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Internal state configures olfactory behavior and early 
sensory processing in Drosophila larvae
Katrin Vogt1,2*†, David M. Zimmerman1,2,3, Matthias Schlichting4,  
Luis Hernandez-Nunez1,2,5, Shanshan Qin6, Karen Malacon1,2‡, Michael Rosbash4, 
Cengiz Pehlevan2,6, Albert Cardona7,8,9, Aravinthan D. T. Samuel1,2*

Animals exhibit different behavioral responses to the same sensory cue depending on their internal state at a 
given moment. How and where in the brain are sensory inputs combined with state information to select an ap-
propriate behavior? Here, we investigate how food deprivation affects olfactory behavior in Drosophila larvae. We 
find that certain odors repel well-fed animals but attract food-deprived animals and that feeding state flexibly alters 
neural processing in the first olfactory center, the antennal lobe. Hunger differentially modulates two output path-
ways required for opposing behavioral responses. Upon food deprivation, attraction-mediating uniglomerular 
projection neurons show elevated odor-evoked activity, whereas an aversion-mediating multiglomerular projection 
neuron receives odor-evoked inhibition. The switch between these two pathways is regulated by the lone sero-
tonergic neuron in the antennal lobe, CSD. Our findings demonstrate how flexible behaviors can arise from state-
dependent circuit dynamics in an early sensory processing center.

INTRODUCTION
Hunger influences decisions about food-related sensory cues in many 
animal species. Whereas well-fed individuals can afford to be selec-
tive, individuals facing starvation must consider any available source 
of nutrition (1–4). Because odors are commonly used to locate and 
identify food, olfactory responses can likewise vary with feeding state. 
In adult Drosophila, food deprivation has been shown to modulate 
the presynaptic excitability of certain olfactory receptor neurons 
(ORNs) (5, 6) and also the activity of dopaminergic input neurons 
in a higher brain region (7). In contrast, the fixed connectivity of the 
antennal lobe, the first olfactory processing center in the Drosophila 
brain, is thought to provide generic formatting of sensory inputs for 
use by various downstream circuits (8).

We asked whether the Drosophila larva responds differently to odors 
after food deprivation, and how its reduced nervous system might 
integrate internal state information to produce flexible innate be-
haviors. The larva has only 21 ORNs per hemisphere, each express-
ing a unique receptor type and innervating a distinct glomerulus in 
the larval antennal lobe (lAL). The complete wiring diagram of the 
lAL has been mapped by serial-section electron microscopy, provid-
ing a framework for understanding the algorithmic basis of larval 
olfaction (9). In addition to GABAergic broad local interneurons, 
well studied in the adult (10), the lAL connectome also contains 
glutamatergic picky local interneurons (pLNs), whose function is as 

yet unknown. Another notable but poorly understood feature of the 
lAL is the existence of two types of projection neurons targeting dif-
ferent brain areas. Uniglomerular projection neurons (uPNs) relay 
signals from individual ORNs to the mushroom body calyx for as-
sociative learning and to the lateral horn for innate olfactory process-
ing (11). Multiglomerular projection neurons (mPNs) receive input 
from different subsets of ORNs and innervate a wide variety of brain 
regions (9). Similar mPNs also exist in the adult fly, but most of them 
project to the lateral horn (12, 13). The lAL also contains a single, 
prominent serotonergic neuron (CSD) that is common to the larvae 
and adults of many insect species (14, 15). This unexpected diversity 
of cell types hints at additional unknown computational functions.

We found that the larva’s behavioral response to an aversive odor 
depends on its feeding state. For example, geranyl acetate (GA), which 
is innately aversive to fed larvae, becomes attractive to food-deprived 
larvae. This drastic change in behavioral response arises within the 
lAL circuitry. We observed no significant modulation in the ampli-
tude of odor-evoked ORN responses, in contrast to what is seen in 
the adult. However, the two projection neuron output pathways 
show opposite state-dependent changes in odor-evoked activity and 
promote opposite innate behavioral responses. We also found that 
food deprivation leads to an increase in odor-evoked CSD activity. 
Serotonergic signals from CSD directly excite the uPN pathway, 
which promotes odor attraction. Serotonin from CSD also recruits 
local glutamatergic inhibition and thereby indirectly suppresses the 
mPN pathway responsible for odor avoidance in the fed state. In 
summary, we reveal how state-dependent neuromodulation recon-
figures early odor processing by shifting the excitatory-inhibitory 
balance between two separate output pathways, thus enabling op-
posite behavioral responses to exactly the same sensory input.

RESULTS
Feeding state determines the response to an odor
Food deprivation can alter food choice behaviors. A starving animal 
might approach food cues that a fed animal would avoid or ignore. 
To test this possibility in Drosophila larvae, we investigated olfactory 
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behavior under different feeding states. Most monomolecular odor-
ants are innately attractive to fed larvae (16, 17). We screened a panel 
of 21 odorants and found two, GA and menthol, that repel fed lar-
vae but attract food-deprived larvae (Fig. 1, A and B, and fig. S1, A 
and B). Both GA and menthol occur naturally as antiherbivore com-
pounds in green leaves (18, 19), which are not a preferred food source 
for fly larvae. We also tested the behavioral response to ethyl acetate 
(EA), a fruit odorant that is innately attractive to fed larvae (16). 
While we did not observe a change in the sign of the behavioral re-
sponse, EA becomes significantly more attractive after food depri-
vation (fig. S1C).

Mutant larvae (Orco−/−) lacking functional ORNs showed no re-
sponse to GA, menthol, or EA when either fed or food-deprived 
(Fig. 1B and fig. S1, B and C). The state-dependent change in the 
behavioral response to these odorants requires the olfactory system. 
As every odorant activates different subsets of ORNs (GA, 82a/45a; 
menthol, 49a/63a/1a; EA, 42b/42a) and other cells downstream (20), 
we focused our study on a single odorant, GA, to facilitate precise 
dissection of the mechanisms underlying the observed behavioral 
switch. The transition from GA avoidance to attraction after 5 to 
7 hours of food deprivation is highly reproducible across different 
odorant concentrations and larval stages (fig. S2, A to C).

Feeding state modulates two lAL output pathways 
in opposite ways
The larval ORNs most sensitive to GA are those that express Or82a 
and Or45a (20). What are the downstream targets of these sensory 
neurons? Each ORN connects to one uPN that innervates the mush-
room body calyx and lateral horn (Fig. 1C). The GH146-GAL4 line 
(11) drives expression in 19 of 21 uPNs (fig. S2E), including all uPNs 
activated by GA (20). From the wiring diagram of the lAL, we also 
identified an mPN called “cobra” that receives direct synaptic input 
from several ORNs including those activated by GA (Fig. 1D). Co-
bra mPN projects to the vertical lobe of the mushroom bodies (9). 
We also identified a driver line (GMR32E02-GAL4) specific for cobra 
mPN expression (fig. S2F).

To probe the involvement of uPNs and cobra mPN in the innate 
behavioral response to GA, we inactivated each pathway by expression 
of Kir2.1, an inwardly rectifying potassium channel (21). Inactivation 
of uPNs made food-deprived larvae unable to switch their behavioral 
responses from avoidance to attraction (Fig. 1C). In contrast, in-
activation of cobra mPN caused fed larvae to be attracted to GA with-
out affecting attraction in food-deprived larvae (Fig. 1D).

To determine how feeding state affects odor-evoked activity of 
GA-sensing ORNs, uPNs, and the cobra mPN, we next recorded cal-
cium dynamics by imaging GCaMP, a genetically encoded calcium 
indicator, in intact, immobilized larvae (20). First, we quantified odor-
evoked activity in axon terminals of ORN-Or82a or ORN-Or45a or 
in all ORNs (Fig. 1E; fig. S2D for statistics). We found no statistically 
significant change in the amplitude of odor-evoked ORN responses 
after food deprivation. In contrast, we found that food deprivation 
both increased odor-evoked uPN responses and inhibited cobra mPN 
(Fig. 1, F and G; fig. S2, E and F, for statistics).

These observations suggest that this state-dependent change in 
olfactory behavior might be computed within the antennal lobe cir-
cuit by changing how the same ORN input leads to different responses 
of the uPN and mPN output pathways (Fig. 1H). Higher uPN and 
lower mPN activity correlate with GA attraction. Lower uPN and 
higher mPN activity correlate with GA aversion.

The mPN pathway receives glutamatergic inhibition in 
food-deprived larvae
We sought synaptic mechanisms within the lAL that might up-
regulate the uPN pathway and down-regulate the cobra mPN pathway. 
The glutamatergic pLNs are well positioned to down-regulate the mPN 
pathway because they preferentially synapse onto mPNs (9). More-
over, GluCl, a glutamate-gated chloride channel that makes gluta-
mate inhibitory, is widely expressed in the adult antennal lobe (22).

When we reduced GluCl expression specifically in cobra mPN, 
both fed and food-deprived animals exhibited GA avoidance (Fig. 2A). 
Food deprivation decreased odor-evoked mPN responses in control 
larvae by a similar amount to what we observed in previous imaging 
experiments (Fig. 2B; compare Fig. 1G), up to slight differences in the 
baseline response most likely due to nonolfactory inputs not in our di-
rect control. However, after GluCl knockdown, we found no significant 
change in the peak amplitude of GA-evoked calcium responses be-
tween fed and food-deprived animals (Fig. 2, B and C; fig. S3A for 
statistics). Removing glutamatergic inhibition of cobra mPN appears 
to prevent inactivation of the odor avoidance pathway after food 
deprivation, and odor response does not shift to attraction.

There are four glutamatergic pLNs that receive input from GA-
sensitive ORNs and send output to the cobra mPN: pLN0, pLN1, 
pLN2, and pLN4 (9). The wiring diagram only contains one other 
pLN (pLN3), which shares synapses with neither the GA-sensitive 
ORNs nor cobra mPN. We identified three cell-specific split GAL4 
lines for pLN1, pLN3, and pLN4 (Fig. 2D and fig. S3, B to G). Tar-
geted inactivation of pLN1, pLN3, or pLN4 had no effect on GA 
avoidance in fed larvae, but inactivating either pLN1 or pLN4 elim-
inated GA attraction in food-deprived larvae (Fig. 2E and fig. S3H). 
With imaging, we found that GA-evoked calcium responses in pLN1 
were elevated in the food-deprived state and undetectable in the fed 
state (Fig. 2F; fig. S3I for statistics). We conclude that food depriva-
tion may down-regulate the cobra mPN pathway by increasing gluta-
matergic inhibition from pLN1 and pLN4 (Fig. 2G).

The uPN pathway receives serotonergic excitation through 
the 5-HT7 receptor
How might the activity of the uPN pathway be up-regulated in food-
deprived animals? Serotonin can be a prominent neuromodulator, and 
the excitatory 5-HT7 is the name of the receptor (no expanded form) 
receptor is expressed in the uPN pathway (Fig. 3A and fig. S4A) (23, 24). 
We found that inactivating 5-HT7–expressing neurons did not impair 
GA avoidance in fed animals, consistent with previous observations 
(Fig. 3B) (23). However, inactivating 5-HT7–expressing neurons caused 
food-deprived larvae to avoid GA, similar to the phenotype obtained 
by inactivating all uPNs. We also specifically removed 5-HT7 from 
the uPN pathway using a CRISPR-Cas9–based cell type–specific gene 
knockout system (25, 26). Without 5-HT7 in the uPNs, food-deprived 
larvae also avoided GA (Fig. 3C). With imaging, we found that odor-
evoked calcium activity in the uPNs lacking 5-HT7 was weak in both 
food-deprived and fed animals and did not increase after food 
deprivation (Fig. 3, D and E; fig. S4B for statistics). We conclude that 
serotonin is required to elevate odor-evoked uPN activity and to switch 
the behavioral response to attraction in food-deprived animals.

Serotonin from CSD induces a state-dependent switch 
in odor response
A single serotonergic neuron in each hemisphere called CSD widely 
innervates higher brain areas as well as the antennal lobes in both 
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Fig. 1. Feeding state determines odor responses by opposite modulation of lAL outputs. (A) For preference assay, 15 larvae are tracked in an odor gradient for 
15 min. Trajectories demonstrate avoidance/attraction to GA by fed/food-deprived larvae. (B to D) Electron microscopy (EM) reconstructions (left) and behavioral pheno-
types (right) for ORNs, uPNs, and cobra mPN [mushroom body calyx (CA), vertical lobe (VL), larval antennal lobe (lAL; circled), lateral horn (LH)]. (B) GA elicits avoidance in 
fed state (one-sample t test, P < 0.001) and attraction after food deprivation (P < 0.01). Behavior diverges between states (two-sample t test, ***P < 0.001). Anosmic larvae 
(Orco−/−) ignore GA [one-sample/two-sample t tests, not significant (n.s.); n = 12 to 18]. (C) Silencing uPNs (GH146-GAL4) specifically abolishes food-deprived attraction 
[one-way analysis of variance (ANOVA), *P < 0.05; n = 8 to 10]. (D) Silencing cobra mPN (GMR32E03-GAL4) specifically abolishes fed avoidance (one-way ANOVA, 
***P < 0.001; n = 6 to 10). (E to G) Calcium responses to GA (10−6). (E) ORN-Or82a and ORN-Or45a exhibit similar responses in both states (n = 5 to 6). (F and G) After food 
deprivation, uPNs exhibit increased responses (n = 7 to 9), whereas cobra mPN exhibits more negative responses (n = 8 to 9). (H) Parallel lAL output pathways (uPNs and 
cobra mPN) support opposite behavioral responses and receive opposite state-dependent modulation.
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the larva and adult fly (Fig. 3F and fig. S4C) (15, 27–29). We found 
that cell-specific inactivation of CSD using GMR60F02-GAL4 (but 
not inactivation of other serotonergic neurons; fig. S4D) causes GA 
avoidance in both fed and food-deprived larvae (Fig. 3G). This pheno-
type was also obtained by cell-specific knockdown of serotonin syn-
thesis in CSD and exhibited by serotonin-synthesis mutants (Fig. 3H 
and fig. S4E).

CSD receives only a few synapses from ORNs but substantial in-
direct olfactory input from neurons in the lateral horn that integrate 
signals from uPNs (9). We measured GA-evoked calcium dynamics 
in CSD and found an increase in food-deprived animals compared 
to fed animals (Fig. 3I; fig. S4F for statistics). To determine whether 
elevated CSD activity is linked to a change in behavior, we used 
optogenetics. We expressed the red-shifted optogenetic effector 
CsChrimson in CSD and tested behavior. Fed larvae that normally 
show GA avoidance will tend to exhibit attraction when CSD is arti-
ficially activated by continuous illumination with red light (Fig. 3J 
and fig. S5A). We note that CSD activation does not affect basal 
locomotion patterns (e.g., lengths of crawling movements) in the same 
way as food deprivation (fig. S5B). CSD activation changes olfactory 
responses, but not the ability to crawl toward an olfactory cue.

Inhibition of the serotonin transporter SerT, which localizes in 
presynaptic membranes and recycles released neurotransmitter, is a 
method for increasing serotonergic neurotransmission (30). RNA 
interference (RNAi) knockdown of SerT in CSD reduced GA avoid-
ance in fed larvae (fig. S4G). In contrast, overexpression of SerT (which 

presumably lowers serotonergic transmission) causes GA avoidance 
in both fed and food-deprived larvae (fig. S4G). These phenotypes 
are consistent with optogenetic activation of CSD and constitutive 
inactivation of CSD, respectively. These phenotypes also argue against 
the possibility that state-dependent changes in receptor expression 
occur in the projection neurons themselves.

Notably, the wiring diagram reveals no direct synapses from CSD 
to the uPNs (Fig. 4, A and B). One possibility is that 5-HT7 receptors 
in the uPNs might be activated by extrasynaptic release or synaptic 
spillover after food deprivation (Fig. 3K) (31, 32).

Food deprivation modulates inhibitory interactions 
in the pLN circuit
Our results suggest that a pLN circuit regulates mPN activity by pro-
viding glutamatergic inhibition in the food-deprived state. But what 
inactivates pLN1/4 in the fed state? The wiring diagram suggests 
that pLNs inhibit one another in a hierarchical manner: pLN1/4 re-
ceive strong glutamatergic inhibition from pLN0 (Fig. 4, A and B) 
(9). We were not able to study pLN0 due to the lack of a cell-specific 
driver. However, we found that reducing GluCl expression in pLN1 
and pLN4 eliminates GA avoidance in the fed state (fig. S6, A and 
B). Thus, pLN1/4 receive glutamatergic inhibition, presumably from 
pLN0, only when larvae are fed.

In addition, the local interneurons of the lAL express an inhibitory 
serotonergic receptor, 5-HT1A (fig. S6C) (23). CRISPR-mediated 
knockout of the 5-HT1A receptor from pLN1/4 similarly abolished 
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Fig. 2. Upon food deprivation, the mPN pathway receives glutamatergic inhibition from pLNs. (A) RNA interference (RNAi) knockdown of GluCl receptor in cobra 
mPN specifically abolishes attraction in food-deprived state (Kruskal-Wallis test, ***P < 0.001; n = 4 to 8) without affecting avoidance in fed state (P > 0.05). (B and C) Calcium 
responses of cobra mPN to GA (10−6) in wild-type (light) and GluCl-RNAi larvae (dark). GluCl knockdown abolishes state-dependent inhibition of cobra mPN seen in 
wild-type larvae (n = 8). (D) EM reconstruction of picky local interneurons pLN1/4 [mushroom body calyx (CA), vertical lobe (VL), larval antennal lobe (lAL; circled), lateral 
horn (LH)]. (E) Silencing either pLN1 or pLN4 with UAS-Kir2.1 abolishes attraction in the food-deprived state (Kruskal-Wallis test, *P < 0.05; n = 8 to 10). Silencing pLN1 (but 
not pLN4) modestly increases avoidance in fed state (*P < 0.05). (F) pLN1 exhibits enhanced calcium responses to GA (10−6) in food-deprived state (n = 7). (G) pLNs provide 
glutamatergic inhibition onto cobra mPN via the GluCl receptor.
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GA avoidance in the fed state (fig. S6D). According to the wiring 
diagram, pLN1/4 receive direct synaptic inputs from CSD that seem 
to provide enough serotonin in the fed state to achieve this inhibi-
tion (Fig. 4B). Thus, in the fed state, pLN1/4 receive joint inhibition 
from glutamatergic and serotonergic signals, thereby lowering their 
ability to inhibit the mPN pathway for odor avoidance (fig. S6E).

In the food-deprived state, knockdown of GluCl in pLN1/4 does 
not affect odor attraction. This suggests that they receive less gluta-

matergic inhibition (presumably from pLN0) and are thus able to 
down-regulate the mPN pathway (fig. S6, A and B). Both gluta-
matergic and serotonergic inputs seem to be required for inhibition 
of pLN1/4 and the resulting disinhibition of the mPN pathway, as 
increased serotonergic inhibition from CSD in the food-deprived 
state appears to be insufficient to inactivate pLN1/4 (fig. S6D). In con-
trast, inhibition of pLN0 is likely independent of glutamate, as it lies 
exclusively upstream of the rest of the pLN network. Because all five 
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Fig. 3. Upon food deprivation, CSD activates uPNs via the excitatory 5-HT7 receptor. (A) EM reconstruction of uPNs [mushroom body calyx (CA), vertical lobe (VL), 
larval antennal lobe (lAL; circled), lateral horn (LH)]. (B) Silencing 5-HT7–expressing neurons specifically abolishes food-deprived attraction (one-way ANOVA, **P < 0.01; 
n = 8). (C) CRISPR knockout of 5-HT7 in uPNs specifically abolishes food-deprived attraction (one-way ANOVA, ***P < 0.001; n = 8 to 14). (D and E) uPN calcium responses 
to GA (10−6) in wild-type (light) and uPN-specific 5-HT7 knockout larvae (dark). 5-HT7 knockout abolishes state-dependent enhancement of uPN responses seen in wild-
type (n = 6 to 7). (F) EM reconstruction of CSD neuron [neuropil annotations as in (A)]. (G) Silencing CSD (R60F02-GAL4) specifically abolishes food-deprived attraction 
(Kruskal-Wallis test, *P < 0.05; n = 6 to 8). (H) Disrupting 5-HT synthesis in CSD via Trh knockdown specifically abolishes food-deprived attraction (Kruskal-Wallis test, 
**P < 0.01; n = 8). (I) CSD exhibits increased calcium responses to GA (10−8) following food deprivation (n = 8 to 10). (J) Optogenetic activation of CSD in fed larvae re-
produces the state-dependent behavioral switch (one-way ANOVA, *P < 0.05; n = 12 to 20). (K) Upon food deprivation, elevated 5-HT from CSD excites uPNs via 5-HT7 
receptor, promoting behavioral attraction.
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pLNs originate from the same neuroblast lineage (9, 33), pLN0 is 
also likely to express the inhibitory 5-HT1A receptor and therefore 
be subject to inhibition from CSD under food deprivation.

A computational model of the state-dependent switch 
in olfactory response
To integrate our findings about synaptic properties and state-
dependent neuromodulatory dynamics with the known circuit con-
nectivity, we built a computational model encompassing all major 
cell types of the lAL network (Fig. 4, A and B). Having uncovered 
the sign of the relevant synaptic and nonsynaptic interactions, we set 
out to test whether the resulting dynamics would give rise to decision-
making, namely, the appropriate changes in activity in the uPN and 
mPN output pathways. In our model, the weight of every synaptic 
connection is calculated from the number of synapses between cell 
types in the connectome (Fig. 4B) (9). The only plausible cellular 
input to pLN1/4 that provides glutamatergic inhibition is pLN0, 
which, like pLN1/4, is modeled as receiving direct serotonergic in-
hibition from CSD.

Our model, based on the established connectivity and empirically 
determined synaptic properties, recapitulates the observed changes 
in neuronal activity. Activation of CSD in the food-deprived state 

up-regulates the uPN pathway directly through serotonergic excitation 
and inhibits the mPN pathway indirectly through recruitment of gluta-
matergic pLNs (Fig. 4, A and B). In contrast, weak CSD activity in 
the fed state shifts activity toward the mPN pathway.

Our model also allows us to test the consequences of all the mo-
lecular and cellular perturbations that we performed to uncover circuit 
properties. We simulated the effects of removing individual neu-
rons from the circuit (akin to chronic inactivation by Kir2.1) as well 
as individual synapses (akin to receptor knockdown or knockout) 
and found that, in every case, we could predict whether the circuit 
output would be shifted towards avoidance or attraction in either fed 
or food-deprived animals (Fig. 4C). In addition, our model predicts 
that silencing pLN0 should cause an attractive response to GA in 
both states (Fig. 4C). Although a suitable driver line is currently un-
available to directly test this prediction, our model parsimoniously 
reproduces all state-dependent shifts in lAL circuit dynamics that 
we have observed experimentally.

DISCUSSION
The insect antennal lobe, like the mammalian olfactory bulb, is typ-
ically regarded as a preprocessing stage whose basic function is to 
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Fig. 4. A simple dynamical model recapitulates state-dependent changes in odor valence. (A) Connectivity and state-dependent dynamics of lAL model. Each node 
represents a cell type; node size and intensity represent the predicted activity in fed (orange) and food-deprived (blue) states. Edges terminating in arrowheads and bars 
represent excitatory and inhibitory connections, respectively; edge thickness indicates connection strength. (B) EM-derived synapse counts between all modeled cell 
types and model predictions for neuronal activity in the fed (orange) and food-deprived (blue) states. Assignment of excitatory (+) or inhibitory (−) sign to each 
connection is based on experimental data. The positive connection from CSD to uPNs models the effect of putatively nonsynaptic 5-HT release. We also assume excit-
atory feedback from uPNs to CSD via the lateral horn (LH). Connections with ≥25 synapses are assigned weight 1, and connections with <25 synapses are assigned weight 
w < 1. The weak connection from CSD to pLN0 is assigned weight . wt, wild type. (C) Model predictions for activity of each cell type and overall behavioral output in the 
fed (orange) and food-deprived (blue) states under simulated perturbations. All model predictions are corroborated by experimental results except for the case of pLN0 
inactivation (n.d., no data).
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format inputs in a generic way for use by various downstream cir-
cuits (8). In contrast, we have demonstrated a crucial role for the 
lAL in actively implementing a state-dependent behavioral switch 
between avoidance and attraction to certain odors. In particular, we 
show that food deprivation reverses the larva’s innate aversion to 
GA. We also reproduce our key observations about GA using menthol, 
the only other odorant that we found to elicit consistent avoidance 
behavior in well-fed larvae (fig. S7, A to G). Both odorants are mono-
terpenoids, a class of volatile organic compounds that plants secrete 
to defend against herbivory (34). Nevertheless, it may be adaptive 
for larvae to suppress their default aversion to these potential toxins 
when faced with starvation.

We find that this behavioral choice is implemented by a state-
dependent shift in the relative activity of two differentially project-
ing lAL output pathways. In the adult fly, both the uPNs and most 
mPNs project to the lateral horn, where their activity is integrated 
to generate innate behaviors (35, 36). In the larva, uPNs project to 
the mushroom body calyx and lateral horn and promote attractive 
behavior, while the previously uncharacterized cobra mPN projects 
to the mushroom body vertical lobe and promotes aversive behavior. 
By regulating the state-dependent switch between these pathways, 
the lAL contributes to the assignment of innate odor valence. Un-
derstanding how the uPNs and mPN organize locomotory behavior 
toward or away from odors will require mapping downstream path-
ways to the motor circuit (37, 38). However, we find that the key 
neuromodulatory switch between these output pathways is imple-
mented within the lAL, which must therefore be regarded as a bona 
fide decision-making circuit.

In the adult fly, feeding state directly adjusts the sensitivity of ORNs 
via presynaptic modulation (5, 6). This is accomplished through reg-
ulation of the neuropeptide receptors sNPFR1 and DTKR in specific 
subsets of ORNs following a starvation-dependent decrease in insu-
lin signaling. Other studies have also implicated monoamine neu-
romodulators such as octopamine and serotonin and neuropeptides 
such as NPF or SIFamide in hunger-gated modulation of various brain 
regions in adult flies [reviewed in (39)]. However, the fact that larvae 
and adults often exhibit completely different behavioral responses 
to the same odors suggests that the mechanisms that give rise to state-
dependent behavior may differ between these two life stages.

Notably, we observe no statistically significant change in odor-
evoked calcium responses at larval ORN axons following food depri-
vation. Instead, we find that feeding state modifies olfactory preferences 
by shifting the equilibrium between the uPN and mPN output path-
ways. Thus, in the Drosophila larva, food deprivation acts downstream 
of the ORN layer and by a substantially different circuit mechanism 
than what has been observed in the adult. Because of the broad sim-
ilarities in the antennal lobe circuitry of the larva and adult, we spec-
ulate that the adult antennal lobe may also be a locus of state-dependent 
modulation. Recent findings in the adult fly suggest that neuro-
modulatory feedback also conveys internal-state information from 
the higher brain to early visual processing layers (40–42). Thus, the 
mechanism that we have uncovered may reflect a general principle 
in the organization of diverse sensory processing systems.

Serotonergic neuromodulation specifically has been implicated 
in the regulation of numerous state-dependent behaviors in both 
vertebrates and invertebrates (43–45). For instance, activation of a 
small set of serotonergic neurons in the central brain of a sated adult 
fly causes the animal to behave as though starved (46). We find that 
CSD, a prominent serotonergic neuron whose processes span the 

Drosophila olfactory system, controls the switch between attraction 
and aversion to GA and menthol in fly larvae. CSD exhibits greater 
odor-evoked activity in the food-deprived state than in the fed state. 
When an animal is food-deprived, high levels of serotonin released 
from CSD both activate the uPN pathway (via the excitatory 5-HT7 
receptor) and increase glutamatergic inhibition onto the mPN path-
way (via modulation of inhibitory glutamatergic local interneurons). 
As there are no direct synapses from CSD onto uPNs, serotonergic 
transmission likely involves either synaptic overspill or nonsynaptic 
neurotransmitter release (31). Serotonin from CSD has also been 
shown to excite uPNs in the adult fly (47). However, the adult CSD 
neuron exhibits more elaborate patterns of innervation (48) and com-
partmentalized odor-evoked responses. Moreover, each cell type in 
the adult antennal lobe expresses multiple types of serotonin receptors, 
suggesting the possibility for cross-talk (24). By exploiting the nu-
merical simplicity of the lAL, we have elucidated a neuromodulatory 
mechanism that generates flexible behavior from a fixed wiring 
diagram.

The neural circuit for early olfactory processing in mammals, the 
olfactory bulb, is notably similar in its molecular and circuit archi-
tecture to the insect antennal lobe (49). Here, we have shown that 
CSD activity encodes information about feeding state that the lAL 
uses to select an appropriate behavioral response. In the mouse, se-
rotonergic projection neurons from the raphe nucleus innervate the 
olfactory bulb and also modulate distinct local interneurons and 
output pathways (50, 51). The circuit logic and behavioral role of 
serotonergic signaling in mammalian olfaction is not well under-
stood. However, homologous 5-HT receptors are known to regulate 
appetite and seeking/craving behaviors, suggesting a conserved func-
tion for serotonergic regulation of behaviors that depend on feeding 
state (45, 52, 53). By systematically analyzing the circuit-level effects 
of state-dependent neuromodulation in the lAL, our study suggests 
a potentially general mechanism by which internal state can modify 
early sensory processing to determine behavior.

MATERIALS AND METHODS
Fly husbandry
Flies were reared at 22°C under a 12-hour light/12-hour dark cycle 
and 60% relative humidity in vials containing standard cornmeal agar–
based medium. For larval experiments, adult flies were transferred to 
larvae collection cages (Genesee Scientific) containing grape juice agar 
plates and 180 mg of fresh yeast paste per cage. Flies were allowed 
to lay eggs on the agar plate for 1 to 2 days before the plate was re-
moved for collection of larvae in the different developmental stages. 
Behavioral experiments were performed with L2 larvae [3 to 4 days 
after egg laying (AEL)], unless otherwise stated (fig. S2A). Calcium 
imaging experiments and anatomical studies were performed in L1 
larvae (2 days AEL). Most transgenic stocks were obtained from 
Bloomington Drosophila Stock Center (BDSC; see table S1).

Cell-specific CRISPR-Cas9–mediated knockout
We generated UAS-gRNA lines targeting the 5-HT7 and 5-HT1A 
receptors, as described previously (54). In short, we digested the 
pCFD6 vector (a gift from S. Bullock, Addgene #73915) with Bbs I 
[New England Biolabs (NEB)] and used a Gibson Assembly (NEB) 
to incorporate polymerase chain reaction (PCR) products. We gen-
erated two PCR fragments each harboring three guide sequences with 
homology to the CDS of either 5-HT7 or 5-HT1A (see table S2). The 
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resulting colonies were sequenced, and the correct constructs were 
inserted into the attP1 landing site on chromosome II (BDSC #8621) by 
C31-mediated recombination (Rainbow Transgenic Flies, Camarillo, 
CA, USA). Transgenic flies were backcrossed to w1118 and balanced 
using BDSC #3703 (25, 26).

Behavioral assays
Pure odorants were diluted in deionized (DI) water and stored for 
no more than 1 week. Our initial screen of behavioral responses in 
fed larvae (fig. S1A) involved an odorant panel of natural constitu-
ents of ripe fruit from B. Smith (55). All diluted odorants and odor 
solutions were stored in the dark in separate glass bottles to avoid 
photodegradation and contamination. For behavior experiments, the 
following odorants were obtained from Sigma-Aldrich and used at 
the indicated dilutions (v/v): GA, 10−4 (except see fig. S2B; CAS #105-
87-3); menthol, 10−3 (CAS #89-78-1); and EA, 10−6 (CAS #141-78-6). 
The larval olfactory choice assay is illustrated in Fig. 1A. For food 
deprivation, larvae were picked from grape juice plates 5 to 7 hours 
before testing (except as otherwise stated; fig. S2C), washed in DI 
water, and placed in a small petri dish (VWR, #60872-306, 60 mm by 
15 mm) filled with 2% agarose and covered by a thin layer of tap 
water. Both fed larvae (picked directly from grape juice plates) and 
food-deprived larvae were washed in DI water immediately before 
testing. At the start of the test, 15 larvae were placed in the center of 
a 10-cm petri dish filled with 2% agarose and equipped with a 12-mm 
plastic cup at one edge (VWR, #25384-318). Before each experiment, 
the cup was loaded with 200 l of odorant solution. Larvae were free 
to explore the arena for 15 min; the lid was placed over the dish for 
the duration of testing. We tracked the number of larvae in each 
quadrant of the arena over time and computed a preference index

	​ PI  = ​  ​Q​ +​​ − ​Q​ −​​ ─ N   ​​,	 (1)

where Q+ denotes the number of larvae in the quadrant containing 
the odor cup, Q− is the number of larvae in the quadrant opposite 
the odor cup, and N is the total number of larvae in the arena.

Each odor preference test used freshly picked and previously un-
tested larvae. Different larvae were tested under fed and food-deprived 
conditions. Experiments were performed at room temperature un-
der uniform illumination with a point light source (desk lamp) on a 
clean bench, except for the optogenetic experiments shown in Fig. 3J 
(see below). In all experiments, we alternated the position of the 
odor cup in the petri dish between the left or right sides to avoid 
spatial bias.

Optogenetics
For optogenetic experiments with CsChrimson, experimental larvae 
additionally received food supplemented with 0.1 mM all-trans-
retinal (Sigma-Aldrich, CAS #116-31-4). Larval collection cages and 
grape juices plates were wrapped in foil and kept in the dark during 
egg laying and larval development (56). Experiments were performed 
in a petri dish filled with 2% agarose and equipped with an odor cup 
(as above), placed inside a lightproof box. Olfactory response be-
havior was recorded at 4 Hz using a Mightex charge-coupled device 
(CCD) camera equipped with a long-pass infrared filter (cutoff, 
740 nm). Larvae received 500-Hz pulsed stimulation with spatially 
uniform red light (625 nm; pulse width, 20 s; 0.62 W/m2 ± 0.5%) to 
activate the optogenetic effector throughout the entire 15-min test 

period. Larval trajectories were analyzed with a custom tracking script 
(57). For each frame, the number of larvae in the two halves of the 
petri dish was enumerated automatically. The preference index was 
calculated as

	​​ PI  = ​  ​S​ +​​ − ​S​ −​​ ─ N  ​​​,	 (2)

where S+ denotes the number of larvae in the half of the plate containing 
the odor cup, S− is the number of larvae in the half opposite the odor 
cup, and N is the total number of larvae in the arena.

Functional imaging and microfluidics
We used a previously described method for microfluidic delivery of 
odorants in aqueous form with simultaneous imaging of calcium ac-
tivity in intact larvae (20). All experiments used an eight-channel 
microfluidic chip equipped with a vacuum port to stabilize the ani-
mal’s head. The same odorants were used as in the behavioral experi-
ments, but at lower concentrations (GA, 10−8 and 10−6; menthol, 10−4). 
Stimuli consisted of 5-s odor pulses interleaved with 15-s water wash-
out periods. An L1 larva was washed with DI water and loaded into 
the microfluidic device using a 1-ml syringe filled with Triton X-100 
[0.1% (v/v)] solution. The animal was pushed to the end of the load-
ing channel, with its dorsal side facing the objective. GCaMP signal 
was recorded using an inverted Nikon Ti-E spinning disc confocal 
microscope and a 60× water immersion objective [numerical aper-
ture (NA), 1.2]. A CCD microscope camera (Andor iXon EMCCD) 
captured frames at 30 Hz. The CSD neuron and projection neurons 
were recorded by scanning the entire volume (step size, 1.5 m) of 
the brain, ranging from the antennal lobe to the processes in the higher 
brain. Orco::RFP (red fluorescent protein) was used to label the lAL. 
Recordings from at least five to nine larvae were collected for each 
genotype and condition. All samples were used for analysis unless 
dendritic varicosities developed in the ORNs over the course of the 
recording, indicating neuronal damage due to mechanical stress.

Anatomical studies
Green fluorescent protein (GFP) expression patterns of GAL4 and 
split-GAL4 lines were imaged in intact larvae using an inverted Nikon 
Ti-E spinning disc confocal microscope with a 60× water-immersion 
objective (NA, 1.2) or 20× air objective. Larvae were immobilized 
between two glass slides using a micromanipulator. Orco::RFP was 
used to label the lAL.

Computational circuit model
To better understand how the neural circuitry in the lAL dictates 
the state-dependent shift of odor valence, we describe a dynamical 
model based on connectomic data and the observed activity of larval 
neurons. We assume that the neural activities for pLNs and cobra 
mPN are binary (0 and 1), while uPNs and CSD have three states (0, 
1, and 2). We denote the state of neuron i at discrete time t as si(t) ∈ 
{0,1,2}, where i = 1..5. For simplicity, we have treated pLN1 and pLN4 
as a single unit (pLN1/4). The connection weights are binned across 
two levels: “strong” (with absolute strength 1) and “weak” (with ab-
solute strength w), as shown in table S3. Experimental data indicate 
strong feedback from CSD to uPNs after food deprivation. Hence, 
we modeled this nonsynaptic interaction by setting the weight from 
CSD to uPNs to be 2, i.e., W5,3 = 2 under food deprivation. CSD 
inhibits pLN0 through serotonin, modeled by parameter . Cobra 
mPN is assigned a basal (nonolfactory) input . As shown in table S3, 
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a neuron receives several inputs: from ORN, pLN, CSD, or baseline 
input. In vector notation, we have

	​​ h  = ​ x​ in​​ + ​x​ 0​​ + ​W​​ ⊺​ s​​,	 (3)

where xin is the input vector from ORNs, x0 is the basal (nonolfactory) 
input vector, and W is the interaction matrix between pLNs, PNs, 
and CSD. The state of neuron i changes in response to its total input 
hi according to the following update rule

	​​ ​s​ i​​(t + 1 ) = {​0, ​h​ i​​(t ) ≤  0,​ 
1, ​h​ i​​(t ) >  0,

 ​​​	 (4)

for i = 1, 2, and 4 (corresponding to pLN0, pLN1/4, and cobra mPN, 
respectively), or

	​​ ​s​ i​​(t + 1 ) = {​ 
0, ​h​ i​​(t ) ≤  0,

​  1, 0  < ​ h​ i​​(t ) <  2,​  
2, ​h​ i​​(t ) ≥  2,

 ​ ​​	 (5)

for i = 3 and 5 (corresponding to uPNs and CSD, respectively).
To fit our model parameters, we used the steady-state activity 

from experiments in fed and food-deprived wild-type larvae, shown 
in table S4. These neural activity patterns are stable and thus impose 
a constraint on the model parameters

	​ 0  <  w  < ​  1 ─ 2 ​,​	 (6a)

	​ 0  <  α  ≤  1 − w,​	 (6b)

	​​  1 − w ─ 2 ​   ≤  β  <  1​.	 (6c)

Data from perturbation experiments additionally imply  < 1 − w. To 
simulate the circuit (Fig. 4C), we choose w = 0.25,  = 0.5, and 
 = 0.5. To relate neural activity to behavioral preference, we assume 
a binary readout

	​​ PI  =  sign(​s​ uPN​​ − 3 ​s​ mPN​​)​​	 (7)

The exact value of the coefficient of smPN does not matter, but it 
must be greater than 2 to generate the observed avoidance behavior. 
This simple model predicts all behavioral results from perturba-
tion experiments.

Statistical analysis
Imaging data were analyzed with custom MATLAB code, available 
from GitHub. Data from behavioral experiments were preprocessed 
in LabVIEW and analyzed with MATLAB and Microsoft Excel. Data 
were tested for normality (Shapiro-Wilk test) and analyzed by para-
metric or nonparametric statistics as appropriate: one-way analysis 
of variance (ANOVA) or the Kruskal-Wallis test. For post hoc pair-
wise comparisons, two-tailed one- or two-sample t tests or Mann-
Whitney U tests were performed as appropriate. The significance 
level of hypothesis tests was set to  = 0.05. Only the most conserva-
tive statistical result of multiple pairwise comparisons is indicated. 
No statistical methods were used to determine sample sizes in ad-
vance, but sample sizes are similar to those reported in other studies 

in the field. Sample sizes (n), P values, and other relevant summary 
statistics are shown in the appropriate figure legends. Solid lines in 
raw calcium imaging data indicate mean normalized fluorescence 
change (F/F), shaded regions: ±1 SEM. Bar graphs represent pooled 
data from 5 to 15 min during testing (mean ± SEM). Box and whis-
ker plots show single data points, median (50th percentile), quartiles 
(25th/75th percentile), and range of data.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/1/eabd6900/DC1

View/request a protocol for this paper from Bio-protocol.
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