity of the PER.

As a first step, we askedwhether starvation and DA act tomodify

the activity of gustatory receptors (GRs) themselves or rather on

a downstream physiological process. To do this, we bypassed

the requirement for GR activation in the PER response using

Channelrhodopsin 2 (ChR2), a light-sensitive cation channel

(Zhang et al., 2006), to artificially activate sugar-sensing GRNs

(Gr5a-GAL4;UAS-ChR2) (Zhang et al., 2007).

Increasing the strength of blue light illumination (from 1.6 to

2.9 mW/cm2) increased the fraction of flies exhibiting a PER

(Figure 6A1), similar to the effect of stimulating the labellum

with increasing sugar concentrations. Strikingly, both wet-

starved and L-dopa-fed Gr5a-GAL4;UAS-ChR2 flies showed

an increased light sensitivity of the PER, compared to control

nonstarved flies (Figure 6A2). These data suggest that both

starvation and DA enhance sugar sensitivity by acting down-

stream of the sugar-sensing receptors themselves. Consistent

with this idea, extracellular recordings from GRN somata in the

labella indicated no change in the frequency of sucrose-evoked

spiking in wet-starved versus control fed flies (Figures S5A

and S5B).
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Figure 5. DopEcR Expression inGr5aGRNs Is Necessary and Sufficient for L-dopa Feeding- and Starvation-Induced Increases in PER Sugar

Sensitivity

(A) Sugar sensitivity of wild-type and DopEcRmutant flies after L-dopa (3 mg/ml) feeding. The wild-type data are identical to Figure 4B1 and are reproduced here

for ease of comparison.
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To pin down the physiological mechanism underlying starva-

tion-dependent enhancement of PER behavior, we tested

whether starvation and DA augment presynaptic Ca2+ influx in

sugar-sensing GRNs. For this purpose, we performed calcium

imaging, using two-photon microscopy, of sugar-sensing

GRNs in flies expressing a genetically encoded calcium sensor

(GCaMP3.0; Tian et al., 2009) under the control of Gr5a-GAL4.

Delivery of increasing concentrations of sucrose (from 0 mM to

400 mM) to the labellum yielded increasing GCaMP 3.0 fluores-

cence signal inGr5a-expressing nerve fibers in the SOG (Figures

6B–6D), consistent with a previous report (Marella et al., 2006).

Strikingly, both wet-starved and L-dopa-fed flies showed a

statistically significant enhancement of sucrose-evoked GCaMP

fluorescence, compared to nonstarved control flies, at 100 mM

sucrose and a nonsignificant trend to enhancement at 400 mM

sucrose (Nusbaum and Beenhakker, 2002) (Figure 6D).

A scatterplot of integrated GCaMP fluorescence signal inten-

sity versus the fraction of flies showing a PER response at

each sucrose concentration revealed a strong positive correla-

tion between the two measures (R2 = 0.969) (Figure 6E). The

simplest interpretation of this correlation is that the starvation-

induced enhancement of calcium influx in sugar-sensing GRNs

underlies the parallel enhancement of PER behavior.

Finally, to examine more directly whether DA acts on Gr5a

GRNs to modulate Ca2+ influx, we compared the sugar

responses of these GRNs before versus after exposure to

1 mM DA in the bath. Following 5 min of such exposure, there

was an �1.2-fold increase in basal Ca2+ influx and an �1.3- to

1.4-fold increase in Ca2+ influx caused by 400 mM sucrose; the

fold increase at 400 mM sucrose was significantly higher than

at 0mM sucrose (p < 0.05, Wilcoxonmatched pairs test) (Figures

6F1 and 6G). Importantly, RNAi-mediated knockdownof DopEcR

expression in sugar-sensing GRNs attenuated this increase in

Ca2+ influx (Figures 6F2 and 6G). These data indicate that DA

acts directly onGr5aGRNs viaDopEcR to enhanceboth baseline

and sucrose-induced increases in intracellular free Ca2+.

DISCUSSION

Drosophila is a potentially powerful model system for under-

standing how neuromodulators control state-dependent

changes in behavior. However, establishing the behaviorally

relevant, circuit-level mechanisms of action of neuromodulators

remains challenging. This is partially because standard methods

used to measure the release of endogenous neuromodulators in

vertebrates, such as fast-scan cyclic voltammetry (Phillips et al.,

2003) or microdialysis (Benveniste and Hüttemeier, 1990), are of

limited applicability in Drosophila. Moreover, such methods

cannot identify the neurons on which released neuromodulators
(B–E) Sugar sensitivity of RNAi flies or mutant flies after L-dopa feeding (B and C) o

are in the same genetic background. Note that DopR2 is not expressed at a det

In PER curves, error bars represent SEM. Boxplots: lower and upper whiskers re

lower quartile, median, and upper quartile, from bottom to top. The statistical signi

L-dopa versus vehicle treatment or feeding versus wet starvation was analyze

Bonferroni correction. *p < 0.05; n.s., not significant (n > 4 for each experimental gr

revealed by a two-way ANOVA in (A3) p < 0.0001, (B4) p < 0.005, (C4) p < 0.01, (D4)

with the effect of wet starvation or L-dopa feeding.

See also Figure S4.
act. The data presented here provide proof-of-principle for the

utility of a new method, called TANGO-map, to identify, in a

brain-wide and relatively unbiased manner, circuit-level sub-

strates of neuromodulation relevant to a particular state-depen-

dent influence on behavior.

Starvation Regulates Gustatory Sensitivity inDrosophila

and Causes DA Release onto Sugar-Sensing GRNs
We show here that sweet taste sensitivity in the labellum is

enhanced with increasing duration of food deprivation in

Drosophila. This observation confirms and extends previous

reports in Drosophila (Meunier et al., 2007; Scheiner et al., 2004)

and is consistent with observations in many other animal species

(Dethier, 1976;Moskowitz et al., 1976;Pageet al., 1998).Wehave

used this phenomenon as a prototypic case of a state-dependent

change in behavior to investigate the ability of TANGO-map to

identify underlying neuromodulatory mechanisms.

Our results indicate that starvation enhances endogenous DA

release onto primary GRNs, as detected by increased expres-

sion of the DopR-Tango reporter in vivo. In contrast, starvation

did not increase the DopR-Tango reporter in the MB or AL,

although L-dopa feeding did so. These data indicate that

DopR-Tango is capable of revealing selective sites of endoge-

nous DA release in a brain-wide manner, under specific behav-

ioral conditions.

DA Release onto Sugar-Sensing GRNs Is Required
for the Behavioral Effect of Starvation to Enhance
PER Sensitivity
Our results indicate that a mutation in the DA receptor DopEcR,

as well as specific knockdown of this receptor in sugar-sensing

GRNs, eliminates the effect of starvation to enhance the sucrose

sensitivity of the PER. However, this phenotype was only

observed at 6 hr of starvation; after 24 hr of food deprivation,

these genetic manipulations no longer had an effect. This is

not because these manipulations themselves became ineffec-

tive at later times, as the same manipulations did attenuate the

increased PER sensitivity caused by L-dopa feeding for 24 hr.

This suggests that at an early stage of starvation, DA is neces-

sary to enhance the sugar sensitivity of the PER, whereas at later

stages additional factors come into play (Figure 6H).

The slow kinetics of Tango reporter accumulation (Figure S1E)

preclude the detection of statistically significant increases in

signal as early as 6 hr following an experimental manipulation.

However, the level of reporter expression detected in animals

examined after 48 hr of treatment likely reflects the integration

of increases in dopaminergic signaling occurring throughout

the first 12–24 hr of the treatment period (Figure S1E). Thus,

although we detected an increase in DopR-Tango signal at
r 6 hr wet starvation (WS; D and E). UAS-DopEcR RNAi and UAS-DopR2 RNAi

ectable level in sugar-sensing GRNs (Figure S4A).

present 1.5 IQR of the lower and upper quartiles, respectively; boxes indicate

ficance of within-genotype differences between PER curves, orMAT values, for

d using two-way ANOVA with replication followed by post-hoc t tests with

oup). A significant interaction between genotype and feedingmanipulation was

p < 0.05, and (E3) p < 0.005, indicating that the genetic manipulations interfered
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Figure 6. Starvation or L-dopa Feeding Enhance Calcium Transients in Sugar-Sensing GRNs

(A) Channelrhodopsin 2-evoked PER. Gr5a-GAL4;UAS-ChR2 or Gr5a-GAL4;UAS-GFP control flies were stimulated with blue (470/40 nm: center wavelength/

bandwidth) light at the indicated intensities (A1) or at 1.6 mW/cm2 under the indicated conditions (A2). Error bars represent SEM.
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a starvation time point when genetic reduction of DopEcR levels

no longer impaired the behavioral effect of starvation and

observed a behavioral phenotype at a time point too early to

be evaluated directly by the TANGO-map method, this should

not be taken to imply that no DA release occurred after 6 hr of

starvation. Importantly, given the kinetics of the system, the

DopR-Tango signals we detect in vivo are likely to reflect

primarily changes in tonic levels of DA signaling, rather than brief

episodes of phasic DA release. Further improvements of the

TANGO-map method are required to increase its temporal reso-

lution. Nevertheless, the presentmethodology provides a power-

ful method to identify sites where dopaminergic modulation of

a given behavior may occur, even if it cannot reveal precisely

how quickly such regulation is exerted.

Mechanism of Dopaminergic Regulation of GRN
Sensitivity
Several lines of evidence suggest that the dopaminergic modu-

lation of sugar-sensing GRNs revealed here may involve an

enhancement of Ca2+ influx at the nerve terminal. Both starvation

and L-dopa feeding increased sucrose-evoked Ca2+ influx,

without changing the frequency of action potentials measured

extracellularly at GRN somata (Figure S5), despite a previous

report to the contrary (Meunier et al., 2007). Furthermore, we

found that direct exposure of the brain to DA increased Ca2+

influx at the presynaptic terminals of sugar-sensing GRNs in

a DopEcR-dependent manner. A model consistent with these

data is that starvation leads to increased DA release, which

increases calcium influx into sugar-sensing GRNs via DopEcR,

leading to increased neurotransmitter release. The fact that

DopEcR signals via the cAMP/PKA pathway (Srivastava et al.,

2005), and that this pathway has been reported to increase

Ca2+ channel currents in Drosophila (Bhattacharya et al., 1999),

is also consistent with this scenario. Nevertheless, our genetic

data suggest that there are additional pathways through which

starvation modulates feeding behavior in this system.

Our finding that DA modulates primary GRNs to control

starvation-dependent changes in behavioral sensitivity to sugar

echoes the observation of a similar influence of food deprivation

on odorant sensitivity in Drosophila (Root et al., 2011). Such neu-

romodulatory gain control at the level of primary sensory neurons

has also been reported in a variety of other invertebrate as well as

vertebrate species (Bicker andMenzel, 1989; Hurley et al., 2004).

Although we cannot exclude the possibility that hunger also

influences PER behavior at higher-order synapses in the circuit
(B) The setup for calcium imaging of sugar-sensing GRNs. Blue dashed arrow in

(C) Responses (DF/F) to different concentrations of sucrose in the central projectio

represent average trace, and envelopes indicate SEM (n > 7 for each condition).

(D) Quantification of fluorescent changes. ! DF/F dt, integrated DF/F during stim

correction.

(E) Correlation between GCaMP signals (analyzed in B and C) and behavior

represent SEM.

(F) Responses (DF/F) to different concentrations of sucrose in the central projectio

with or without 1 mM DA. The solid lines represent average trace, and envelope

(G) Fold increase in !F dt (!F dt[After DA]/!F dt[Before DA]) during each stimulus p

correction.

(H) Schematic illustrating mechanisms controlling starvation-induced increases i

See also Figure S5.
(GordonandScott, 2009), our data add to agrowingbodyof infor-

mation indicating that modulation of primary sensory neurons is

ageneralmechanism for implementingstate-dependent changes

in behavioral responses to the stimuli detected by these neurons.
TANGO-Map as a Tool to Monitor Neuromodulation
at the Circuit Level
TANGO-map affords a number of unique advantages to study

neuronal modulation in the brain (see Table S1 for comparison

to other methods). First, and most importantly, it permits the

detection of increases in endogenous neuromodulator release

in vivo, in an organism in which the application of conventional

methods is not feasible. Second, it provides an anatomical

readout of neuromodulation at the neural circuit level. The use

of a pan-neuronal GAL4 driver to express the sensor permits,

in principle, an unbiased survey of potential sites of neuromodu-

latory activity throughout the brain. Third, the sensor has ligand

specificity. The modular design of the Tango system (Barnea

et al., 2008) affords the ability to develop in vivo Tango reporters

for other biogenic amines and neuropeptides that work via G

protein-coupled receptors (GPCRs). Importantly, because the

method employs a synthetic, ‘‘private’’ signal transduction

pathway (Barnea et al., 2008), the readout of the reporter should

be relatively insensitive to interference from conventional

signal transduction pathways activated by other endogenous

receptors. Systematic and comprehensive application of this

approach could, in principle, provide an overview of anatomic

patterns of neuromodulation in the brain in a given behavioral

setting. Finally, because the Tango system is transcriptionally

based, in principle it permits the expression not only of neutral

reporters but also of effectors such as RNAi’s or ion channels

in the neurons receiving neuromodulatory input.

Although the TANGO-map system can certainly benefit from

improvements in its kinetics and SNR, it affords a means of identi-

fying points-of-entry for studying circuit-level mechanisms of

behaviorally relevant neuromodulation that are currently difficult to

access in anyotherway. Theextensionof thismethodology toother

neuromodulators and model organisms should further our under-

standing of state-dependent control of neural activity andbehavior.
EXPERIMENTAL PROCEDURES

Fly Strains

Adult female Drosophila melanogaster were used for all experiments. All

control genotypes were tested in the same genetic background as the
dicates direction of flow of sugar solution.

ns of sugar-sensing GRNs inGr5a-GAL4;UAS-GCaMP3.0 flies. The solid lines

ulus period. Data analyzed from (C); Mann-Whitney U tests with Bonferroni

al responses (PER) of Gr5a-GAL4;UAS-GCaMP3.0 flies (n > 4). Error bars

ns of sugar-sensing GRNs before and after 5min exposure of the brain to saline

s indicate SEM (n > 7 for each condition).

eriod, calculated from the data in (F). Mann-Whitney U tests with Bonferroni

n the sugar sensitivity of PER behavior.
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experimental genotype. Construction of recombinant DNA and descriptions of

transgenic fly strains are described in the Extended Experimental Procedures.

TANGO-Map

DopR-Tango flies or OctR-Tango flies were first dry-starved for 4 hr to make

sure they consumed any drugs provided. Then, flies were moved into a vial

containing 0.5 mM RU486 mixed in 89 mM sucrose and allowed to feed for

12 or 24 hr (for subsequent drug feeding or starvation experiments, respec-

tively). After this RU486 feeding, flies were moved to either food vials (fed

condition), vials containing a wet filter paper (wet-starved condition), or vials

containing a drug dissolved in 89 mM sucrose (drug-fed condition). Two

days later, fly brains were dissected and immunostained.

PER Assays

For standard PER assays, 3- to 7-day-old female flies were wet starved or fed

in vials and tested as described previously (Shiraiwa and Carlson, 2007). In

brief, 10–20 experimental flies were mounted into pipetman tips. After

excluding flies that keep responding to water, fly response to stepwise

increasing concentration of sucrose was tested. The same sets of flies were

tested with all concentrations of sucrose. For ChR2 experiments, flies were

fed with 200 mM all trans-Retinal and tested for the response to blue light

(emitted by a standard mercury lamp and filtered by GFP filter: 470/40 nm

[center wavelength/ bandwidth]) under a fluorescent microscope. For details,

see Extended Experimental Procedures.

Calcium Imaging

Two-photon imaging was performed on an Ultima two-photon laser scanning

microscope (Prairie Technology) with an imaging wavelength at 925 nm. After

a brief anesthesia on ice, flies were mounted on a thin plastic plate with wax as

shown in Figure 6B. The top side of the plate contained a well made with wax,

and the fly head was immersed in saline. In this saline bath, the antennae and

cuticle at the anterior side of the fly head capsule were surgically removed with

sharp forceps, so that the SOG could be imaged. At the bottom side of the

plate, a glass tube was mounted with the opening facing the proboscis of

the mounted fly. A piece of twisted Kimwipe was placed just behind the fly.

During imaging, a sucrose solution was delivered from the glass tubing to

stimulate gustatory neurons in the proboscis and was removed by the

Kimwipe. Details of the preparation and data processing are described in

Extended Experimental Procedures.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,

five figures, and one table and can be found with this article online at

doi:10.1016/j.cell.2011.12.022.
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