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In their classic experiments, Olds and Milner showed that rats learn
to lever press to receive an electric stimulus in specific brain regions.
This led to the identification of mammalian reward centers. Our
interest in defining the neuronal substrates of reward perception in
the fruit fly Drosophila melanogaster prompted us to develop a sim-
pler experimental approach wherein flies could implement behavior
that induces self-stimulation of specific neurons in their brains. The
high-throughput assay employs optogenetic activation of neurons
when the fly occupies a specific area of a behavioral chamber, and
the flies’ preferential occupation of this area reflects their choosing
to experience optogenetic stimulation. Flies in which neuropeptide F
(NPF) neurons are activated display preference for the illuminated
side of the chamber. We show that optogenetic activation of NPF
neuron is rewarding in olfactory conditioning experiments and that
the preference for NPF neuron activation is dependent on NPF sig-
naling. Finally, we identify a small subset of NPF-expressing neurons
located in the dorsomedial posterior brain that are sufficient to elicit
preference in our assay. This assay provides the means for carrying
out unbiased screens to map reward neurons in flies.

reward circuit | high-throughput two-choice assay | optogenetics |
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Amajor breakthrough in understanding how the perception of
reward is represented in the mammalian brain came from a

series of experiments carried out by Olds and Milner in 1954 (1)
in which rats implanted with stimulating electrodes in different
brain regions learned to press a lever to receive intracranial self-
stimulation (ICSS). Rats became “addicted” as they preferred to
press the lever rather than receive a natural reward such as food
and would endure an external electric foot shock to receive the
ICSS (2). These experiments showed that specific brain regions
encode reward and that activation of these regions is in itself
rewarding. Some of these identified brain regions are now con-
sidered to form the mammalian reward system, whose principal
components are the dopaminergic neurons located in the ventral
tegmental region that project to the nucleus accumbens and
medial prefrontal cortex (3).
We have opted to study the neural circuitry underlying the

perception and processing of reward in Drosophila melanogaster
given its sophisticated neurogenetic tools and the fact that the
reward systems in flies and mammals share many characteristics at
the molecular, cellular, and behavioral levels (4, 5). In Drosophila,
reward can be demonstrated operationally when flies develop
preference for a neutral odor after it has been paired with expo-
sure to an experience that has positive valence (6). In this context,
it is said that such an experience is rewarding or positively rein-
forcing to the fly. By using such conditioned odor preference as-
says (6, 7), it has been shown that flies perceive sucrose (6), water
(8), alcohol intoxication (9), and mating (10) as rewarding, while
noxious stimuli, such as electric shock, are perceived as aversive (6,
7). These findings parallel those in mammalian systems, under-
scoring the relevance of reward perception and processing in flies
to our general understanding of reward (11–14).
In Drosophila, several groups of neurons have been shown to be

involved in reward processing. For example, the protocerebral

anterior medial (PAM) cluster of dopamine neurons is required
for normal sucrose reward (15, 16). There is functional hetero-
geneity within this cluster, as different subsets of PAM dopamine
neurons are involved in the sweet-only or sweet and nutritious
sugar reward (17), as well as short-term and long-term appetitive
memory formation (18). PAM dopaminergic neurons have also
been shown to mediate normal water reward (8). Another in-
teresting example are the Neuropeptide F (NPF) neurons, which
regulate a wide range of behaviors related to known rewarding
stimuli, such as ethanol preference (10), ethanol sensitivity (19),
courtship (20), and sucrose sensitivity (21). It has also been shown
that thermogenetic activation of NPF neurons can mimic the ef-
fect of starvation by gating the retrieval of appetitive olfactory
memories (22). In addition, activation of NPF cells was able to
reduce the rewarding effects of ethanol and was shown to be in-
trinsically rewarding (10). Moreover, it has been proposed that
state of the fly reward system is regulated by the activity of NPF
neurons (10).
Here, we describe and validate a high-throughput two-choice

assay that employs the red-light–sensitive channelrhodopsin
CsChrimson (23) to activate specific sets of defined neurons and
measures the flies’ preference for the area of a behavioral
chamber in which they can access this neuronal stimulation. We
characterize the assay using activation of NPF neurons and map
the effect to a small group of neurons located in the dorsomedial
posterior brain. This assay is well-suited to carry out large-scale
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unbiased screens for neurons that contribute to reward circuits
in Drosophila.

Results
NPF Neuron Activation Produces Preference. We developed a simple
two-choice assay in which flies are able to demonstrate preference
(or aversion) for having a specific subset of neurons experimen-
tally activated. In the fly, neurons can be strongly activated by the
channelrhodopsin CsChrimson (23); CsChrimson responds to red
light (617 nm in our experiments) that traverses the flies’ cuticle,
thus allowing analysis of behavior in freely moving flies. In our
assay, groups of 10–12 male flies are introduced into rectangular
chambers (Fig. 1A) and allowed to explore for 5 min (acclimation
phase). This is followed by a 5-min period in which one side of the
chamber is illuminated randomly with 617-nm light-emitting di-
odes (LEDs) (activation phase) at a frequency of 40 Hz (Fig. S1),
and then by another 5 min without illumination (recovery phase).
The position of each fly is tracked throughout the assay and the
distribution of flies is expressed as a preference index (PI), which
is calculated as the number of flies on the activation side minus the
number on the nonactivation side divided by the total number
of flies (Fig. 1B). A positive PI indicates preference for photo-
activation, while a negative PI indicates aversion.
To determine whether optogenetic activation of NPF neurons

leads to preference in this assay, we used the GAL4/UAS binary
expression system (24) to express CsChrimson in NPF neurons
(19) (the expression pattern of NPF-GAL4 is shown in Figs. 7
and 8). Compared with genetic controls (NPF-GAL4 and UAS-
CsChrimson), experimental NPF>CsChrimson males showed
robust preference for the side of optogenetic activation (Fig. 1B).
A similar effect was observed in females (see below). This
preference was quantified by an activation effect (Fig. 1C),
defined as the difference in the PIs between the last minute of
activation and the last minute of acclimation (gray boxes in
Fig. 1B).
Activation of gustatory neurons expressing the bitter receptor

Gr66a by either natural or artificial stimuli is aversive to flies (25,
26). In agreement with these observations, flies expressing
CsChrimson in Gr66a neurons showed strong aversion to the
side of activation in our setup (Fig. S2). Thus, the assay is able to
reveal both preference and aversion to the activation of specific
neurons in the fly nervous system.

Individual Flies Display Preference. The behavior of flies can be
significantly affected by group size, as has been shown in the
context of CO2 avoidance (27) and aggregation on a food resource
(28). We therefore asked whether flies tested individually display
preference for NPF neuron activation. Single NPF>CsChrimson
flies did indeed show a preference for (Fig. 2A) and spent more
time on (Fig. 2B) the side of activation, an effect not seen in ge-
netic control flies (UAS-CsChrimson).
We next analyzed the trajectories of individual flies throughout

the assay to gain a more detailed account of their behavior.
NPF>CsChrimson and genetic control flies commonly walked from
one end of the chamber to the other during acclimation. During
the activation phase, however, many NPF>CsChrimson flies
returned to the activation side before reaching the opposite end of
the box (Fig. 2C). This effect was quantified by the return ampli-
tude (Fig. 2D), which is robustly reduced in NPF>CsChrimson flies
during the activation phase. A reduced return amplitude was also
observed in control flies (Fig. 2D). This is likely a reflection of mild
phototaxis for 617-nm light; however, the magnitude of this ef-
fect was much lower than that seen on NPF>CsChrimson flies.
We conclude that the observed preference is not a manifestation
of collective behavior, although a minor component cannot be
excluded.

NPF Neuron Activation Reduces Locomotion. In addition to posi-
tional preference, we noticed that optogenetic activation of NPF
neurons led to reduced locomotion in some flies (see example
traces in Fig. S3). This quickly reversible effect was observed in
flies assayed individually (Fig. 3) as well as in flies tested in
groups of 10–12 (Fig. S4). Both experimental and control flies
also reacted to the onset of illumination (“lights-on” effect; Fig.
3 A and B); control flies also showed a “lights-off” effect. While
NPF>CsChrimson flies do not appear sedated during illumina-
tion (see below), a primary effect of NPF neuron activation on
locomotion could provide a parsimonious explanation for the
accumulation of flies on the side of activation. Indeed, a negative
correlation was observed between the speed of individual
NPF>CsChrimson flies and the time spent on the activation side
(Fig. 3C); no correlation was seen in control flies (Fig. 3D). In-
terestingly, while individual flies displayed greatly different levels
of locomotion during the activation period, their activity during
the recovery phase was highly correlated with that seen during

Fig. 1. Flies exhibit preference for NPF neuron activation. (A) Schematic representation of the two-choice assay system. Flies are exposed to 617-nm light on
only one side of the chambers. (B) Experimental data expressed as the mean ± SE of the preference index (PI) over time. The yellow shading indicates the side
and period of activation. The gray boxes represent the periods of time used to calculate the activation effect (AE = mean PI during last minute of activation −
mean PI during last minute of acclimation) (n = 13–16). (C) Activation effect for the data in B showing that experimental NPF>CsChrimson flies have a
significant preference for activation of NPF neurons compared with control NPF-GAL4 and UAS-CsChrimson flies (n = 13–16; one-way ANOVA with Tukey’s
post hoc test; ***P < 0.001) (frequency of activation, 40 Hz; 617-nm LED light intensity, 5 μW/mm2).
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the acclimation phase (Fig. S5); this suggests that individual flies
have stable levels of locomotion that are resistant to optogenetic
manipulation of activity. Importantly, the preference of individ-
ual flies was not correlated with the flies’ speed during the
acclimation phase.
To ask whether less activeNPF>CsChrimson flies are still able to

respond to external cues or motivational drives during the activa-
tion phase, we devised a “dilemma” experiment in which individual
NPF>CsChrimson males were asked to choose between the acti-
vation of their NPF neurons and a virgin female.NPF>CsChrimson
males were paired with a virgin female expressing CsChrimson in
bitter-sensing Gr66a neurons (Gr66a>CsChrimson). The flies were
initially separated by a divider; after 2 min, the divider was re-
moved and flies were allowed to explore for 3 min before the start
of illumination (Fig. 4A). Upon illumination of one side of the box
(always the side opposite to the one the NPF>CsChrimson male

was originally restrained to), and in the absence of dilemma, we
expect NPF>CsChrimsonmales to prefer the side of activation and
Gr66a>CsChrimson virgins to avoid it. To control for an effect of
general social interaction, we paired one NPF>CsChrimson male
with one Gr66a>CsChrimson male. In the latter control condi-
tion, NPF>CsChrimson males showed preference for the light,
while theGr66a>CsChrimsonmales avoided the light (Fig. 4 B and
C), as shown by their positive and negative Δtime (% time on
LED+ side − % time on LED– side), respectively. In contrast,
NPF>CsChrimsonmales showed a strong reduction in Δtime when
paired with a Gr66a>CsChrimson virgin female (Fig. 4B). This
effect was not due to a change in the virgin females’ behavior, as
they continued to avoid the light (Fig. 4C). NPF>CsChrimson
males that did not experience the side of illumination were ex-
cluded from the analysis. These data show that there is competition
between a natural reward (a virgin as potential mate) and the

Fig. 2. Flies display preference for NPF neuron activation independently of social (group) context. (A) Traces over time for the proportion of flies on the
active side for single experimental NPF>CsChrimson flies (n = 203; Top) or single control UAS-CsChrimson flies (n = 198; Bottom). The yellow box indicates the
period of activation. Data are expressed as mean ± SE (frequency of activation, 40 Hz; 617-nm LED light intensity, 5 μW/mm2). (B) ΔTime (%) (preference) of
flies during the activation and recovery phases, showing that single flies have a significant preference for the activation of NPF neurons (unpaired t test;
***P < 0.001). (C) Representative traces of experimental (Top) and control (Bottom) flies. Yellow indicates time and side of illumination. (D) Return amplitude
data showing that, during the period of activation, experimental flies move for shorter distances into the unilluminated side compared with control flies
(unpaired t test; ***P < 0.001).

Fig. 3. Effect of NPF neuron activation on single fly locomotion. (A and B) Experimental data for NPF>CsChrimson flies (n = 203) (A) or control UAS-
CsChrimson flies (n = 198) (B), expressed as the mean ± SE of the speed over time. (C and D) Scatterplot of the ΔTime (%) (preference) vs. speed during
activation for single experimental flies (n = 203) (C) or single control flies (n = 198) (D), showing that preference and speed during activation are negatively
correlated in NPF>CsChrimson flies (r = −0.332; P < 0.001), but not in control flies (r = 0.017; P > 0.05).
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experience of NPF neuron activation and that NPF>CsChrimson
males are able to move freely between the two choices. Light-
induced quiescence is therefore the consequence rather than the
cause of the strong preference observed withNPF>CsChrimson flies.

Activation of NPF Neurons Is Rewarding. To determine whether the
preference shown by the NPF>CsChrimson flies is an effect of
the activation of NPF neurons being a rewarding stimulus, we
carried out olfactory conditioning experiments using isoamyl

alcohol (IAA) and ethyl acetate (EA) (Fig. 5A). In one group of
flies, EA was paired with optogenetic activation of NPF neurons
for 5 min, while IAA was delivered in the dark; flies were later
asked to choose between the two odors in an arena where both
odors are delivered simultaneously to specific quadrants (29).
The reciprocal group received optogenetic activation of NPF
neurons in the presence of IAA (Fig. 5A). NPF>CsChrimson
flies showed a positive conditioned odor preference for the odor
associated with 617-nm illumination not seen in genetic control

Fig. 4. Competition between natural and artificial rewards. (A) The chambers were modified by introducing an acrylic divider. A single fly (male or virgin
female), expressing CsChrimson in NPF neurons or Gr66a neurons, was introduced into each side of the chamber for 2 min, after which the divider was
removed and flies had the possibility to interact with each other for 3 min (flies that either copulated or failed to interact during this period were excluded
from the analysis). This was followed by light stimulation (yellow area) in only one side of the chambers for a period of 5 min. (B) Activation effect [ΔTime (%)]
data for single NPF>CsChrimson male flies paired with a single male (control group) or single virgin female (experimental group) Gr66a>CsChrimson fly.
When paired with a virgin female, male flies show reduced preference for the activation of NPF neurons (n = 21–25; unpaired t test, **P < 0.01). (C) Activation
effect [ΔTime (%)] data for flies expressing CsChrimson in Gr66a neurons, for both control and experimental groups. In both cases, flies avoid the activation of
Gr66a neurons (n = 21–25; unpaired t test, **P < 0.01) with no difference between them (unpaired t test, P > 0.05) (frequency of activation, 10 Hz; 617-nm
LED light intensity, 5 μW/mm2).

Fig. 5. Optogenetic activation of NPF neurons is rewarding. (A) Flies were trained to associate an odor with the optogenetic activation of NPF neurons in a
single training session consisting of 5 min of exposure to odor 1 [ethyl acetate (EA)] coupled with optogenetic activation of NPF neurons [activation at
constant light; 617-nm LED light intensity, 20 μW/mm2, as described before (29)], followed by 5 min of exposure to air, followed by 5 min of exposure to odor
2 [isoamyl alcohol (IAA)]. To exclude any inherent bias for the olfactory cues, another group was trained in reciprocal manner (group 2). Conditioned odor
preference was tested 5 min after the end of the training. Conditioned preference index (CPI) is the average between the CPIs of group 1 and group 2.
(B) NPF>CsChrimson flies showed a significant conditioned odor preference (n = 6–8; unpaired t test; ***P < 0.001).
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flies (Fig. 5B). In a similar conditioning assay, Gr66a>Cs-
Chrimson flies developed strong conditioned aversion to the
odor paired with optogenetic activation (Fig. S6). This shows
that the preference (Fig. 1) or avoidance (Fig. S2) response seen
in our preference assay can be a reflection of the rewarding or
aversive effect of activating specific neurons. We conclude that
the optogenetic activation of NPF neurons in conditions com-
parable to those used in the preference assay is rewarding
to flies.

NPF Neuron Activation-Induced Preference Is Dependent on NPF.NPF-
GAL4 is expressed in ≈30 neurons (see below) that extend
dendrites and axon terminals throughout the central brain and
ventral nerve cord (VNC) (Fig. 6 A and B). Many neuropeptide-
expressing neurons coexpress other neuropeptides and/or fast-
acting neurotransmitters (30) that would be released upon acti-
vation of CsChrimson. We therefore tested directly if signaling
mediated by NPF is required for the preference we observed with
NPF>CsChrimson flies. To do this, we performed two-choice as-
says with flies that coexpress NPF>CsChrimson with a transgene,
UAS-NPFRNAi, that targets NPF mRNA for degradation through
RNA interference (RNAi). A reduced preference for NPF neuron
activation at the three light frequencies tested was observed in
these flies (Fig. 6C). The effect is not due limiting expression
levels of GAL4 as introduction of a 20XUAS-mCD8-GFP con-
struct had no effect on the preference for NPF neuron activation
(Fig. S7). Overall, we conclude that the preference for NPF
neuron activation is dependent on NPF, although the residual
preference suggests either incomplete down-regulation of NPF or
contribution of additional transmitters. Curiously, we observed
neither preference nor avoidance when activating the neurons
expressing the NPF receptor (NPFR), suggesting complex signal-
ing pathways downstream of NPF.

A Small Subset of NPF-Expressing Neurons Mediate Preference.
Expression pattern of NPF-GAL4 and NPF.We next aimed to determine
whether subsets of NPF-GAL4–expressing neurons mediate the
observed preference of NPF>CsChrimson flies. Before doing so,
we analyzed in detail the expression pattern of NPF-GAL4
driving expression of 20XUAS-mCD8-GFP (NPF>GFP). The
NPF-GAL4 transgene used here has been described previously
to mimic faithfully the endogenous NPF expression pattern (10,
19). The pattern includes two sets of large neurons named L1-l
and P1 (ref. 20 and Fig. 7 A and B), and a group of ≈20 small
posterior neurons, P2, that project to the fan-shaped body (FSB)
of the central complex (Fig. 7 B and C). NPF-GAL4 and NPF
are, in addition, expressed in two sets of four to five neurons
located in the medial dorsal brain (DM, Fig. 7B) that to our
knowledge have not been described. Expression of NPF>GFP in

the male-specific neurons L1-s, D1, and D2 (20) was weak and
variable and is not seen in the image shown in Fig. 7. We in-
vestigated the details of the global NPF-GAL4 expression pat-
tern further using stochastic labeling with the Multi Color Flip-
Out technique (ref. 31 and Fig. S8). A cartoon summary of many
such stochastically labeled brains is shown in Fig. S8D. In brief,
L1-l neurons project to the dorsal medial brain, P1 neurons show
broad arborizations in the lateral brain, the subesophageal zone
(SEZ) and the VNC, P2 neurons are local FSB interneurons, and
DM neurons project laterally and ventrally from the dorsomedial
and posterior location of the cell bodies (Fig. S8).
Restricting expression to large P1 and L1-l neurons. To label the large
neurons, we exploited the observation that the large NPF neurons
coexpress the NPF receptor (NPFR), and used a FRT-FLP–
mediated recombination intersection (32), where NPFR-Gal4 drives
expression of UAS-STOP-CsChrimson-mVenus, while NPF-LexA
drives expression of LexAop-FlpL. The STOP cassette prevents
the functional expression of CsChrimson-mVenus; however, it can
be removed by a flipase-mediated recombination. Thus, functional
expression of CsChrimson-mVenus is achieved by coexpressing
UAS-STOP-CsChrimson-mVenus and LexAop-FlpL. In our case,
this happens only in those cells where the NPFR-Gal4 and NPF-
LexA expression patterns overlap (Fig. 8A). Flies with CsChrimson
expression in the large L1-l and P1 neurons, showed no preference
for 617-nm light (Fig. 8C), indicating that these neurons are not
sufficient for the preference seen upon activation of the NPF-
GAL4 neurons.
Restricting expression to small P2 neurons.The role of the small P2 FSB
interneurons was investigated using a “split-GAL4” line, ss0020,
specific for these neurons (Fig. 8B). Expressing CsChrimson in
these neurons also failed to produce preference for photo-
activation (Fig. 8C), suggesting that the P2 neurons are not suf-
ficient for preference. It should be noted, however, that ss0020
expresses in only 80–90% of the P2 neurons.
Restricting expression to small DM neurons. Finally, to test the con-
tribution of the small DM neurons, we used a recently developed
intersectional strategy (33) that labels all of the neurons that be-
long to the same cell lineage of a particular GAL4 expression
pattern. The P1, L1-l, and DM NPF neurons belong to type I cell
lineage; thus, we performed an intersection between type I lineage
and NPF-GAL4 to express CsChrimson in subsets of NPF neu-
rons. The stochastic nature of this intersection results in individual
flies having different combinations of P1, L1-l, or DM neurons
(and occasionally P2 small neurons) with CsChrimson expression
(Fig. 9 A and B). Single flies were tested in the two-choice assay,
and those flies that showed a clear preference for the 617-nm light
were selected for subsequent CsChrimson expression analysis. Of
note, all of these flies (30 individuals) had CsChrimson expression
in DM neurons. Furthermore, flies with CsChrimson expression in

Fig. 6. NPF is required for the NPF activation-induced preference. Distribution of NPF neurons in the central brain (A) and ventral nerve cord (B) of the fly, as
visualized by the expression of the cell polarity markers DenMark (dendrites) and Syt::GFP (synaptic terminals) (42, 43) driven by the NPF-GAL4 driver. Positions of the
large P1 and L1-l neurons, and the FSB are indicated. (C) Flies, in which the expression of NPF was targeted using an RNAi construct, showed a reduced
preference for the activation of NPF neurons (n = 8–12; unpaired t test, *P < 0.05; **P < 0.01) (617-nm LED light intensity, 5 μW/mm2). (Magnification: 20×.)
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DM neurons only had the same level of preference as flies that
had expression in a combination of DM and other neurons (Fig. 9
C and D). Examples of the behavior and expression of individual
flies are shown in Fig. S9. These data indicate that the small DM
NPF neurons are sufficient to trigger the preference for optogenetic
stimulation.

Discussion
Here, we present the characterization of a two-choice assay that
employs optogenetic activation to identify neurons involved in
reward processing in Drosophila. We designed this assay under
the assumption that, if given the choice to avoid or occupy a side
of the chambers where a specific group of neurons is activated,
flies would prefer the area of activation if such an activation was
perceived as rewarding, or avoid the area of activation if per-
ceived as aversive. This assay was designed with the intent of
ultimately performing a large neuronal activation screen to
probe for unidentified neurons involved in reward, which would
be very laborious by means of classical conditioning assays. In
fact, our system consists of four groups of chambers shown in
Fig. 1A, allowing the testing of up to 20 groups of flies in a single
round of the two-choice experiment. It should also be noted that,
since our assay does not involve a conditioning step, it is able to
reveal what the flies are experiencing in real time (attraction or
aversion) upon activation of a particular group of neurons.

Preference for the Activation of NPF Neurons.Neuropeptide Y (NPY),
the mammalian homolog of NPF, is a widely expressed neuro-
peptide (34) and is involved in regulating behaviors such as feeding
(35) and alcohol consumption (36). In addition, NPY neurons in
the central nucleus of the amygdala and the arcuate nucleus of the
hypothalamus send projections to the nucleus accumbens (37), and
intraaccumbens injections of NPY are able to produce a place
preference response in rats (38). Similarly, the fly NPF neurons
regulate several reward related behaviors, such as retrieval of ap-
petitive memories (22), and alcohol preference and reward (10). In
addition, thermogenetic activation of these neurons is per se re-
warding (10). Given the functional similarities between the NPY
system in mammals and the NPF system in flies, and considering
that NPY neurons project to the nucleus accumbens, which in
mammals has a central role in reward processing, we speculated
that the characterization of the NPF system in Drosophila will
provide valuable inroads to the study of the flies’ reward system.
With this in mind, we sought to characterize our assay using
optogenetic activation of this group of neurons, under the expec-
tation that flies would show a preference for the activation of NPF
neurons. Indeed, in our assay, flies expressing CsChrimson in NPF
neurons, display a preference for the side of the chambers in which
the 617-nm LEDs are turned on (Fig. 1 B and C). Interestingly, the
preference for NPF neuron activation showed by flies resembles an
“all-or-nothing” response, in that, above a certain stimulation fre-
quency (threshold), flies show the same degree of preference (Fig.

Fig. 7. Expression of NPF and NPF-GAL4. (A) The NPF-GAL4 expression pattern includes two large neurons (P1 and L1-l) per hemisphere. (B) Higher-
magnification view of the area indicated by the dashed box in A, showing that NPF is also expressed in several small neurons, located in the dorsal medial
brain (DM) (left-facing arrowhead). Images correspond to the second third of the confocal stack. (C ) Same area as shown in B, but images correspond to
the first third of the confocal stack, which allows for the visualization of the cell bodies of the small neurons projecting to the FSB (horizontal arrows).
Images correspond to the maximum intensity projection of different portions of a confocal stack collected from the posterior to the anterior end of the
brain. Green: NPF-GAL4 expression pattern (i ). Magenta: endogenous NPF expression (ii ). White in iii: overlapping of NPF-GAL4 expression and NPF
endogenous expression. (Magnification: 20×.)

Fig. 8. Preference for the activation of specific subsets of NPF neurons. (A) Intersection of the NPF-LexA and NPFR-GAL4 drivers, yielding expression in only the
big (L1-l + P1) NPF neurons. (B) The ss0020 split-GAL4 line labels a subset of P2 NPF neurons. Brains were imaged from posterior to anterior. Magenta: endogenous
NPF. Green: CsChrimson::mVenus. (C) Activation of neither the big (L1-l + P1) nor P2 NPF neurons is sufficient to recapitulate the effect of activating all NPF neurons
[n = 14–15; one-way ANOVA followed by Tukey’s test. **P < 0.01] (frequency of activation, 40 Hz; 617-nm LED light intensity, 20 μW/mm2). (Magnification: 20×.)
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S1B). In the intracranial self-stimulation experiments from Olds
and Milner, increasing levels of current applied into the stimulating
electrode would progressively recruit more “reward” neurons from
a given brain region, thus increasing preference at higher currents
of stimulation (39). In our two-choice experiments, however, the
all-or-nothing preference that we observed can be explained by
considering that, during the period of activation, the entire fly brain
is exposed to the 617-nm light; thus, every neuron expressing
CsChrimson would be activated at the same time, provided that the
appropriate frequency and 617-nm light intensity are used.

Activation of NPF Neurons in the Preferences Assay as a Rewarding
Stimulus. Activation of NPF neurons not only triggers a prefer-
ence response but is also accompanied with a decrease in the fly’s
locomotion (speed). This raises the following question: Is the ac-
tivation of NPF neurons truly rewarding? Or, by activating the
NPF neurons, is one merely reducing the speed of the flies,
therefore trapping them on the active side of the chambers? Our
dilemma experiment (Fig. 4) showed that flies are able to leave the
side of activation, despite having experienced the activation of
NPF neurons, arguing against a sole effect on locomotion. Fur-
thermore, we reasoned that, if activation of NPF neurons in our
preference assay is in fact rewarding, flies should be able to retain
the memory of that reward in an olfactory conditioning assay.
Indeed, this is the case for NPF neurons (Fig. 5). Moreover, while
preference is negatively correlated with a reduction in locomotion,
it is not necessary.

Functional Subdivision of Subsets of NPF Neurons. The NPF-GAL4
driver used here labels two very distinctive subpopulations of NPF
neurons (Fig. 7): four prominent neurons (L1-l and P1) that
project to the dorsolateral and dorsoventral brain, along with
several smaller NPF neurons located in the posterior brain (P2 +
DM). By making use of different intersectional methods, we were
able to activate specific subsets of NPF neurons in our two-choice
assay. Activating neither the large NPF neurons alone nor a subset
of P2 neurons was sufficient to trigger a preference response.
Although it was not possible to rule out an interaction between

multiple types of NPF neurons, this lack of effect suggested that
the DM small NPF neurons are responsible for the preference
response upon activation. By using a class-lineage intersectional
strategy (33), we showed that, indeed, activation of the DM NPF
neurons is sufficient to trigger a preference response. Although
NPF neurons have been implicated in a wide array of different
behavior such as ethanol sensitivity (19), courtship (20), aggression
(40), ethanol preference and ethanol reward (10), sleep (41), and
sucrose sensitivity (21), no study has analyzed the potential spe-
cific effects a particular subset of NPF neurons might have on a
particular behavior. Furthermore, while only the P2 small NPF
neurons have been briefly described before (20), the work pre-
sented here describes the DM small NPF neurons, both from an
anatomical and behavioral perspective.

Materials and Methods
Fly Lines and Culture. Parental lines were raised at room temperature on
standard media (cornmeal/yeast/molasses/agar). Experimental flies were raised
under constant darkness at 25 °C and 70% humidity on standard media con-
taining 0.2 mM all transretinal (Sigma) and collected 0–3 d after eclosion on
media containing 0.4 mM all transretinal. Flies were 3–6 d old at the time of
experiments. Experimental flies were obtained by crossing NPF-GAL4 or Gr66a-
GAL4males with 20XUAS-CsChrimson-mVenus (inserted into attP40 or attP18)
females. Crossing the UAS-CsChrimson females to w1118 males from the ap-
propriate genetic background generated control flies. To intersect NFP-GAL4
with type I lineage, we crossed dpn>KDRT-stop-KDRT>Cre:PEST; NPF-GAL4;
actin̂ LoxP-GAL80-stop-LoxP̂ LexA::P65, lexAop-rCD2::RFP-p10-spacer-UAS-
mCD8::GFP-p10 female flies to 20XUAS-CsChrimson-mVenus; ase-KD1W male
flies. The NPF-LexA, NPFR-GAL4 stocks were provided by Stefanie Hampel,
Michael Texada, and Jim Truman (Janelia Research Campus). Line ss0020-GAL4
was provided by Arnim Jenett, Tanya Wolff, and Gerry Rubin (Janelia
Research Campus).

Behavioral Chambers. To allow for high-throughput assays, we built a system
containing 20 independent rectangular chambers running in parallel, each of
dimensions 10 × 1 × 0.3 cm. The top of each chamber is a sliding, transparent
acrylic sheet with a small hole through which flies are introduced using a
mouth pipet. The floor of each chamber is a 3-mm-thick white acrylic dif-
fuser. Positioned 1 cm below the diffuser is a printed circuit board (PCB) that
contains infrared (IR) LED lights for back-illumination as well as 617-nm LEDs
(Luxeon Star LEDs) for CsChrimson activation. The midline of each chamber is

Fig. 9. DM NPF neurons are sufficient to induce preference in the two-choice arena. (A and B) Representative brains of single flies expressing CsChrimson in
DM neurons only (A), or in DM plus other neurons (B) (example shows expression in two neurons projecting to the FSB, arrows). (C) Experimental data
expressed as the mean ± SE of the proportion of flies on the active side over time. The yellow box indicates the period of activation (DM neurons only, n = 19;
DM plus other neurons, n = 19). (D) ΔTime (%) (preference) of flies during the activation phase, indicating no significant difference between the preference
of flies with CsChrimson expression in DM neurons only or in DM plus other neurons. Female flies were used in this experiment as stochastic labeling was
sparser than in males (unpaired t test; P > 0.05) (frequency of activation, 40 Hz; 617-nm LED light intensity, 5 μW/mm2). (Magnification: 40×.)
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marked with 1-mm-wide metallic strip located below the diffuser. To pre-
vent overheating upon repeated use, the PCB board is located on top of an
aluminum block connected to a water-cooling system (Fisher Scientific). Ex-
periments are recorded with cameras (Basler AG) located above the cham-
bers and equipped with an IR long-pass filter.

Two-Choice Experiment. Flies were 3–6 d old when tested in the two-choice
assay, which was performed at 25 °C, 50% humidity, and in the dark. Male
flies were introduced into each chamber either as groups of 10–12 or as
single individuals. Flies spent the first 5 min of the assay under IR light alone
to measure their basal locomotor activity, followed by 5 min of optogenetic
activation (617-nm LEDs on) on one randomly chosen side of the chambers,
and then a 5-min recovery period (617-nm LEDs off). Throughout all ex-
periments, flies were observed under IR light, to which flies are blind. The
activation period consisted of repeated 8-ms pulses of the 617-nm LEDs
followed by a variable amount of time, depending on the desired frequency
(Fig. S1). The frequency as well as the light intensity used for each experi-
ment were controlled with MATLAB via a National Instruments Data Ac-
quisition Device (NIDaq).

Quantification of Behavior. Fly behavior in the chambers of our system was
recorded with video cameras, and the subsequent video analyzed with
custom MATLAB scripts that detect the position of flies within the chamber
and thereby allowed us to determine the number of flies on each side of the
chamber. To quantify the distribution of the flies over the course of the
experiment, for every frame of the resulting video (time point i), we cal-
culated a preference index (PI) defined as follows:

PIi =

�
number  of  flies  in ON
side  of  chamber

�
−
�
number  of  flies  in OFF
side  of  chamber

�

total  number  of  flies
.

To describe the relative preference for the activation of a certain group of
neurons for a group of flies, based on the PI values obtained, we calculated an
activation effect (AE) defined as follows:

AE =   

�
Average  of  PI  values

during  the  last minute  of  activation  phase

�

−
�
Average  of  PI  values

during  the  last minute  of  basal  activity  phase

�
.

For single-fly experiments, the relative distribution of flies at a specific time
point (i), was expressed as the proportion of flies on the active side, which
was calculated as follows:

�
Proportion  of  flies
on  active  side

�
i
=  

�
number  of  flies  in ON
side  of  chamber

�

total  number  of  flies
.

The AE (or ΔTime %) for single-fly experiments was calculated as follows:

Δ  Time %=
�
Percentage  of  time  in ON  side

during  the  last minute  of  activation  phase

�

−
�
Percentage  of  time  in ON  side 

during  the  last minute  of  basal  activity  phase

�
.

Conditioned Odor Preference. Olfactory conditioning was performed in a
circular arena that employs 617-nm LEDs for CsChrimson activation, coupled
to an odor delivery system that sends odors to each quadrant of the arena
(29). The olfactory cues used were IAA and EA. NPF neurons were stimulated
using constant 617-nm LED light at an intensity of 20 μW/mm2. Flies were
trained as groups of 30 individuals using a single training session consisting
of 5-min exposure to air, followed by a 5-min exposure to odor A paired
with NPF neuron activation, followed by a 5-min exposure to air, and finally
a 5-min exposure to odor B. Memory was tested 5 min after training, during
which the odors A and B were delivered to each pair of opposing quadrants.
Experiments were recorded with a camera (Point Gray Research) located
above the chamber and equipped with an IR long-pass filter. The subsequent
video was analyzed with custom MATLAB scripts that detect the position of
flies within the chamber, thereby allowing us to determine the number of
flies on each quadrant of the chamber.

Natural vs. Artificial Reward Dilemma. We used virgin females (4 d old;
grouped housed) expressing CsChrimson in bitter-sensing gustatory neurons

expressing Gr66a and virgin males (7 d old; single housed) expressing
CsChrimson in NPF neurons or in bitter-sensing gustatory neurons expressing
Gr66a. Wemodified the chambers by introducing a sliding acrylic divider that
separated the two sides of each chamber. A single fly from a particular
genotype was introduced, using a mouth pipet, into each side. During the
first phase of the experiment, flies were kept isolated into its respective side
for a period of 2 min, after which the middle gate was open. Flies were then
given a period of 3 min (pre-Dilemma phase) to explore the entire chamber
and interact with each other. During the next 5 min (Dilemma phase), the
617-nm LEDs were turned on using a frequency of 10 Hz and a light intensity
of 5 μW/mm2. These conditions were determined empirically to produce
relatively weak preference that could be affected by the presence of a virgin
female. Afterward, the 617-nm LEDs are turned back to off, and flies are
given an extra 5 min of recovery. The preference (ΔTime %) of each fly for
the active side during the Dilemma phase was manually scored and cal-
culated as the difference between the percentage of time spent on the side
of activation during the last 2 min of the Dilemma and the percentage of
time spent on the side of activation during the last 2 min of the pre-
Dilemma phase. For each pair, the mean distance between flies was cal-
culated as the average distance between them during the last 2 min of the
Dilemma phase.

Targeting of NPF Expression. To activate NPF neurons while down-regulating
the expression of NPF using RNAi, we crossed the strainw;NPF-Gal4; 20XUAS-
CsChrimson to a UAS-RNAiNPF strain, or to a w1118 strain to generate the
respective positive control group. To control for the effect of extra UAS
sequences on the efficacy of the GAL4 protein in driving CsChrimson, we
crossed our strain w; NPF-GAL4; 20XUAS-CsChrimson with 20XUAS-mCD8-
GFP flies (Fig. S7).

Immunostaining and Imaging. Fly brains were dissected in cold 1× PBS and
fixed in 2% paraformaldehyde made in 1× PBS at 4 °C overnight on a
nutator, washed four times for 20 min each in PAT (1× PBS, 0.5% PBS Triton,
1% BSA) at room temperature, blocked for 1 h at room temperature with
blocking buffer (PAT plus 3% normal goat serum), and incubated with pri-
mary antibodies, diluted in blocking buffer, overnight on a nutator at 4 °C.
The primary antibodies used were as follows: mouse-GFP (Sigma-Aldrich;
G6539; 1:500 dilution), rabbit-DsRed (Clontech; 632496; 1:500 dilution),
rabbit-NPF (RayBiotech; RB-19-0001; 1:200 dilution), rat anti-mCD8 (Life
Technologies; MCD0800; 1:100 dilution), mouse anti-Bruchpilot, nc82
monoclonal antibody (DSHB; 1:50 dilution), and rat-DN-cadherin (Hybrid-
oma Bank DSHB; DNEX#8) (1:50). This was followed by four washes for
20 min each in PAT, and incubation overnight on a nutator at 4 °C with
secondary antibodies diluted in blocking buffer. The secondary antibodies
used were as follows: Alexa Fluor 488 anti-rabbit (Molecular Probes; A11034;
1:500 dilution), Alexa Fluor 568 anti-mouse (Molecular Probes; A11031;
1:500 dilution), Alexa Fluor 488 anti-rat (Molecular Probes; A11006; dilution,
1:200), Alexa Fluor 633 anti-mouse (Molecular Probes; A21052; 1:500 di-
lution), and Alexa Fluor 633 anti-rat (Molecular Probes; A21094; 1:500 di-
lution). Brains were then washed four times for 20 min each in PAT at room
temperature, one time for 20 min in 1× PBS, and mounted with Vectashield
mounting medium (H-1000; Vector Laboratories). Brains were imaged on a
Zeiss 880 confocal laser-scanning microscope.

Statistical Analysis. To determine the statistical significance of our data, we
used MATLAB (R2015a) or GraphPad Prism (version 6) software package, to
perform unpaired t test or one-way ANOVA followed by Tukey’s multiple-
comparison post hoc test. The significance of the correlations shown in Fig. 3
was tested using the built-in corrcoef function from MATLAB (R2015a). Data
are expressed as the mean ± SE, along with a scatterplot of the data points.
In all figures, ***P < 0.001, **P < 0.01, and *P < 0.05.
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