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ABSTRACT
All organisms continuously have to adapt their behavior

according to changes in the environment in order to sur-

vive. Experience-driven changes in behavior are usually

mediated and maintained by modifications in signaling

within defined brain circuits. Given the simplicity of the

larval brain of Drosophila and its experimental accessibil-

ity on the genetic and behavioral level, we analyzed if

Drosophila neuropeptide F (dNPF) neurons are involved

in classical olfactory conditioning. dNPF is an ortholog of

the mammalian neuropeptide Y, a highly conserved neu-

romodulator that stimulates food-seeking behavior. We

provide a comprehensive anatomical analysis of the

dNPF neurons on the single-cell level. We demonstrate

that artificial activation of dNPF neurons inhibits appeti-

tive olfactory learning by modulating the sugar reward

signal during acquisition. No effect is detectable for the

retrieval of an established appetitive olfactory memory.

The modulatory effect is based on the joint action of

three distinct cell types that, if tested on the single-cell

level, inhibit and invert the conditioned behavior. Taken

together, our work describes anatomically and function-

ally a new part of the sugar reinforcement signaling

pathway for classical olfactory conditioning in Drosophila

larvae.

INDEXING TERMS: Drosophila larvae; neuropeptide F; single cell; learning and memory; reward; inhibition;

BDSC_26263; BDSC_9681; BDSC_25681; BDSC_5137

The mammalian neuropeptide Y (NPY) has received

great attention because of its roles in regulating diverse

aspects of behavior and physiology, including energy

homeostasis, circadian rhythms, stimulation of food

intake, reproduction, anxiety, seizure, alcohol addiction,

learning, and memory (Kalra and Crowley, 1992;

Zimanyi et al., 1998; Beck, 2001; Williams et al., 2001;

Dyzma et al., 2010; Rotzinger et al., 2010). Invertebrate

orthologs of the NPY family have been found in all

major phyla (Nassel and Wegener, 2011). They are

termed neuropeptide F (NPF) as the C-terminal tyrosine

of vertebrates is exchanged to phenylalanine in inverte-

brates (Brown et al., 1999). In general, vertebrate NPY

and invertebrate NPF exhibit an astonishing structural

and functional conservation. For instance, a Drosophila

NPY receptor homolog was shown to crossreact with

human NPY family neuropeptides (Li et al., 1992). Thus,

several of the behavioral and physiological NPY func-

tions found in vertebrates were recently addressed in

different invertebrate model systems (Wu et al., 2003,

2005d; Wen et al., 2005; Gonzalez and Orchard, 2008;

Krashes et al., 2009; Hamasaka et al., 2010; Shohat-

Ophir et al., 2012; Van Wielendaele et al., 2013)

The most extensive studies of NPF functions in inver-

tebrates have been made in adult and larval Drosophila.

Regulatory roles for Drosophila NPF (dNPF) are

described for several behaviors including foraging, feed-

ing, motivated feeding, ethanol sensitivity, nociception,

aggression, reproduction, clock function, and learning
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(Shen and Cai, 2001; Wen et al., 2005; Wu et al.,

2005d; Lee et al., 2006; Dierick and Greenspan, 2007;

Xu et al., 2008, 2010; Krashes et al., 2009; Shohat-

Ophir et al., 2012; Wang et al., 2013). The role of dNPF

neurons in appetitive olfactory conditioning in larvae of

Drosophila, however, was not analyzed. Yet several find-

ings may suggest an involvement of dNPF neurons in

appetitive olfactory conditioning in larvae. First, larvae

exposed to fructose, which is usually used as the

rewarding stimulus when analyzing appetitive olfactory

learning, displayed a dose-dependent increase of dNPF-

transcript in dNPF neurons located in the subesopha-

geal ganglion (sog) (Shen and Cai, 2001). The sog

region of the larval brain receives input from gustatory

receptor neurons (GRN) of the peripheral nervous sys-

tem (Colomb et al., 2007; Kwon et al., 2011). Output of

GRN was shown to be important for appetitive and

aversive gustatory-driven behaviors including choice

behavior and feeding (Mishra et al., 2013; Apostolopou-

lou et al., 2014) and may potentially also contribute to

the sugar reward signal. Second, dNPF signaling modu-

lates motivated and gustatory-driven feeding. Larvae

are constantly feeding but shortly before puparium for-

mation they leave the food. This switch between feed-

ing and wandering stage is regulated by dNPF since an

overexpression extends the larval feeding phase and

delays pupation (Wu et al., 2003). In addition, overex-

pression of the dNPF receptor (NPFR1) increases the

intake of nonpalatable food (e.g., more solid food, bitter

quinine containing food) (Wu et al., 2005a,d). Taken

together, these results indicate that the dNPF signaling

system is developmentally programmed to modify the

dynamic regulation of gustatory driven food intake of

different qualities. Such taste-dependent modulatory

mechanisms might also affect appetitive olfactory learn-

ing. Third, fed larvae show increased feeding of sugar-

rich food after a brief presentation of an appetitive food

odor (Wang et al., 2013). The olfactory-driven change in

behavior is absent when inhibiting the neuronal output

of dNPF neurons or inactivating dNPF receptor function

(Wang et al., 2013). Thus, these results suggest that

the dNPF circuit modulates the rewarding function of

certain food odors. Fourth, in adult Drosophila two stud-

ies showed that dNPF signaling is involved in appetitive

olfactory learning by either modulating the retrieval of

an appetitive olfactory memory based on the hunger

state of the fly (Krashes et al., 2009), or by abolishing

the conditioned preference for ethanol by changing the

reinforcing function during training (Shohat-Ophir et al.,

2012). Thus, in adult Drosophila dNPF neurons are

involved in appetitive olfactory learning.

Drosophila larvae are able to form appetitive olfactory

memories following odorant sugar reward pairing and a

standardized behavioral paradigm exists for its analysis

(Scherer et al., 2003; Neuser et al., 2005; Gerber and

Stocker, 2007; Schipanski et al., 2008; Rohwedder

et al., 2012; Apostolopoulou et al., 2013). Similar to

other insects, it was shown that after appetitive olfac-

tory conditioning a memory trace is established in Ken-

yon cells of the mushroom body (MB), a second-order

“cortical” brain region (Honjo and Furukubo-Tokunaga,

2005; Pauls et al., 2010; Tomer et al., 2010; Michels

et al., 2011). These results suggest a conserved func-

tion for the MB among developmental stages and differ-

ent insect species with respect to olfactory learning

(Heisenberg, 2003; McGuire et al., 2005; Keene and

Waddell, 2007; Menzel, 2012; Farris, 2013). Larval MB

Kenyon cells receive input from a small number of indi-

vidually described olfactory projection neurons—second-

order olfactory neurons (Masuda-Nakagawa et al.,

2009, 2010; Thum et al., 2011). Projection neurons

(PNs) in turn get direct sensory input from receptor

neurons (ORNs: first-order olfactory neurons) that are

assembled in the peripheral dorsal organ, the unique

larval olfactory organ (Singh and Singh, 1984; Oppliger

et al., 2000; Python and Stocker, 2002; Fishilevich

et al., 2005; Kreher et al., 2005). Thus, a comprehen-

sive functional description of the larval olfactory path-

way exists almost on a single-cell level.

In contrast to olfactory processing, the neuronal

pathways that signal sugar reward during classical

olfactory conditioning in Drosophila larvae are largely

unknown. There are no data available on the sensory

neurons that collect and attribute the reward function

to a presented sugar stimulus. This is still true,

although anatomical and functional data is available for

about 90 gustatory sensory neurons that are mainly

involved in bitter and sugar taste-dependent choice

behavior and feeding (Colomb et al., 2007; Kwon et al.,

2011; Mishra et al., 2013; Apostolopoulou et al., 2014).

Consequently, information on second-order neurons of

the sugar reinforcement pathway is also not available.

However, there is evidence that the catecholamines,

dopamine (DA), and octopamine/tyramine (OA/TA; tyra-

mine being the precursor of OA) are specifically

involved in sugar reward signaling in adult Drosophila

(Schwaerzel et al., 2003; Kim et al., 2007, 2013; Burke

et al., 2012; Liu et al., 2012; Lin et al., 2014; Huetter-

oth et al., 2015; Yamagata et al., 2015). Even more,

several results allow for a similar assumption in larvae.

First, activation of OA/TA neurons is sufficient to sub-

stitute for the reward during appetitive olfactory condi-

tioning (Schroll et al., 2006). Second, OA/TA neurons

or neuronal output of OA/TA neurons is necessary for

signaling specific aspects of sugar reinforcement (e.g.,

nutritional value and sweetness) (Honjo and Furukubo-
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Tokunaga, 2009; Selcho et al., 2014). Third, neuronal

output of DA neurons is necessary for appetitive olfac-

tory conditioning (Selcho et al., 2009). However, in

these experiments the innate gustatory-driven choice

behavior towards fructose of the experimental animals

is absent and thus a clear interpretation of the data is

limited (Selcho et al., 2009). Fourth, mutant larvae lack-

ing the dopamine receptor dDA1 are impaired in appeti-

tive olfactory conditioning (Selcho et al., 2009).

Together, these data suggest to some extent a con-

served organization of reward processing in adult and

larval Drosophila and additionally provide entry points

for the identification of additional neuronal partners of

the sugar reinforcement pathway.

Here we show results that extend the larval sugar

reinforcement circuit required for appetitive olfactory

conditioning by three pairs of dNPF neurons. In detail,

we describe the larval dNPF neurons anatomically on

the single-cell level including their input/output organi-

zation. We show that dNPF neurons and dNPF receptor

function are necessary for appetitive olfactory learning

using low sugar concentrations. This is not the case for

high sugar concentrations. Furthermore, by using opto-

genetic and thermogenetic approaches we demonstrate

that dNPF signaling specifically modulates the sugar-

dependent reward information (unconditioned stimulus)

during the training phase of the learning experiment.

MATERIALS AND METHODS

Fly strains
Flies were cultured according to standard methods

(Selcho et al., 2009, 2014). For the behavioral experi-

ments, UAS-hid,rpr (kindly provided by Simon Sprecher,

University of Fribourg, Switzerland) (White et al., 1994,

1996; White and Steller, 1995; Kurada and White,

1998), UAS-TRPA1 (Bloomington Fly Stock, Blooming-

ton, IN, 26263; RRID:BDSC_26263) (Hamada et al.,

2008), or UAS-ChR2 (Bloomington Stock 9681;

RRID:BDSC_9681) (Schroll et al., 2006) effector lines

were crossed with the dNPF-Gal4 (kindly provided

by Ping Shen, University of Georgia, Atlanta, GA;

RRID:BDSC_25681) (Shen and Cai, 2001) driver line.

Heterozygous controls were obtained by crossing Gal4-

driver and UAS-effector with w1118 (kindly provided by

Martin Heisenberg, University of W€urzburg, Germany).

In addition, we used the dNPF receptor mutant NPFR1

(Krashes et al., 2009) and an appropriate control of the

same genetic background (kindly provided by Scott

Waddell, University of Oxford, UK).

For visualizing neurons, we used the UAS-mCD8::GFP

(Bloomington Stock 5137; RRID:BDSC_5137) (Lee and

Luo, 1999). For creating single-cell flp-out clones,

y,w,hsp70-flp; Sp/CyO; UAS>CD2>mCD8::GFP/TM6b

virgins (kindly provided by Gary Struhl, Columbia Uni-

versity, New York, NY) (Wong et al., 2002) were

crossed with dNPF-Gal4 males. A single heat shock was

applied by placing vials containing eggs or larvae in a

water bath at 378C for 18 minutes. For the onset of

heat shock, we chose different times from 0 to 200

hours after egg laying.

For analyzing the pre- and postsynaptic organization

of the dNPF neurons we expressed UAS-DenMark (post-

synaptic marker) and UAS-syt::GFP (presynaptic marker)

via dNPF-Gal4 (RRID:BDSC_33064) (Nicolai et al.,

2010).

For analyzing the behavior relevance of individual

dNPF neurons we crossed w1;UAS-stop-myc::TR-

PA1;pBPhsFLP2/TM6 flies (kindly provided by Barry

Dickson, HHMI Janelia Farm Research Campus, USA)

with dNPF-Gal4 (von Philipsborn et al., 2011).

Immunofluorescence
Immunostaining
Third instar larvae were put on ice and dissected in

phosphate-buffered saline (PBS) (Selcho et al., 2009,

2012). Brains were fixed in 3.6% or 4% formaldehyde

(Merck, Darmstadt, Germany) in PBS for 30 or 40

minutes. After rinsing in PBT (PBS with 3% or 0.3%

Triton-X 100, Sigma-Aldrich, St. Louis, MO), brains were

blocked with 5% normal goat serum (Vector Laborato-

ries, Burlingame, CA) in PBT for 2 or 1.5 hours and

then incubated for up to 2 days with primary antibodies

at 48C. Before applying the secondary antibodies for up

to 2 days at 48C, brains were washed with PBT. Finally,

brains were washed with PBT and mounted in Vecta-

shield (Vector Laboratories) or 80% glycerol (Sigma-

Aldrich) between two coverslips and stored at 48C in

darkness.

Antibodies
To visualize the total expression pattern of dNPF-Gal4

and the innervation patterns of single dNPF-Gal4-

positive neurons, we applied a polyclonal serum against

green fluorescent protein (anti-green fluorescent protein

[GFP], A6455; Molecular Probes, Eugene, OR; 1:1,000;

RRID: AB_221570; Table 1) in combination with two dif-

ferent mouse antibodies labeling the neuropil (anti-

ChAT, ChAT4B1, anti-choline acetyltransferase; DSHB,

Iowa City, IA; 1:100; RRID: AB_528122; Table 1) and

axonal tracts (anti-FasII, 1d4, antifasciclin II; DSHB;

1:55; RRID: AB_528235; Table 1), respectively. To label

the pre- and postsynaptic structures of the dNPF1-Gal4-

positive neurons we used a conjugated goat GFP FITC

antibody (ab 6662, Abcam, Cambridge, MA, 1:1000;

RRID: AB_305635; Table 1) that binds to syt::GFP. In
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addition, rabbit anti-DsRed (632496, Clonetech, Palo

Alto, CA, 1:200; RRID: AB_10013483, Table 1) was used

to visualize the postsynaptic structures by recognizing

DenMark (Nicolai et al., 2010). The neuropil was also

stained by anti-ChAT (ChAT4B1, anticholineacetyltrans-

ferase; DSHB, 1:100; RRID: AB_528122; Table 1) and

anti-FasII (1d4, antifasciclin II; DSHB; 1:55; RRID:

AB_528235; Table 1). To identify single neurons in the

TRPA flp out experiment mouse anti-myc (9E10; DSHB,

1:50; RRID: AB_2266850; Table 1) was applied (von Phi-

lipsborn et al., 2011). To confirm the ablation of dNPF

neurons with UAS-hid,rpr, crosses of dNPF-Gal4/UAS-

hid,rpr and heterozygous control animals were analyzed

using an anti-dNPF antibody preincubated with C8 pep-

tide (gift from P. Shen; University of Georgia, 1:1,000;

RRID: AB_2314965; Table 1). Overlay of dNPF and DA

neurons was investigated using a double-staining of rab-

bit anti-TH (kind gift of Wendi Neckameyer, 1:800; Table

1) and a monoclonal mouse anti-GFP antibody (A11120,

mAB 3E6, Molecular Probes, Carlsbad, CA, 1:200; RRID:

AB_221568; Table 1). Overlay of dNPF and OA/TA

(Pech et al., 2013) neurons was investigated using a

double-staining of rabbit anti-TDC (pab0822-P, Covalab,

1:200; Table 1) and a monoclonal mouse anti-GFP anti-

body (A11120, mAB 3E6, Molecular Probes, 1:200;

RRID: AB_221568; Table 1).

As secondary antibodies, goat antirabbit IgG Alexa

Fluor 488 (A11008; Molecular Probes; 1:200; RRID:

AB_143165), goat antimouse IgG Alexa Fluor 647

(A21235, Molecular Probes, 1:200; RRID: AB_10374721),

TABLE 1.

Primary Antibodies

Antibody Host Immunogen Manufacturer

Working

dilution RRID

Anti-GFP Rabbit, polyclonal
serum

Purified green fluorescent
protein (GFP), a 27-kDa
protein derived from the
jellyfish Aequorea victoria

A6455, Molecular Probes
(Eugene, OR, USA)

1:1000 AB_221570

Anti-GFP-FITC
conjugated

Goat, polyclonal
to GFP

Recombinant full length
protein corresponding to GFP
aa 1-246

ab6662, abcam
(Cambridge, UK)

1:1000 AB_305635

Anti-GFP Mouse, monoclonal Purified green fluorescent
protein (GFP) derived from
the jellyfish Aequorea Victoria

A11120, Moleculare
Probes (Eugene, OR,
USA)

1:200 AB_221568

ChAT4B1 Mouse, monoclonal 80-kDa Drosophila choline
acetyltransferase protein

ChAT4B1, DSHB
(Iowa City, IA, USA)

1:100 AB_528122

1D4
anti-Fasciclin II

Mouse, monoclonal Bacterially expressed fusion
peptide containing the
intracellular C-terminal 103
amino acids of the PEST
transmembrane form of FasII

1D4, DSHB (Iowa City,
IA, USA)

1:55 AB_528235

Anti-DsRed Rabbit, polyclonal
serum

DsRed-Express, a variant of
Discosoma red fluorescent
protein

632496, Clonetech
(Mountain View,
CA, USA)

1:200 AB_10013483

Anti-TH Rabbit, polyclonal
serum

A PCR-generated 1.5 kb
fragment with Nde I linkers
containing only the DTH cod-
ing region

gift from
W. Neckameyer

1:800

Anti-dNPF Rabbit, polyclonal
serum

The antiserum was raised
against a 36-residue,
COOH-terminus amidated syn-
thetic peptide corresponding
to a deduced mature dNPF
(SLMDILRNHEMDNINLGKN
ANNGGEFARGFNEEEIF)

gift from P. Shen (Univer-
sity of Georgia, GA, USA)

1:1000 AB_2314965

Anti-myc Mouse, monoclonal epitope (EQKLISEEDL) derives
from a protein sequence in
the human protooncogene
p62 c-myc

9E10; DSHB (Iowa City, IA,
USA)

1:50 AB_2266850

Anti-TDC Rabbit, polyclonal serum synthetic peptides derived from
C-terminal part of Drosophila
melanogaster Tdc2 protein:
NH2-CFNSNN-EEKGSNVCO-
NH2 and NH2-CAVRKA-
SSTRDNLNCO-OH

pab0822-P, Covalab (St
John’s Innovation Centre,
Cambridge, UK)

1:200
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goat antimouse IgG Cy3 (A10521, Molecular Probes,

1:200; RRID: AB_10373848), goat antirabbit IgG Cy5

(A10523, Molecular Probes, 1:200; RRID: AB_10374302),

goat antimouse DyLight488 (Jackson ImmunoResearch,

Dianova, G€ottingen, Germany, 1:200) and goat antirabbit

DyLight649 (Jackson ImmunoResearch, 1:200) were used.

Antibody characterization
Anti-GFP
The rabbit anti-GFP antibody gave the same staining

pattern in the central nervous system (CNS) of the

dNPF-Gal4/UAS-mCD8::GFP larvae as the conjugated

goat anti-GFP FITC antibody and the mouse anti-GFP

antibody. Additionally, staining was not observed in the

CNS of larvae expressing only dNPF-Gal4 or only UAS-

mCD8::GFP (data not shown).

Anti-GFP-FITC conjugated
The conjugate goat anti-GFP-FITC antibody recognizes in

immunoelectrophoresis assays a single precipitin arc

against anti-goat serum anti-fluorescein and purified and

partially purified green fluorescent protein (Aequorea vic-

toria). In our experiments the antibody gave the same

staining pattern in the CNS of the dNPF-Gal4/UAS-

mCD8::GFP larvae as the rabbit anti-GFP antibody.

Anti-GFP
The mouse anti-GFP antibody gave the same staining

pattern in the CNS of the dNPF-Gal4/UAS-mCD8::GFP

larvae as the rabbit anti-GFP and conjugated goat anti-

GFP FITC antibodies. Additionally, staining was not

observed in the CNS of larvae expressing only dNPF-

Gal4 or only UAS-mCD8::GFP (data not shown).

ChAT4B1
The anti-ChAT antibody was shown to label a single

band at a position of about 80 kDa in crude fly head

samples (Takagawa and Salvaterra, 1996).

1D4 anti-Fasciclin II
The anti-FasII antibody labeled a 97-kDa band in west-

ern blot, which was gone in FasII null mutants (Grennin-

gloh et al., 1991; Mathew et al., 2003). The staining

pattern observed in this study is identical to previous

reports (Grenningloh et al., 1991; Mathew et al., 2003).

Anti-DsRed
Anti-DsRed targets Discosoma red fluorescent protein

(RFP). The fusion gene DenMark (a hybrid protein of the

mouse protein ICAM5/telencephalin and the red

fluorescent protein mCherry) (Nicolai et al., 2010) was

reported to be recognized by anti-DsRed in neurons

of the CNS of adult Drosophila (Bidaye et al., 2014).

Antibody enhancement of the DenMark signal in our

experiments is consistent with the known expression

pattern of dNPF-Gal4 (Shen and Cai, 2001).

Anti-TH
A polyclonal antibody against Drosophila tyrosine

hydroxylase (DTH) was raised in rabbits using bacteri-

ally expressed protein as antigen (Neckameyer et al.,

2000). A polymerase chain reaction (PCR)-generated

1.5 kb fragment with Nde I linkers containing only the

DTH coding region was subcloned into the Nde I site of

the Escherichia coli expression vector pET11a and

transformed in BL21/DE3 cells. The anti-TH serum was

used in Drosophila larvae before (Selcho et al., 2009);

the expression pattern in the CNS strongly correlates

with the expression of TH-Gal4; UAS-mCD8::GFP when

analyzed on the single-cell level.

Anti-dNPF
The rabbit antiserum was raised against a 36-residue,

COOH-terminus amidated synthetic peptide correspond-

ing to a deduced mature dNPF (Shen and Cai, 2001).

To ensure its specificity, the antiserum was preab-

sorbed against a synthetic amidated octapeptide (C8)

corresponding to the carboxyl structure of dNPF, which

is conserved among a number of different neuropepti-

des. It was reported that the preabsorbed anti-dNPF

expression pattern matches whole mount in situ RNA

hybridization experiments for dNPF within the larval

CNS (Shen and Cai, 2001).

9E10 anti-myc
The 9E10 antibody epitope (EQKLISEEDL) derives from

a protein sequence in the human protooncogene p62

c-myc and is widely used as a protein fusion tag (Hil-

pert et al., 2001).

Anti-TDC
The rabbit polyclonal antiserum was raised against

synthetic peptides derived from C-terminal part of

Drosophila melanogaster Tdc2 protein: NH2-CFNSNN-

EEKGSNVCO-NH2 and NH2-CAVRKA-SSTRDNLNCO-OH.

The antiserum was used in adult and larval Drosophila.

Ablation of OA/TA neurons in the larval brain correlated

with the absence of a specific staining for OA and TA

neurons (Pech et al., 2013; Pauls et al., 2015).

Microscopy and figure production
CNS preparations were scanned using a confocal light

scanning microscope (LeicaTCS SP5; Leica TCS SP8; Leica

Microsystems, Wetzlar, Germany, and Zeiss LSM510M;

Carl Zeiss Microscopy; G€ottingen, Germany). The images

scanned with a step size of 1 lm or 0.8 lm thicknesses
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were analyzed in the software program ImageJ (NIH,

Bethesda, MD). Contrast, brightness, and coloring were

adjusted in Photoshop (Adobe Systems, San Jose, CA).

Behavioral experiments
Odor-fructose learning
Appetitive olfactory learning was tested by using standar-

dized, previously described assays (Scherer et al., 2003;

Neuser et al., 2005; Schipanski et al., 2008; Pauls et al.,

2010; Rohwedder et al., 2012; Apostolopoulou et al.,

2013). In detail, all learning experiments were conducted

on assay plates filled with a thin layer of agarose solution

containing either pure 2.5% agarose or 2.5% agarose plus

fructose at concentrations of 2M or 0.02M. As olfactory

stimuli, we used 10 ll amyl acetate (AM Fluka, Buchs, Swit-

zerland, Cat. No. 46022; diluted 1:250 in paraffin oil, Fluka

Cat. No. 76235) and 10 ll benzaldehyde (BA, undiluted,

Fluka Cat. No. 12010). Odorants were loaded into custom-

made Teflon containers (4.5-mm diameter) with perforated

lids as described by Scherer et al. (2003). Learning ability

was tested by exposing a first group of 30 animals to BA

while crawling on agarose medium containing sugar as a

positive reinforcer. After 5 minutes, larvae were transferred

to a fresh Petri dish in which they were allowed to crawl on

pure agarose medium for 5 minutes while being exposed to

AM. The training was repeated three times if not otherwise

stated. A second group of larvae received reciprocal train-

ing. Immediately after training larvae were transferred onto

test plates on which AM and BA were presented on oppo-

site sides. After 5 minutes, individuals were counted on the

AM side (No. AM), the BA side (No. BA), and in a 1-cm neu-

tral zone in between (for further details a video is available

in Apostolopoulou et al., 2013). Due to the stressful heat

and the light treatment applied in experiments for artificial

thermal and light activation of dNPF neurons we reduced

the training intervals to 2.5 minutes per plate in these

experiments. By subtracting the number of larvae on the BA

side from the number of larvae on the AM side divided by

the total number of counted individuals (No. total), we cal-

culated a preference index for each training group:

PREFAM1 = BA5 ðNo:AM2No: BA =No: totalÞ
PREFAM =BA15 ðNo:AM2No: BA =No: totalÞ

We then compiled a performance index (PI):

PI5 ðPREFAM1 =BA2 PREFAM =BA1Þ = 2
Negative PIs represent aversive learning, whereas posi-

tive PIs indicate appetitive learning.

Odor-salt learning
Odor-salt learning was performed as described above

for appetitive olfactory learning (Gerber and Hendel,

2006; Schleyer et al., 2011). However, fructose as rein-

forcer was replaced by 1.5M sodium chloride (VWR

International, AnalaR Normapur, Cat. No. 27810.295).

Sodium chloride was added to one of the training

plates and to the test plate. Preference and perform-

ance indices were calculated accordingly.

Heat activation
To artificially activate dNPF neurons using UAS-TRPA1

(Hamada et al., 2008; Krashes et al., 2009), cohorts of

30 larvae were placed into vials filled with a layer of

2.5% agarose to prevent dehydration. For all heat acti-

vation experiments, vials with larvae were then set into

a water bath (368C) for 5 minutes for preincubation;

directly afterwards learning experiments, feeding experi-

ments, and acuity tests were performed at 32–348C in

a custom-made heat chamber.

Light activation
For light activation, larvae were raised at 258C in the

dark on standard corn medium, to which 2.5 mM all-

trans-retinal (Sigma-Aldrich, Cat. No. R2500) diluted in

ethanol was added (Schroll et al., 2006). The plates for

training and test were placed above a set of four high-

power LEDs (Luxeon I Star LED, Luxeon) emitting blue

light (�465 nm) at �20 000 Lux. In the activation dur-

ing training, 30 feeding third instar larvae were placed

onto the training plates, which were then covered by a

mirrored box. The learning paradigm was performed as

described above. Light was turned on and off in 30-

second intervals during the cycles. The test was per-

formed in the dark. For activating during test the larvae

were trained in the dark and exposed to light during

the test phase. Again, light was turned on and off in

30-second intervals. In contrast to heat activation there

was no preincubation phase with blue light in these

experiments.

Substitution experiment
To substitute the presentation of a sugar reward by

artificially activating neurons we used UAS-ChR2;UAS-

ChR2 (Schroll et al., 2006). Thirty feeding third instar

larvae were placed onto plates containing 2.5% agarose

and exposed to either BA or AM. During the presenta-

tion of the first odor the larvae were exposed to blue

light (�465 nm, �20,000 Lux) for 5 minutes. The sec-

ond odor was then presented in the dark. As described

for appetitive olfactory learning, the training was per-

formed by training two groups reciprocally. The

sequence of light/dark presentation was randomized.

Performance indices were calculated as described

above.
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Single cell activation
To investigate single neurons of the dNPF circuit in

olfactory associative learning we crossed w1;UAS-stop-

myc::TRPA1;pBPhsFLP2/TM6 to dNPF1-Gal4 to then use

a protocol that was developed for flies (von Philipsborn

et al., 2011). In detail, we applied a heat shock (368C)

48–72 hours after egg laying. The heat-shock was

reduced to 6 minutes to flip only no cells or single cells

within a larval brain. Cohorts of 30 feeding third instar

larvae were then trained as described in “Heat

activation” (above). After testing, larvae were separated

into groups that preferred the rewarded odor and

groups that did not. The larvae were directly dissected

and the brains stained with anti-myc (9E10; DSHB,

1:50) using the described standard immunohistochemis-

try protocol to identify every cell that expressed

myc::TRPA1 in each larval brain. Finally, learners and

no-learners were separated for each cell type and a

mean value was calculated for each cell type by count-

ing learners as 1 and nonlearners as –1.

Gustatory preference
For gustatory preference tests, 2.5% agarose solution

(Sigma-Aldrich) was boiled in a microwave oven and

filled as a thin layer into Petri dishes (85 mm diameter;

Sarstedt) (Apostolopoulou et al., 2013). After cooling,

the agarose was removed from half of the plate. The

empty half was filled with 2.5% agarose solution con-

taining fructose (0.02M or 2M). Assay plates were used

on the same day. Groups of 30 larvae were placed in

the middle of the plate, allowed to crawl for 5 minutes,

and then counted on the sugar side, the sugar-free aga-

rose side, and a 1-cm wide neutral zone in between. By

subtracting the number of larvae on the pure agarose

side (No. nS) from the number of larvae on the sugar

side (No. S) divided by the total number of counted lar-

vae (No. total), a Preference Index was calculated:

PREF5 ðNo: S2No: nSÞ =No: totalÞ
Negative PREF values indicate sugar avoidance,

whereas positive PREF values represent sugar attrac-

tiveness. The values given in Table 2 are mean values

and SEM. The sample size is 15 for each group in each

experiment. Light and heat activation protocols were

applied as described above.

Olfactory preference
For olfactory acuity test, 2.5% agarose solution (Sigma-

Aldrich) was boiled in a microwave oven and filled as a

thin layer into Petri dishes (85 mm diameter, Sarstedt)

(Apostolopoulou et al., 2013). After cooling, closed Petri

dishes were kept at room temperature and were used

on the same day. Then, 10 ll of either pure benzalde-

hyde or diluted amylacetate (1:250 in paraffin oil) were

loaded into a Teflon container (Apostolopoulou et al.,

2013). Olfactory preferences were tested by placing 30

larvae in the middle of the Petri dish with an odor-

containing Teflon container on one side and an empty

container on the other side.

The position of each larva was counted on the odor

side, the odor-free side, and a 1-cm wide neutral zone

in between. By subtracting the number of larvae on the

odor-free side (No. nO) from the number of larvae on

the odor side (No. O) divided by the total number of

counted larvae (No. total), a Preference Index was

calculated:

PREF5 ðNo:O2No: nOÞ =No: totalÞ
Negative PREF values indicate odor avoidance, whereas

positive PREF values represent odor attractiveness. The

values given in Table 2 are mean values and SEM. The

sample size is 15 for each group in each experiment.

Light and heat activation protocols were applied as

described above.

Starvation
For starvation experiments, cohorts of 30 larvae were

collected and rinsed with tap water to remove remain-

ing food. The larvae were then put onto Petri dishes

filled with 2.5% agarose and covered with a thin layer

of water to prevent dehydration. The Petri dishes were

closed with a lid to keep the larvae from escaping the

dish. After 60 or 180 minutes, respectively, larvae were

then transferred to the experimental plates.

Feeding
To measure feeding behavior, 30 feeding third instar

larvae were placed on a Petri dish containing fructose

at a concentration of 2M, dissolved in 1% agarose and

2% indigocarmin (Sigma-Aldrich, Cat. No. 73436). An

additional control group was put on pure agarose plates

containing only 1% agarose and 2% indigocarmin. Larvae

from all these groups were allowed to feed on this sub-

strate for 30 minutes, washed in tap water, and, as a

group, homogenized in 500 ll of a 1M ascorbic acid

solution (Sigma-Aldrich, Cat. No. A7506). The homoge-

nate was centrifuged for 5 minutes at 13,400 rpm. The

supernatant was then filtered using a syringe filter

(millipore, 5-lm pores) into a fresh Eppendorf cup and

centrifuged again for 5 minutes at 13,400 rpm. In all,

100 ll of the supernatant was loaded into single wells

of a 96-well plate (Hartenstein, W€urzburg, Germany).

Then, using an Epoch spectrophotometer (BioTek, Bad

Friedrichshall, Germany), absorbance at 610 nm was

measured. The results are presented as absorbance of
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the sample minus blank (Rohwedder et al., 2012). To

activate the neurons during feeding the plates were

prepared as described and placed into a custom-made

heating box (32–348C, 75% humidity) and the larvae

allowed to feed for 30 minutes.

Statistical analysis
For all experiments that analyze behaviors of Dro-

sophila larvae the data for all different groups were col-

lected in parallel. To compare across multiple groups a

Kruskal–Wallis test followed by Wilcoxon rank sum test

and Holm–Bonferroni correction was performed. The

Wilcoxon signed ranked test was used to compare one

group against chance level. Statistical analysis was per-

formed with R v. 2.14.0 and Windows Excel 2010. Fig-

ure alignments were adjusted in Adobe Photoshop. The

data are presented as whisker-boxplots. The middle line

within the box shows the median, the box boundaries

refer to the 25 and 75% quantiles, and the whiskers

represent the 10 and 90% quantiles. Small circles indi-

cate outliers. Asterisks shown in the figures indicate

significance levels: n.s. for P > 0.05, * for P < 0.05,

** for P < 0.01, and *** for P < 0.001.

RESULTS

Anatomy of the dNPF neurons on single-cell
level

It was reported that the larval brain covers only six

dNPF-positive neurons (Shen and Cai, 2001). To visual-

ize the detailed anatomy of the dNPF neurons we

expressed UAS-mCD8::GFP via dNPF-Gal4 and marked

the neurons in whole-mount preparations via anti-GFP

staining and neuropil structures by anti-choline acteyl-

transferase/anti-Fasciclin2 (ChAT/Fas2) staining (Fig.

1A–F) (Lee and Luo, 1999; Selcho et al., 2009). In line

with earlier reports (Shen and Cai, 2001), we find that

dNPF-Gal4 drives expression in three pairs of neurons

that innervate the entire larval brain at defined regions

(see later description for specific details, Fig. 1A–F).

The soma of each of the three cell types are located

very lateral in the hemispheres, slightly lateral in the

hemispheres and in the sog, respectively (Fig. 1A,B). To

untangle the input/output organization of these six

neurons we expressed a presynaptic marker UAS-

synaptotagmin::GFP and a postsynaptic marker UAS-

Denmark::mCherry at the same time via dNPF-Gal4

(Fig. 2A–P) (Nicolai et al., 2010). Using an anti-GFP

antibody (presynaptic), an anti-red fluorescent protein

(RFP) antibody (postsynaptic), and an anti-ChAT/Fas2

antibody mixture (neuropil) at the same time we dem-

onstrate that the dNPF neuron innervation in lateral

regions of the hemispheres is dominantly postsynaptic

(Fig. 2A–H). The dNPF neuron innervation in dorsomedial

protocerebrum mainly gives rise to presynapses

(Fig. 2E–H). The expression in the sog is both presynap-

tic and postsynaptic (Fig. 2I–L). The long descending

projections from the hemispheres along the ventral

nerve cord (vnc) are only presynaptic (Fig. 2M–P).

Although the expression pattern of dNPF-Gal4 is

already very sparse, it was not possible to identify the

morphology of each neuron distinctly in the complete

pattern due to the wide and overlapping innervation of

these neurons. Therefore, we applied the flp-out tech-

nique to mark each neuron individually (Wong et al.,

2002). We prepared about 200 brain samples that indi-

vidually labeled three clearly distinct cell types multiple

times (Fig. 3). Based on the position of the cell body

we called the cells: dNPF-DL1 (dorsolateral cell 1),

dNPF-DL2 (dorsolateral cell 2), and dNPF-sog (subeso-

phageal ganglion). dNPF-DL1 has its cell body situated

posterior in the dorsolateral protocerebrum (dlp) (Fig.

3A–D). A huge branch innervates mainly the basolateral

protocerebrum (blp) and to a smaller degree also the

dlp. Here its innervation is mostly postsynaptic and

splits several times (Fig. 3C). The presynaptic branch of

the neuron crosses the midline and projects medially

down through the contralateral sog to the vnc (Fig. 3B–

D). At the end of the vnc the neuron loops back at

least one abdominal segment (Fig. 3D). dNPF-DL2 has

its cell body located anteriorly very lateral in the dorsal

protocerebrum (dlp) (Fig. 3G). The neuron has several

postsynaptic branches located ipsilaterally in the dlp

(Fig. 3G). Presynaptic structures are visible in the ipsi-

lateral dorsomedial protocerebrum (dmp) and on a

more restricted level at the ipsilateral dlp and basome-

dial protocerebrum (bmp) (Fig. 3G,H). dNPF-sog shows

the typical morphology of a gustatory interneuron as it

has pre- and postsynaptic structures located only

locally in the ipsi- and contralateral sog at a region that

potentially overlaps with terminals of gustatory receptor

neurons (Fig. 3I,J). Furthermore, a double clone of the

dNPF-sog neurons of both hemispheres shows that

their branches within the sog overlap (Fig. 3K). Taken

together, we analyzed the detailed anatomy of the six

dNPF neurons in the larval brain on the single-cell

input/output structure level. This information is a nec-

essary initial step to anatomically evaluate if dNPF neu-

rons do connect with the sugar reinforcement pathway

of the larval brain.

Based on this assumption we tested if dNPF neurons

do colocalize with dopaminergic (DA) and tyraminergic

and octopaminergic (TA/OA) neurons in the larval brain

(Fig. 4) (Selcho et al., 2009, 2012, 2014). Third instar

larval brains of the dNPF-Gal4 strain crossed with UAS-

nsyb::GFP double-labeled by anti-GFP (to visualize dNPF
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neurons) and anti-TH (tyrosine hydroxylase, to visualize

DA neurons) showed potential overlap of the two cir-

cuits in the dmp, at a lower level within the blp (Fig.

4D–F) and dlp (Fig. 4G–I). In contrast, anti-TDC staining

of TA/OA neurons with dNPF-Gal4;UAS-nyb::GFP was

very sparse in the larval brain hemispheres (Fig. 4J–R).

Potential overlap was detectable in the dmp and dlp

(Fig. 4P–R). Yet strong overlap was visible in the sog,

the first integration center of gustatory information

within the larval brain (Fig. 4M–O).

Hence, based on a purely anatomical argument,

dNPF neurons may be able to modulate the DA and

TA/OA reinforcing system of the larval brain. Neverthe-

less, we want to mention that dNPF acts as a neuro-

peptide over larger distances than the synaptic cleft

(Nassel and Wegener, 2011). Thus, these results pro-

vide only limited information on the role of dNPF in

appetitive olfactory conditioning and behavioral experi-

ments have to further support this hypothesis.

dNPF signaling is necessary for olfactory
learning using a low sugar concentration

Drosophila larvae are able to associate odors with

fructose reward. This particular behavior can be para-

metrically analyzed since a standardized assay exists

(Scherer et al., 2003; Neuser et al., 2005; Schipanski

et al., 2008; Rohwedder et al., 2012; Apostolopoulou

et al., 2013). In short, larvae are trained with two

odors, one of which is presented together with the

Figure 1. Anatomy of the dNPF neuronal circuit. A: Frontal view projection of a dNPF-Gal4/UAS-mCD8::GFP larval brain. Three pairs of

GFP-positive neurons are visible (green) in the larval central nervous system (magenta) that innervate defined regions of the brain, subeso-

phageal ganglion (sog), and ventral nerve cord (vnc); magenta: anti-choline actetyltransferase (ChAT) and anti-Fasciclin II (FasII); green:

anti-GFP (GFP). B: Only the GFP channel is shown from A, which highlights the labeling of the three pairs of dNPF-Gal4-positive neurons.

In the following the individual neurons are called dNPF-DL1 (arrowhead), dNPF-DL2 (asterisk), and dNPF-sog (arrow) based on their cell

body position. C–F: Magnified views of partial projections for the anterior brain (C), posterior brain (D), sog (E), and vnc (F). The six dNPF-

positive neurons innervate specific regions of the dorsolateral protocerebrum (dlp), basolateral protocerebrum (blp), dorsomedial proto-

cerebrum (dmp), basomedial protocerebrum (bmp), the sog, and vnc. Scale bars 5 50 lm in A,B; 25 lm in C–F.
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Figure 2. Pre- and postsynaptic organization of the dNPF neuronal circuit. The figure shows complete and partial frontal projections of the cen-

tral nervous system of dNPF-Gal4; UAS-DenMark, UAS-syt::GFP larvae. UAS-syt::GFP (blue; anti-ChAT/anti FasII) labels presynaptic bouton-like

structures (green; UAS-syt::GFP; GFP), whereas UAS-DenMark is reported to be expressed in postsynaptic regions of neurons (red; UAS-

DenMark, DsRed). The entire CNS is shown in A, a single hemisphere is depicted in E, the sog and vnc are shown in I,M, respectively. B,E,I,M:

UAS-syt::GFP staining in black. C, G, K and O UAS-DenMark in black. D,H,L,P: Neuropil staining in black. Postsynaptic staining was detectable

in the blp, dlp, sog (arrow and arrowhead in I), and weakly in the dmp. In addition, the dlp, dmp, sog (arrow and arrowhead in I), and vnc (arrow

and arrowhead in M)) are presynapticaly innervated by the dNPF neurons. Please also notice that dNPF-Gal4; UAS-DenMark, UAS-syt::GFP

expression was weaker in the sog compared to dNPF-Gal4; UAS-mCD8::GFP expression (Fig. 1). Scale bars 5 50 lm in A–D; 25 lm in E–P.
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sugar reward. Training is repeated three times. Immedi-

ately after training, in the test, the distribution of larvae

between the sugar reward-paired odor and the unre-

warded odor is measured. By comparing two groups

that either are trained by rewarding odor A or odor B, a

performance index reflecting associative olfactory learn-

ing can be calculated (Fig. 5A).

To test whether the dNPF system is necessary for

larval olfactory learning we applied genetic techniques

to interfere with dNPF neuronal function (Fig. 5B,E) but

also on the dNPF receptor side (Fig. 5C,F). Both treat-

ments did not reduce the na€ıve odor- or sugar-driven

behavior of the experimental larva when compared to

genetic controls (summarized in Table 2). First, using

Figure 3. Single-cell organization of the dNPF circuit. Single-cell analysis of the larval dNPF neuronal circuit using the flp-out technique

reveals three morphologically distinct types of cells per hemisphere. The different cell types are individually shown in green (GFP); in

magenta the larval neuropil structure is shown. A–D: Morphology of the dNPF-DL1 cell type: (A) scheme of its neuronal organization. B–D:

Detailed frontal view projections of the CNS, brain, and vnc, respectively. The position of the soma is indicated by an arrowhead in C. The

dNPF-DL1 neuron gets input in the blp and dlp ipsilateral and sends a presynaptic arbor through the ipsilateral sog and vnc (see also Fig.

1G–J). E–H: Morphology of the dNPF-DL2 cell type: (E) scheme of its neuronal organization. F–H: Detailed frontal view projections of the

CNS, brain, and vnc, respectively. The position of the soma is indicated by an arrowhead in G. The neuron has postsynaptic innervation

mainly at the dlp and outputs basically at the dmp and bmp (see also Fig. 1G–J). I–K: Morphology of the dNPF-sog cell type: (I) scheme of

its neuronal organization. J: Frontal view projection of the sog; dNPF-sog innervates the sog ipsi- and contralateral in a similar way. K:

Double cell clone of the dNPF-sog cell type; cell bodies are indicated by arrowheads. The innervation patterns of both cells within the sog

show a complete overlap. Scale bars 5 50 lm in B,F; 25 lm in C,D,G,H,J,K.
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dNPF-Gal4 we specifically ablated dNPF neurons by

expressing the apoptosis-inducing genes head involution

defective (hid) and reaper (rpr) (Thum et al., 2006; Pauls

et al., 2015). The ablation was anatomically verified

using an anti-dNPF antibody (Fig. 6). Second, we used

a dNPF receptor mutant line (dNPFR1) that showed

reduced performance after appetitive olfactory training

in adult Drosophila (Krashes et al., 2009).

When trained with a low sugar reward of 0.02M fruc-

tose, control animals that harbor heterozygous only the

dNPF-Gal4 or UAS-hid,rpr construct, showed significant

learning above chance level (P < 0.05 for both groups;

Fig. 5B). dNPF-Gal4/UAS-hid,rpr experimental animals,

however, did not show a significant performance

(P > 0.05; Fig. 5B). Similarly, dNPFR1 mutants did also

not succeed in the learning task (P > 0.05; Fig. 5C) in

Figure 4. The dNPF overlaps with the dopaminergic and tyraminergic/octopaminergic neuronal circuits. A–C: Frontal view projections of

dNPF-Gal4/UAS-syt::GFP larval brains double-labeled with anti-GFP (green) and anti-TH (tyrosine hydroxylase; magenta). The double label-

ing is shown for the entire central nervous system (A), the anterior part of a single brain hemisphere (D) and the posterior part of a single

brain hemisphere (G). B,E,H: Only the UAS-syt::GFP channel. C,F,I: Only the anti-TH labeling. Overlapping labeling of presynaptic structures

of dNPF-Gal4-positive neurons and anti-TH was visible in the blp (arrow in D), in the dmp (arrow in B) and dlp (arrow in G). Only weak

overlap was visible in the sog and vnc and other parts of the CNS. J–R: Frontal view projections of dNPF-Gal4/UAS-syt::GFP larval brains

double-labeled with anti-GFP (green) and anti-TDC2 (tyrosine decarboxylase; magenta). The double labeling is shown for the entire central

nervous system (J), the two brain hemispheres and the sog (M), and for a single brain hemisphere (P). K,N,Q: Only the UAS-syt::GFP chan-

nel. L,O,R: Only the anti-TDC2 labeling. Overlapping labeling of presynaptic structures of dNPF-Gal4-positive neurons and anti-TDC2 was

visible mainly in the sog (arrow in M). In addition, weak overlap was detectable in the dmp and dlp (arrows in P). No overlap was visible in

the vnc and other parts CNS. Scale bars 5 50 lm in A–C, J–L; 25 lm in B–I, M–R.
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contrast to wildtype larvae that were able to associate

an odor with 0.02M fructose reward (P < 0.01;

Fig. 5C). However, note that in the ablation experiment

we were not able to find a significant difference between

the experimental group and both genetic controls.

When using a higher concentration of 2M fructose as

a reward, both dNPF1-Gal4/UAS-hid,rpr and dNPFR1

mutant larvae showed significant olfactory learning

(P < 0.05 and P < 0.001, respectively; Fig. 5E,F) simi-

lar to the behavioral responses of control larvae. Thus,

we speculate that dNPF signaling is necessary for appe-

titive olfactory learning at a low concentration of 0.02M

but dispensable at higher concentrations of 2M for

Drosophila larvae under the conditions tested.

In addition, we also tested if appetitive olfactory con-

ditioning depends on the feeding state of the larva

(Fig. 5G–I) similar to effects reported for adult Drosoph-

ila (Krashes et al., 2009; Gruber et al., 2013). Neither

wildtype larvae food deprived for 0, 60, or 180 minutes

(P < 0.01 for 0 minutes and 180 minutes, P < 0.001

for 60 minutes, Fig. 5H), nor NPFR1 mutant larvae food

deprived for 0 or 60 minutes behaved differently (P <

0.001 for 0 and 60 minutes, Fig. 5I). They all performed

on a comparative level. Thus, under the conditions

tested appetitive olfactory conditioning is independent

of the feeding state of the early third instar larva.

Artificial activation of dNPF neurons impairs
olfactory learning

Next, we analyzed if artificial activation of the dNPF

neurons affects larval olfactory learning. For adult Dro-

sophila, Krashes et al. (2009) reported that stimulation

of dNPF neurons before testing increased the memory

performance after appetitive olfactory learning in fed

animals. In addition, Shohat-Ophir et al. (2012) found

that dNPF neuron activation interferes with the ability

Figure 4. Continued
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of adult Drosophila to form odor-ethanol reward mem-

ory tested 24 hours after training, thus decreasing the

memory performance.

In larvae, we either expressed the temperature-

sensitive transient receptor potential channel A1 protein

(TRPA1) that is required in a small number of neurons in

the brain of Drosophila for temperature preference (Ham-

ada et al., 2008). TRPA1 expressed in dNPF neurons

conducts Ca21 at temperatures of around 308C, allowing

a temperature-controlled activation of these neurons

Figure 5. dNPF neuronal output is necessary for appetitive olfactory learning at low sugar concentrations. A: Procedural overview for appe-

titive olfactory conditioning using 0.02M fructose (low sugar) as a reward. B: Genetic ablation of dNPF-Gal4-positive neurons by expression

of the cell death genes head involution defective (hid) and reaper (rpr) does impair odor-fructose learning reinforced with a low fructose

concentration of 0.02M. C: A similar impairment for appetitive olfactory conditioning using 0.02M fructose was detectable for dNPF recep-

tor mutants (NPFR1) that lack the receptor function of the dNPF signaling pathway. D: Procedural overview for appetitive olfactory condi-

tioning using 2M fructose (high sugar) as a reward. E: Genetic ablation of the dNPF neuronal circuit does not affect appetitive olfactory

conditioning using 2M sugar reinforcement. F: NPFR1 mutants are able to form appetitive olfactory associations after odor-2M fructose

training. G: Procedural overview for appetitive olfactory conditioning using 2M fructose (high sugar) as a reward after starving larvae up to

180 minutes. H: Appetitive olfactory learning of wildtype larvae using 2M fructose reinforcement is not significantly different if tested with-

out, after 60 minutes, and 180 minutes starvation. I: Appetitive olfactory learning of NPFR1 mutant larvae using 2M fructose reinforcement

is not different if tested without or after 60 minutes starvation. Sample size for each box plot is n > 12. n.s. (not significant, P > 0.05),

*P < 0.05, **P < 0.01, and ***P < 0.001. Significant differences between groups are shown for related boxplots. Significant differences

for each group tested against random distribution are presented at the bottom of each boxplot.
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(Fig. 7A). Or alternatively, we expressed Channelrhodop-

sin-2 (ChR2), a blue light activated cation-selective ion

channel (Fig. 7B–F) allowing for a temporally more pre-

cise light controlled activation of dNPF neurons (Schroll

et al., 2006). The artificial activation of dNPF neurons by

both techniques did not reduce the na€ıve behavior of

the experimental larvae towards the olfactory and gusta-

tory sensory stimuli when compared with both genetic

Figure 6. Expression of the cell death genes head involution defective (hid) and reaper (rpr) via dNPF-Gal4 ablates the related neuronal cir-

cuitry. All images show frontal view projections of complete larval central nervous systems labeled with anti-dNPF (green, first column;

black, second column) and anti-ChAT/FasII (magenta, first column; white, third column). Thereby, visualization of dNPF-positive neurons

within the neuropil region is possible. In the first column both channels are merged, whereas the second and third column shows each

channel individually. A–C: Frontal brain view projections of genetic control larvae that harbor only the dNPF-Gal4 construct show anti-

dNPF staining in a set of about 8–10 neurons in the CNS (red arrow, arrowhead, and asterisk). D–F: The same set of 8–10 neurons was

also visualized in UAS-hid,rpr control larvae (red arrow, arrowhead, and asterisk). G–I: Frontal brain view projections of dNPF-Gal4/UAS-

hid,rpr larvae suggest a successful ablation of most of the dNPF-Gal4-positive neurons. Yet two to four additional cells were detected in

all samples in the hemispheres and the sog (two asterisks and arrow in E). The carboxyl structure of dNPF is highly conserved among a

number of different neuropeptides. Thus, we assume that these cells are labeled due to cross reactivity of the antibody with other neuro-

peptides. Scale bars 5 50 lm.
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control groups (summarized in Table 2). (However, note

that dNPF-Gal4;UAS-TRPA1 experimental larvae were on

a lower level than dNPF-Gal4 controls; yet they were not

reduced compared to UAS-TRPA1 effector control

larvae).

Activation of dNPF neurons throughout training and

test via TRPA1 strongly reduced olfactory learning of

experimental larvae compared to both genetic controls

(P < 0.001 compared to the UAS-control and P < 0.01

compared to the Gal4 control; Fig. 7A). To identify if

the behavioral impairment upon dNPF neuron activation

is specific for training, testing, or required in both, we

used ChR2-dependent blue light activation limited to

only one of the two phases. While activation of dNPF

neurons during test does not change the learning per-

formance compared to both controls (P > 0.05; Fig.

7C), there was a significant reduction specific for the

training phase. dNPF-Gal4;UAS-ChR2 larvae showed a

reduced performance compared to both controls (P <

0.001 compared to the UAS-control and P < 0.01 com-

pared to the Gal4 control; Fig. 7B). Taken together,

these results suggest that dNPF neuron activation spe-

cifically affects the acquisition of an appetitive olfactory

memory, where an odor stimulus is presented with

sugar reward.

Artificial activation of dNPF neurons impairs
unconditioned stimulus (US) processing

Is the decrease in learning success due to a

decrease in the signal of the conditioned stimulus (CS,

in our case odor) or of the unconditioned stimulus (US,

in our case fructose)? The Rescorla-Wagner model for

classical conditioning postulates that the value of the

US is the limiting factor of the associative strength

(Rescorla and Wagner, 1972). So if artificial dNPF neu-

ron activation impairs the processing of the CS, the

growth curve for memory formation with multiple train-

ing trials might be delayed but would reach asymptote

at the same level as the appropriate control (Fig. 7E).

In contrast, if artificial dNPF neuron activation dimin-

ishes the processing of the US, a lower US value might

be associated with the CS stimuli, and the growth curve

for memory formation with multiple training trials would

reach asymptote at a lower level than the unimpaired

control (Fig. 7F). The two different hypothetical curves

(in red) are illustrated above Figure 7E,F compared to

hypothetical wildtype larvae learning curves (in black)

to provide a simple overview.

To test which of these possibilities is present in our

case, we used a similar protocol as before (Fig. 7D). We

activated dNPF neurons specifically during training but

increased the number of training trials from one to three

to five odor and sugar reward pairings. After one training

trial all genotypes showed an appetitive learning score

at a low level (P < 0.05; Fig. 7D). There was no signifi-

cant difference between the experimental group and the

controls (P > 0.05). After three training trials the per-

formance indices of both control groups increased signif-

icantly compared to one training trial; yet for the

experimental group this was not the case (P > 0.05; Fig.

7D,E). No further increase was seen with five training tri-

als for both control groups, suggesting that already with

three cycles a plateau in learning performance was

reached (Fig. 7F) similar to results published by other

labs (Neuser et al., 2005). Again, dNPF-Gal4/UAS-ChR2

experimental larvae performed on a low level, even with

five training trials (P > 0.05; Fig. 7D–F). Thus, artificial

activation of the dNPF neurons likely reaches asymptote

of the learning curve on a lower level, suggesting an

impairment of the fructose US processing during train-

ing. Yet due to technical constraints it is not possible to

further increase the number of training trials. Therefore,

the interpretation of the results is limited.

Artificial activation of single dNPF neurons
affects appetitive olfactory conditioning

Given the simplicity of the larval dNPF system that

basically consists of only three pairs of neurons in the

CNS, we next asked if it is possible to identify which of

the three dNPF neurons mediates the observed pheno-

type. To this end, we used a technique recently estab-

lished in adult Drosophila to stochastically activate

TRPA1 function in single neurons of a given Gal4 pat-

tern in different experimental animals (Fig. 8) (von Phi-

lipsborn et al., 2011).

In detail, we subjected UAS-stop-myc::TRPA1; hs-flp,

dNPF-Gal4 experimental larvae to a brief heat shock of

6 minutes during embryonic development. By this, we

could restrict myc::TRPA1 expression and function to

only a single dNPF neuron (Fig. 8B). Next, we applied

the following protocol: 1) heat activation of all experi-

mental animals during olfactory conditioning; thus, arti-

ficial single cell activation of different dNPF neurons

per animal (Fig. 8A); 2) separation of each individual

larva into a learner or nonlearner after testing; 3) brain

dissection of each individual larva; 4) immunohisto-

chemical staining with an anti-myc antibody to label

and identify the respective type of dNPF neuron in each

brain; 5) confocal scanning of each brain to visualize

the respective type of dNPF neuron in each brain sam-

ple (Fig. 8B). In total, we analyzed 299 larvae by corre-

lating behavior (being a learner or a nonlearner) and

single-cell anatomy (Fig. 8C). We calculated a single

performance index for each dNPF cell type by
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subtracting the number of nonlearners from the learn-

ers divided by the sum of all tested larvae (therefore,

no error bars in Fig. 8D). Activation of no cell did not

affect appetitive odor-fructose learning and therefore

serves as an internal control to exclude perturbing

genetic and methodological effects (Fig. 8D). Activation

of a single dNPF-DL1 and dNPF-DL2 neuron per hemi-

sphere impaired larval odor-fructose learning. Activation

of the dNPF-sog neuron type did not prevent experi-

mental larvae from expressing a behavioral response;

however, it was directed into the opposite direction, as

most of the larvae avoided the fructose paired odor.

Figure 7.
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Thus, signaling per se was intact, but the hedonic value

of the signal was inverted. Taken together, the data

suggest that each type of dNPF cell is modulating the

sugar reward signal on its own; either by reducing the

reinforcing function of the fructose reward or by invert-

ing the value of the sugar reward.

Artificial activation of dNPF neurons does
not affect aversive olfactory learning

As artificial activation of dNPF neurons modulates

fructose reward signaling, we next asked if this is also

the case for punishment signaling. Therefore, we

trained larvae with 1.5M sodium chloride that was

reported to have a negative, aversive function during

larval olfactory conditioning (Gerber and Hendel, 2006;

Schleyer et al., 2011). We artificially activated dNPF

neurons via blue light during training using ChR2. Here,

dNPF-Gal4/UAS-ChR2 experimental larvae performed

on the same level as the two genetic control groups (P

> 0.05; Fig. 9A). Thus, dNPF neuron activation specifi-

cally modulates sugar reward signaling but does not

affect the processing of aversive, punishing stimuli

under the conditions tested.

Artificial activation of dNPF neurons does
not encode a reward itself

To test whether artificial activation of the dNPF

neurons provides instructive reinforcement per se,

we finally conducted a substitution experiment

(Fig. 9B). In short, we conditioned larvae by present-

ing one odor paired with artificial ChR2-dependent

dNPF neuron activation and a second odor without

artificial activation (Schroll et al., 2006). Immedi-

ately after training, we tested if the larvae had

established a preference towards the odor associ-

ated with artificial dNPF neuron activation. Experi-

mental dNPF-Gal4/UAS-ChR2 larvae and both

genetic controls did not show a preference for the

odor associated with blue light activation and per-

formed all on the same level (P > 0.05; Fig. 9B).

Thus, activation of the dNPF circuitry was not

rewarding for larvae.

Manipulation of the neuronal activity of
dNPF neurons does not change fructose-
dependent feeding

Next we tested if interference with synaptic function

of dNPF neurons changes larval feeding (Fig. 10). In

short, we put 30 larvae on test plates that contained

agarose, a blue dye, and 2M fructose. After 30 minutes

the larvae were homogenized and the amount of

ingested blue dye was measured photometrically (Roh-

wedder et al., 2012). In addition, we measured the

amount of ingested food without the sugar stimulus to

take apart general defects in feeding from the ones

dependent on the fructose stimulus. Ablation of the

dNPF-Gal4-positive neurons via UAS-hid,rpr significantly

reduced the amount of consumed food compared

to both genetic controls when tested on 2M fructose

(P < 0.05; Fig. 10C). When tested on pure agarose no

difference in the behavior was detectable (P > 0.05;

Fig. 10B). In contrast, artificial activation of dNPF-Gal4-

positive neurons via UAS-TRPA1 during the entire test

phase of 30 minutes (Fig. 10E,F) did not change the

Figure 7. Artificial activation of the dNPF neuronal circuitry impairs sugar reward processing of appetitive olfactory learning. A: Artificial

activation of dNPF-Gal4-positive neurons during training and test by temperature induced TRPA1 function reduces odor-2M fructose learn-

ing. The effect is specific for the experimental group and cannot be seen in both genetic control groups. On top a scheme is shown that

describes the used temperature regime that includes a 5-minute preincubation phase. B,C: A temporally more precise method of artificial

dNPF neuron activation via blue light-induced ChR2 function allows to separate between training and test. Only when activated during

training dNPF signaling impairs odor-fructose learning (B), whereas activation only during test has no effect (C). All genetic controls tested

under these conditions show a comparable performance at a higher level. At the top a schematic overvie of the detailed blue light activa-

tion protocols is shown. D,F: Based on the Rescorla-Wagner model for classical conditioning the value of the unconditioned stimulus (US)

is the limiting factor of the associative strength and therefore determines the final performance index (PI). Thus, if the conditioned stimu-

lus (odor) is impaired by dNPF signaling, increasing the number of training trials would compensate for the lower acquisition rate (shown

as a representative illustration in E at the top). The maximal PImut1 for the experimental animals would reach the PImax. If, however, US

processing (sugar reward) is affected, increasing the number of training trials for the experimental animals would not lead to a PImut2 at

the wildtype level PImax (shown as a representative illustration in F at the top). By this logic it is possible to separate between CS and US

depending effects of dNPF neuronal signaling. D: After one training trial all tested groups showed a performance for appetitive olfactory

learning at a lower level. E,F: After three and five training trials the performance indices of both control groups increased significantly com-

pared to one training trial; yet for the experimental group this was not the case. Thus, we speculate that experimental animals reach the

asymptote of the learning curve on a lower level, by that suggesting an impairment of the fructose reward processing during training. Sam-

ple size for each box plot is n > 12. n.s. (not significant P > 0.05), *P < 0.05, **P < 0.01, and ***P < 0.001. Significant differences

between groups are shown for related boxplots. Significant differences for each group tested against random distribution are presented at

the bottom of each boxplot.
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amount of consumed food—independent of the presence

or absence of fructose—when compared to both genetic

control groups (P > 0.05; Fig. 10E,F). These results are in

line with earlier work that showed that inactivation of the

dNPF circuit leads to reduced feeding on glucose contain-

ing agar—potentially by being part of a postfeeding state

signal (Cai and Shen, 2001; Wu et al., 2003). On the con-

trary, it was shown that activation of the dNPF circuit pro-

longs the feeding state or the motivation to consume

noxious or cold food (Wu et al., 2003, 2005a,d). Yet it did

not increase baseline feeding (Fig. 10). Thus, we assume

that the above described effects on sugar reward learning

(Figs. 1, 7, 8) are not based on different feeding levels in

experimental and control larvae.

DISCUSSION

Neuronal circuit enabling larvae to associate
odor information with sugar reward during
classical conditioning

Drosophila larvae can learn to associate an odor with

sugar taste reinforcement (Scherer et al., 2003; Honjo

and Furukubo-Tokunaga, 2005; Neuser et al., 2005;

Gerber and Hendel, 2006; Schleyer et al., 2011; Apos-

tolopoulou et al., 2013). This implies convergence

between the neuronal pathways signaling olfactory and

sugar reinforcement information. Based on the simplic-

ity and the genetic amenability of the larval nervous

system, it was recently possible to establish a yet

incomplete but nevertheless explicit neuronal circuit

Figure 8. Artificial activation of single dNPF neurons impairs appetitive olfactory learning. A: An overview of the applied temperature acti-

vation protocol for appetitive olfactory conditioning and the subsequent test phase. B: Partial frontal view brain projections of different

individuals. In each of the brains either, only a single dNPF-DL1 (top left), dNPF-DL2 (bottom left), dNPF-sog (top right), or no cell (bottom

right) was labeled via anti-myc that recognizes a functional TRPA1 channel due to its myc tag. To obtain these results, dNPF-Gal4 was

crossed to UAS>stop>myc::TRPA1; hs-flp flies. By applying a mild heat shock during embryonic development mostly single cell flp-out

clones or no cell flp-out clones were generated. The identity of each flp-out event was tested anatomically by using an anti-myc staining

for each individual brain after the behavioral test (schematically shown in A). C: 299 experimental larvae were behaviorally tested and clas-

sified as learner or nonlearner and based on the respective individual single cell labeling. D: By calculating a mean performance index per

cell type it was possible to evaluate the function of each type of neuron for odor-fructose learning. Artificial activation of dNPF-DL1 or

dNPF-DL2 abolished odor-fructose learning. Artificial activation of dNPF-sog did not abolish odor-fructose learning per se but rather

changed the hedonic value of fructose from being rewarding to punishing. Activation of no cell was used as a genetic and methodological

control to prove that odor-fructose learning was fine under the applied conditions.
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underlying appetitive olfactory learning (reviewed in

Gerber and Stocker, 2007; Schleyer et al., 2011). Here

we identified an additional part of this circuit consisting

of three pairs of dNPF neurons that specifically modu-

late sugar reinforcement signaling (Fig. 11).

What are the different identified layers of the larval

“learning circuit” and what are their particular functions?

How can the dNPF neurons be classified? Briefly sum-

marized, one can distinguish between four different

neuronal subcircuits (layers) that are fundamental for

appetitive olfactory learning. The first subcircuit detects

and processes olfactory information (Fig. 11, blue box),

the second subcircuit detects and processes sugar

reward (Fig. 11, yellow box), the third subcircuit receives

input from both of these layers and offers a neuronal

substrate to form appetitive olfactory associations

(Fig. 11, green box), and finally the fourth subcircuit con-

nects the memory center with premotor areas and motor

neurons to ultimately trigger learned behavior (Fig. 11,

gray box). Based on our results, we assume that the

three pairs of dNPF neurons a part of the sugar

reward signaling pathway (subcircuit two).

Subcircuit one: Olfactory information
processing
Olfactory stimuli are sensed by only 21 ORNs housed in

a single sensillum at the head of the larva, the dorsal

organ—the unique olfactory sensory organ (Singh and

Figure 9. Artificial activation of dNPF neurons does not affect aversive olfactory learning and is not rewarding in itself. A: Aversive olfac-

tory learning was tested using 1.5M NaCl as a negative reinforcer. Neuronal activity in dNPF-Gal4/UAS-ChR2 experimental larvae was

induced specifically during the training phase via artificial blue light activation (the detailed protocol is shown in A). Artificial activation of

dNPF neurons does not affect aversive odor-salt learning as experimental larvae performed on the same level as both genetic controls

(P > 0.05 when comparing each group in A). B: To test whether activation of the dNPF neurons is rewarding in itself, we applied a substi-

tution protocol (shown at the top). Here, an odor is paired with the artificial ChR2-dependent blue light activation of the dNPF neurons

instead of presenting a physical fructose reward. As a result dNPF-Gal4/UAS-ChR2 larvae performed on the same level as both genetic

controls (P > 0.05 when comparing each group). As none of the groups show a positive performance index, we suggest that dNPF neu-

rons do not encode a rewarding function under the conditions tested. Sample size for each boxplot is n > 12. n.s. (not significant P >

0.05), *P < 0.05, **P < 0.01, and ***P < 0.001. Significant differences between groups are shown for related boxplots. Significant dif-

ferences for each group tested against random distribution are presented at the bottom of each boxplot.
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Singh, 1984; Oppliger et al., 2000; Python and Stocker,

2002; Fishilevich et al., 2005; Kreher et al., 2005). The

olfactory information from a given ORN is further con-

veyed by nearly exclusively one PN to the lateral horn

and the calyx region of the MB (Ramaekers et al.,

2005; Masuda-Nakagawa et al., 2009, 2010; Thum

et al., 2011) (Fig. 11, blue box).

Based on our results we exclude an involvement of

dNPF neurons in olfactory information processing: 1)

The six dNPF neurons are not anatomically linked with

first-, second-, and third-order olfactory neurons (Fig.

1–3). 2) Artificial activation and inactivation of dNPF-

positive neurons does not change the na€ıve response of

the experimental larvae towards the two odors tested

(Table 2). 3) Aversive olfactory learning is not impaired

by artificial activation of the dNPF-positive neurons and

thus suggests a proper processing of odor information

(Fig. 9A). 4) Artificial activation of the dNPF-positive

neurons only during test does not reduce the odor-

fructose learning (Fig. 7C). Thus, odor information proc-

essing has to be independent of dNPF neuron

activation.

Subcircuit two: Sugar reinforcement processing
Drosophila larvae perceive gustatory stimuli via three

external chemosensory organs located on the head and

three internal organs located along the pharynx (Singh

and Singh, 1984; Python and Stocker, 2002). The six

sensory organs house about 90 GRNs and transfer

taste information from the periphery to the sog—the

first-order taste center of the larval brain (Python and

Stocker, 2002; Colomb et al., 2007; Kwon et al., 2011;

Mishra et al., 2013). Yet our knowledge on larval sugar

sensors remains limited and additional mechanisms

recently proposed for Drosophila and honeybees may

contribute (Ayestaran et al., 2010; Wright et al., 2010;

Miyamoto et al., 2012; Dus et al., 2013; Gruber et al.,

2013).

Figure 10. Genetic interference with dNPF neuronal signaling does not change the amount of food consumed over 30 minutes. A: Sche-

matic overview of the experimental setup to test for larval feeding behavior. B: Feeding on pure agarose is not different in dNPF-Gal4/

UAS-hid,rpr experimental larvae compared to its two genetic controls (P > 0.05). C: In contrast, ablation of dNPF-Gal4/UAS-hid,rpr larvae

reduces the amount of consumed food compared to both genetic controls (P < 0.05). D: Schematic overview of the temperature regime

to test if artificial activation of dNPF-Gal4-positive neurons via UAS-TRPA1 changes the amount of consumed food within 30 minutes. E:

Artificial activation of dNPF-Gal4-positive neurons during the experiment does not change larval feeding behavior on pure agarose sub-

strate. dNPF-Gal4/UAS-TRPA1 experimental larvae consumed the same amount of food as two genetic control groups (P > 0.05). F:

Temperature-induced artificial activation of the dNPF-Gal4-positive neurons via UAS-TRPA1 did not change feeding of experimental larvae

on 2M fructose when compared to the genetic controls (P > 0.05). Sample size for each box plot is n > 12. n.s. (not significant P >

0.05) and *P < 0.05.
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Figure 11. A simplified neuronal circuit essential for appetitive olfactory learning in Drosophila larvae. The depicted neuronal circuit summarizes

the neurons that were reported to be involved appetitive olfactory learning. Basically, four different neuronal subcircuits can be distinguished for

the entire circuit. The first subcircuit detects and processes olfactory information (blue box) via 21 olfactory receptor neurons from the dorsal organ

to the antennal lobe. From here, about 21 projection neurons further signal the information to the mushroom body. The second subcircuit detects

and processes sugar reward (yellow box). Sugar reward signals consist of a nutritional value-dependent information (unknown neuronal substrate)

and nutritional value independent information (signaled by octopaminergic and tyraminergic neurons). Both types of information are integrated by

dopaminergic neurons that form the most downstream part of this subcircuit. The third subcircuit receives input from both sensory modalities and

offers a neuronal substrate to form an association between the olfactory stimulus and the sugar reward (green box). A comprehensive set of experi-

ments suggest that the mushroom body Kenyon cells form subcircuit three. The fourth subcircuit connects the memory center with premotor areas

and motor neurons to ultimately trigger learned behavior (gray box); its neuronal substrate is to date largely unknown. Based on the results pre-

sented here, we assume that the three pairs of dNPF neurons belong modulate the sugar reward signal and thus are part of subcircuit two.
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In contrast, DA and OA/TA neurons are obviously

involved in sugar reinforcement signaling. Sugar rein-

forcement includes nutrition-dependent and nutrition-

independent information (Fujita and Tanimura, 2011;

Burke et al., 2012; Rohwedder et al., 2012). The DA

system integrates both types of information since DA

neurons as well as the dopamine receptor dDA1 are

required for odor-fructose learning (fructose is per-

ceived as nutritious and sweet by the larva) (Selcho

et al., 2009; Rohwedder et al., 2012). DA neurons

directly output onto the MB lobes and consequently

form the most downstream element of the sugar rein-

forcing subcircuit (Fig. 11). Activation of OA/TA neu-

rons—likely upstream of the DA system—is sufficient to

replace the sugar reward during appetitive olfactory

conditioning (Schroll et al., 2006). In addition, neuronal

activation of OA/TA neurons is necessary during appeti-

tive olfactory conditioning to establish short lasting

appetitive olfactory memories up to 60 minutes (Honjo

and Furukubo-Tokunaga, 2009) or odor-arabinose sugar

memories (a sugar that is attractive to larvae but offers

no nutritional benefit) (Rohwedder et al., 2012; Selcho

et al., 2014). Yet in contrast to adult Drosophila, the

synaptic connection of OA/TA neurons onto DA was

not functionally verified and therefore remains purely

hypothetical (Fig. 11, yellow box).

In adult Drosophila, it was shown that DA neurons

of the PAM cluster downstream of OA/TA neurons

project on the mushroom body and signal sweet-only

information through the adrenergic OAMB receptor

(Burke et al., 2012; Huetteroth et al., 2015). Distinct

reinforcing DA neurons in the PAM cluster were found

to relay water reward in an OA-independent manner

(Lin et al., 2014) and other DA subtypes in the PAM

cluster signal the nutritional value of sugar reward

(Huetteroth et al., 2015; Yamagata et al., 2015). Artifi-

cially stimulating any of these DA neurons paired with

odor presentation implants memories which differ in

their time course (Burke et al., 2012; Liu et al., 2012;

Lin et al., 2014; Huetteroth et al., 2015; Yamagata

et al., 2015).

Subcircuit two: Three pairs of dNPF neurons
Based on the anatomical and behavioral results of our

study we conclude that the three pairs of dNPF neurons

can be assigned to the sugar reward processing circuit.

Consequently, our results expand subcircuit two that

consists so far of about 14 DA neurons and 39 OA/TA

neurons by three pairs of dNPF neurons (Selcho et al.,

2009, 2014). Our conclusion is based on the following

results: First, dNPF neurons overlap in the dmp, dlp and

blp (Fig. 4A–I) with dopaminergic neurons that form the

most downstream element of the sugar reinforcing

subcircuit (Selcho et al., 2009; Burke et al., 2012; Liu

et al., 2012). Second, dNPF neurons and NPFR1 are

required for sugar reward learning using lower concen-

trations (Fig. 5B,C). Third, at higher concentrations artifi-

cial activation of dNPF neurons impairs appetitive

olfactory learning (Fig. 7A). The impairment relates exclu-

sively to the training phase (Fig. 7B), it specifically

impairs the processing of the sugar reward (Fig. 7D–F).

Fourth, artificial activation of individual dNPF neurons

either impairs appetitive olfactory learning or changes

the conditioned response from attraction to avoidance

(Fig. 8).

Subcircuit three: The mushroom body harbors
a memory trace
Several findings suggest that the MBs harbor a memory

trace after appetitive olfactory conditioning in larvae

(Fig. 11). Different studies suggest that 1) neuronal

plasticity occurs in these larval MB Kenyon cells (Crit-

tenden et al., 1998; Honjo and Furukubo-Tokunaga,

2005); 2) neuronal output of the MB Kenyon cells—spe-

cifically during test—is necessary for appetitive olfactory

conditioning (Honjo and Furukubo-Tokunaga, 2005;

Pauls et al., 2010); 3) the larval MB function is suffi-

cient for appetitive olfactory conditioning (Kaun et al.,

2007; Michels et al., 2011). Thus, it was concluded

that the subcircuit consists of only a small subset of

about 100 embryonic-born MB Kenyon cells (Pauls

et al., 2010; Michels et al., 2011). In line with this

model, our findings exclude any involvement of the

larval dNPF neurons in this layer of the learning net-

work (Fig. 11).

Subcircuit four: Premotor centers triggering
conditioned behavior
The simple nervous system of the Drosophila larva is

able to generate many distinct motor patterns (Vogel-

stein et al., 2014; Ohyama et al., 2015). However, our

current knowledge of the neuronal circuits downstream

of the larval MB “memory center” that triggers motor

patterns to drive learned behavior is very limited. A yet

purely anatomical evaluation suggests that only a small

set of MB output neurons exists (likely around 30

neurons per hemisphere) (Pauls et al., 2010) similar to

adult Drosophila and potentially also to honeybees

(Mauelshagen, 1993; Okada et al., 2007; Aso et al.,

2014a,b). Other types of neurons that might contribute

to this subcircuit are so far unknown (excluding motor

neurons).

Our findings also exclude an involvement of dNPF

neurons in subcircuit four. We argue that artificial acti-

vation or inactivation of dNPF neurons does not alter

different behavioral outputs of the larvae, including
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na€ıve olfactory and gustatory-driven responses (Table 2),

aversive olfactory conditioning (Fig. 9A), and feeding

(Fig. 10). Thus, it is unlikely that dNPF neurons act

downstream of the MB onto premotor areas to modu-

late appetitive olfactory learning.

OUTLOOK

How do the results presented here influence the

future analysis of the sugar reward signaling circuit?

Single-cell activation of the dNPF-sog cell leads to a

sign inversion of the learning, whereas either activation

of the dNPF-DL1 or the dNPF-DL2 neuron or of all

dNPF neurons reduces odor-fructose learning (Figs. 7,

8). This suggests that the dNPF neurons are linked with

the larval reward circuit at multiple levels, potentially

including the sog, the dmp, and on a lower level the

dlp.

The sog receives information from about 90 mainly

gustatory sensory neurons located at the larval head.

The enteric nervous system, which has been shown in

insects to be important for taste-dependent behaviors,

projects in addition to the sog (Penzlin, 1985; Spiess

et al., 2008; Schoofs et al., 2014). Therefore, the sog

forms the first-order gustatory center of the larval brain

and collects from several internal and external sensory

organs gustatory cues to process different types of

food-related information (Singh and Singh, 1984; Python

and Stocker, 2002; Wu et al., 2003, 2005a,d; Colomb

et al., 2007; Kwon et al., 2011). Yet in larvae the

nature of the sensory neurons that instruct the reward-

ing function is completely unknown and an involvement

of the sog in appetitive olfactory learning was not

described. Given the sign inversion after dNPF-sog acti-

vation we provide such evidence for the first time. Thus

future research will include new sets of available Gal4

lines to identify the sensory neurons that are involved

in reward signaling and project to the sog (Kwon et al.,

2011; Mishra et al., 2013; Li et al., 2014; Stewart

et al., 2015).

Artificial activation of the dNPF-DL2 neuron reduces

odor-fructose learning (Fig. 8) and the effect is domi-

nant over the dNPF-sog neuron-dependent sign inver-

sion when all dNPF-Gal4 neurons are activated in

combination. This suggests a more downstream func-

tion of the dNPF-DL2 neuron in the reward pathway

than for the dNPF-sog neuron. The morphology of the

dNPF-DL2 neuron is limited to one brain hemisphere

and clearly excludes the sog. Its output is limited

mainly to the dmp (Figs. 1–3). Thus, we suggest that—in

addition to the sog—the dmp is also involved in sugar

reward signaling. Indeed, the dmp is innervated by 11

DA neurons and four OA/TA neurons (Selcho et al.,

2009, 2014). Both sets of neurons were shown to be

involved in appetitive olfactory learning (Honjo and

Furukubo-Tokunaga, 2009; Selcho et al., 2009, 2014).

Hence, it seems promising to further focus on the DA,

TA/OA, dNPF circuit and their upstream partners in

dmp when reconstructing the neuronal circuit that enc-

odes sugar reward in the Drosophila larval brain.
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