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SUMMARY
Animals display selective escape behaviors when faced with environmental threats. Selection of the appro-
priate response by the underlying neuronal network is key to maximizing chances of survival, yet the under-
lying network mechanisms are so far not fully understood. Using synapse-level reconstruction of the
Drosophila larval network paired with physiological and behavioral readouts, we uncovered a circuit that
gates selective escape behavior for noxious light through acute and input-specific neuropeptide action. Sen-
sory neurons required for avoidance of noxious light and escape in response to harsh touch, each converge
on discrete domains of neuromodulatory hub neurons. We show that acute release of hub neuron-derived
insulin-like peptide 7 (Ilp7) and cognate relaxin family receptor (Lgr4) signaling in downstream neurons are
required for noxious light avoidance, but not harsh touch responses. Our work highlights a role for compart-
mentalized circuit organization and neuropeptide release from regulatory hubs, acting as central circuit ele-
ments gating escape responses.
INTRODUCTION

Animals use stimulus-specific, optimized strategies to deal with

acute threats and noxious stimuli, including escape or avoidance

behaviors.1–3 In the somatosensory system of vertebrates and

invertebrates, noxious stimuli are sensed by nociceptive neu-

rons, and their activation results in acute escape or avoid-

ance.4–7 A specific noxious stimulus thereby elicits a stereotyped

response with high fidelity (e.g., jumping in mice, corkscrew-like

rolling inDrosophila larvae in response to noxious heat).6,8 Selec-

tion of the appropriate behavioral response minimizes risk and

increases the likelihood of survival.

The neuronal networks underlying escape responses range

from simple reflex to extensive circuits.8–13 Recent reconstruc-

tion of such networks at the synaptic level and neuronal circuit

mapping have revealed extensive integration and interaction of

circuits mediating distinct responses.8–10,14 Integration and
processing of sensory information starts at the sensory level,

where different types of sensory neurons are converging on

common second-order neurons, which are in turn part of the in-

terconnected circuits providing feedback and feedforward infor-

mation. How such circuits can specifically gate stimulus-specific

information to support selected actions is not fully understood

and difficult to deduce from pure anatomical network connectiv-

ity. Selection of behavior can occur probabilistically in a ‘‘winner

takes all’’ fashion, for example, by reciprocal inhibition of circuits

regulating mutually exclusive behaviors.10,15 Differences in the

activation pattern of sensory neuron subsets can result in

different sensations and behavioral responses, as shown for

combinatorial coding in mechanosensation and olfaction, sug-

gesting extensive integration and processing in such net-

works.16–19 Adding to the complexity of circuit computation are

neuropeptides, which are expressed by many neurons across

species.20–23 They can be released in parallel to small synaptic
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neurotransmitters to exert modulatory functions.24–27 In most

cases, their precise role, site of release, and action remain un-

clear, although they strongly contribute to network function

and behavior.

To achieve detailed insight into the encoding of discrete

escape responses at the circuit and neuromodulatory levels,

we took advantage of the escape behavior of Drosophila larva,

given its experimental accessibility and the ability to map the

neuronal wiring diagram with nanometer resolution. The recent

reconstruction of Drosophila larval brain circuits14,28,29 has re-

vealed a complex somatosensory network capable of process-

ing different mechanical and noxious stimuli14,30–32 comparable

to its vertebrate counterpart.33–35 At the sensory level, class IV

dendritic arborization (C4da) neurons are polymodal neurons

able to detect noxious touch, heat, and UV/blue light, which

generate two different escape behaviors6,36,37: heat and harsh

mechanical touch (mechanonociception) cause corkscrew-like

rolling, while exposure to UV or blue light results in reorientation,

avoidance, and dark preference. Drosophila larvae can sense

UV, blue, and green light via different light-sensitive cells: Bol-

wig’s organ (BO) consists of a group of cells in the larval head re-

gion and is sensitive to all of these wavelengths;38 C4da neurons

detect only noxious short-wavelength light in the UV and blue

spectral range, presumably via the light-sensitive Gr28b recep-

tor.37 Avoidance responses to noxious light in acute and two-

choice light-avoidance assays have been shown to rely on

both BO and C4da neuron function.36,37 While the circuit mech-

anism for light avoidance has not been studied in detail thus far,

mechanonociception requires the integration of three mechano-

sensory subtypes (namely C2da, C3da, and C4da) by dorsal pair

insulin-like peptide 7 (Dp7) neurons,39 which provide neuropep-

tidergic feedback via short neuropeptide F (sNPF). sNPF action

in turn promotes C4da and downstream partner (A08n) neuron

responses, thus facilitating rolling escape behavior.30 As Dp7

neurons integrate input from the mechanosensitive and light-

sensitive C4da neurons and have neuromodulatory functions,

we reasoned that they are potential candidates for computing

distinct behavioral outputs, depending on the type of sensory

input.

RESULTS

Neuromodulatory Dp7 neurons integrate sensory input
required for noxious light avoidance
To explore the larval somatosensory escape circuit for noxious

light avoidance (Figures 1A and 1B), we sought to confirm the

noxious effect of short-wavelength light on development by rear-

ing freshly hatched larvae either under blue or green light (470 or

525 nm at 2.5 mW/mm2). Only blue light exposure resulted in

lethality during development at larval or white pupal stages (Fig-

ure 1C). Thus, Drosophila larvae may have evolved avoidance

behaviors to avoid short-wavelength light (e.g., bright sunlight)

during their development. We therefore explored the circuits un-

derlying escape behavior in response to noxious light using a

two-choice preference assay36,40 in which larvae in an arena

were allowed to choose between darkness or white light of

physiological relevance (365–600 nm with 6.9–3.3 mW/mm2,

respectively). After placing larvae close to the dark/light bound-

ary, controls (w1118) preferentially redistributed to the dark side
2 Current Biology 32, 1–15, January 10, 2022
within <5 min and maintained this preference for at least

15 min (Figures S1A and S1B; Video S1). This allowed us to reli-

ably assess light avoidance by analyzing larval distribution after

15min as previously described36 (see STARMethods for details).

To test for a potential function of Dp7 neurons in noxious light

avoidance, we genetically hyperpolarized them by expressing

the inward rectifying potassium channel Kir2.1 (Dp7-LexA30). In

contrast to controls, silencing of Dp7 neurons strongly impaired

larval light avoidance (Figures 1D, S1C, and S1D). We next

tested whether Dp7 neurons were functionally activated in

response to noxious light by expressing the calcium sensor

GCaMP7s.41 To prevent crosstalk of the stimulus with excita-

tion/emission of the sensor, we used a narrow 365-nm light pulse

(10 s, 60 mW/mm2). We found that UV light exposure gave rise to

robust calcium responses in the soma of Dp7 neurons in live

larvae (Figure 1E; Video S2), strongly suggesting that Dp7 neu-

rons are part of an innate noxious light-sensing circuit.

We next asked whether Dp7 neuron-derived neuropeptides

are involved in noxious light avoidance. Dp7 neurons express

multiple neuropeptides, including sNPF and insulin-like peptide

7 (Ilp7), of which sNPF, but not Ilp7, is required for mechanono-

ciception.30,42 Interestingly, we found that light avoidance was

impaired in Ilp7ko, but not sNPFmutant animals (Figure 1F). Tem-

poral analysis showed that larvae eventually distributed almost

evenly across the arena, suggesting that they are not able to

maintain dark preference (Figures S1A and S1B). We analyzed

light-dependent changes in larval locomotion in the dark or dur-

ing exposure to noxious blue light. Control larvae displayed

mildly elevated locomotion speed in blue light conditions, with

a concomitant reduction in turning rates, presumably to escape

the uniform noxious stimulus (Figures S1E and S1F). In contrast,

Ilp7ko animals displayed comparable speed, but lower turning

rates in darkness, while slowing down and increasing turning un-

der noxious light conditions. This suggests that in the absence of

Ilp7, noxious light is still inducing locomotion changes, but re-

sponses are virtually inverted compared to controls. Drosophila

larvae maintain light avoidance throughout development and

preferentially pupariate in the dark.36 Ilp7ko animals formed pu-

pae slightly earlier than controls (median Ilp7ko: 119 h AEL,

w1118: 121 h AEL), but displayed reduced preference for pupar-

iation in the dark (Figures S1G and S1H), suggesting that Ilp7 is

required for light avoidance throughout development. Lastly, we

rescued Ilp7 expression in Ilp7ko animals using a Dp7 neuron-

specific line, which completely restored light avoidance (Dp7-

Gal4 > UAS-Ilp7; Figures 1G and S1I). These data show that

Dp7 neuron function and Ilp7 are required and that Dp7

neuron-derived Ilp7 is sufficient for noxious light avoidance.

Dp7 neurons integrate noxious light input from multiple
somatosensory subcircuits
To gain more insight into the larval noxious light circuit, we iden-

tified the partially reconstructed Dp7 neurons from the electron

microscopy (EM) brain volume of the first-instar larva.14,24 To

confirm dendritic and axonal compartments of Dp7 neurons,

we expressed a dendritic marker (DenMark43) that labeled its

medial and lateral arbors within the ventral nerve cord (VNC),

but not the ascending arbor projecting to the brain lobes (Fig-

ure S2A). We then reconstructed Dp7 neurons and traced all of

their synaptic partners (Figures 1H and S2B–S2F). Dp7 neurons
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B C Figure 1. Ilp7-releasing Dp7 neurons are

required for light avoidance

(A) Schematic representation of escape behaviors

in Drosophila larvae. Noxious touch requires

C2da, C3da, and C4da neurons for rolling escape,

while noxious light sensed by C4da neurons elicits

avoidance behavior.

(B) For mechanonociception, Dp7 neuron-derived

sNPF, but not Ilp7, enables mechanonociceptive

rolling through feedback action on C4da neurons

to facilitate output to A08n.30

(C) Developmental lethality due to exposure to

blue light (470 nm), but not green light (525 nm), of

the same intensity (2.5 mW/mm2). Percentage of

freshly hatched larvae placed on food plates at

25�C dying at stages, as indicated in the legend

(n = 5 trials, 50 larvae each, ± SD; ***p < 0.0001, c2

test).

(D) Inactivation of Dp7 neurons using LexAop-

Kir2.1 under the control of Dp7-LexA, impairs

larval light avoidance (n = 10 trials, **p < 0.01,

***p < 0.001, one-way ANOVA with Tukey’s post

hoc test).

(E) UVA light induces calcium transients in Dp7

neurons (Ilp7-Gal4>UAS-GCaMP7s, 365 nm,

60 mW/mm2, means ± SEMs indicated by shaded

area, n = 4).

(F) Ilp7ko, but not sNPF mutant animals, showed

decreased light avoidance (n = 10 trials, ***p <

0.001; n.s., non-significant; one-way ANOVA with

Tukey’s post hoc test).

(G) Dp7 neuron-specific UAS-Ilp7 expression (with

Dp7-Gal4) in the Ilp7ko background restores light

avoidance (n = 10 trials, *p < 0.05, ****p < 0.0001,

one-way ANOVA with Tukey’s post hoc test, Ilp7ko

dataset same as in E).

(H) EM-reconstructed Dp7 neurons and their

highest connected synaptic partners. Upstream

partners are shown in magenta, downstream

partners in green.

See also Figures S1 and S2 and Videos S1 and S2.
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receive most of the synaptic input in the VNC and provide output

mostly in the subesophageal zone (SEZ) and brain lobe region

along its dorsally projecting axon (Figures 1H and S2C–S2F).

Dp7 neurons receive input from several subtypes of sensory

neurons in the VNC (Figures 1H and S2E), suggesting that they

are a somatosensory hub. We confirmed connectivity of Dp7

neurons with somatosensory neurons (C2da, C3da, C4da) as

well as with C4 da neuron-connected A08n neurons30 at the

EM level (Figure S2E). Moreover, we identified a subset of

tracheal dendrite (called v’td244) neurons as the sensory class

with the highest Dp7 neuron connectivity (Figures S2D and

S2E). In contrast, the anatomically similar subset of v’td1 neu-

rons was only weakly connected to Dp7 neurons at the connec-

tome level (Figures S2D and S2E; see also Figure 2A). Overall,

four sensory circuits were found to converge on Dp7 neurons

(Figures 2A and 2B): direct monosynaptic connections from

C4da and v’td2 to Dp7 neurons and two 2-hop polysynaptic

pathways. We identified a strong link via A08n neurons previ-

ously shown to receive numerous synaptic inputs from C4da

neurons.28,30,45 Furthermore, the v’td2 to Dp7 neuron link was

strongly interconnected via so-far uncharacterized midline pro-

jection (MIP) neurons (Figures 2A and S3A–S3D).
As C4da neurons respond to UV and blue light and are

involved in light avoidance,36,37 we testedwhether A08n neurons

as a major downstream output connected to Dp7 neurons may

play a role as well. Unlike silencing of C4da neurons or ablation

of BO, A08n neuron silencing did not result in significantly

decreased light avoidance (Figures S3E and S3F). However,

we detected robust calcium transients in A08n neurons in

response to UV light (Figure S3G). Therefore, A08n neurons

may only play a minor role in larval light avoidance, suggesting

that C4da neurons may contribute to noxious light avoidance

via other pathways.

v’td2 neurons are the major presynaptic partner of Dp7 neu-

rons and co-labeled with C4da neurons by a reporter line of

the putative light sensor Gr28b,37,44 suggesting a role in noxious

light sensing. We confirmed synaptic and functional connectivity

between v’td2 and Dp7 neurons using a v’td2-specific Gal4 line

(73B01-Gal4,44 called v’td2-Gal4 hereafter). Synapse-specific

GFP reconstitution across synaptic partners (SybGRASP46)

showed that v’td2s form synaptic contacts with Dp7 neuron

lateral dendritic arbors and along the proximal axonal segment

(Figure S3H). Consistently, we also detected robust Dp7 neuron

calcium responses upon optogenetic activation of v’td2 neurons
Current Biology 32, 1–15, January 10, 2022 3
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Figure 2. Dp7 integrates noxious light input from multiple somatosensory circuits

(A) Dp7 neuron presynaptic connectivity analysis showing the highest input from sensory v’td2 neurons. C4da to Dp7 neuron direct connectivity is weak, but

additional indirect connections were found via A08n neurons. v’td2 neurons are additionally strongly connected to Dp7 neurons via MIP neurons, while v’td1

neurons display weak connectivity with Dp7 neurons and other circuit elements. Numbers in brackets indicate the number of neurons of the respective subtype;

the numbers on the arrows indicate synapses from each neuronal subset forming direct connections.

(B) Inputs onto Dp7 neurons originating from either C4da or v’td2 neurons create 2 direct and 2 indirect subcircuits. The percentages of overall synaptic input of

the target cells are shown.

(C) Silencing of v’td2 neurons using Kir2.1 impairs light avoidance (v’td2-Gal4 > UAS-Kir2.1, n = 10 trials, **p < 0.01, ****p < 0.0001, one-way ANOVAwith Tukey’s

post hoc test).

(D) UV light-induced calcium transients in v’td2 neurons (v’td2-Gal4 > GCaMP6s, means ± SEMs, n = 8).

(E) Quantitative comparison of calcium responses (GCaMP6s) of v’td2 and v’td1 neurons to UV light using R35B01-Gal4, which labels both subtypes (DFmax/F0
boxplot, n = 5, **p < 0.01, unpaired two-tailed t test).

(F)Optogenetic activationofCsChrimson (635nm, high: 8.13mW/mm2, low:1.33mW/mm2) usingdifferent previously characterizedGal4driver lines expressing inv’td2

neurons.44Behavioral responses includedavoidance (stop, backward, turn, hunch)andnocifensivebehaviors (bendingand rolling), aswell asdifferent combinations (n

as indicated for each genotype). Note that all of the lines showed high prevalence for stop and turn or backward behavior depending on the activation level.

(G) Mechanonociceptive behavior (rolling and bending) is not affected by silencing of v’td2 neurons (v’td2-Gal4 > UAS-Kir2.1, n = number of animals as indicated

in graph, c2 test).

See also Figures S2 and S3 and Videos S3 and S4.
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with CsChrimson (Figure S3I). We then testedwhether v’td2 neu-

rons are required for larval light avoidance. Similar to Dp7 neu-

rons, Kir2.1-mediated silencing of v’td2 neurons significantly

impaired light avoidance (Figure 2C). We further carried out cal-

cium imaging of v’td2 neurons in intact larvae, which showed,

similar to C4da neurons, acute responses to UV light stimulation

(Figure 2D; Video S3). v’td1 sensory neurons, however, did not

show calcium responses to UV stimulation (Figure 2E; Video

S3), which is in line with the low connectivity to the Dp7 network

(Figure 2A). We then testedwhether v’td2 neurons couldmediate

acute avoidance behavior in response to optogenetic activation.

We expressed and activated CsChrimson using different lines la-

beling v’td2 neurons, which resulted mostly in stop and turn or

backward locomotion responses (Figure 2F; Video S4). At high,

but not low, activation intensities, one of the three v’td2 lines

used also induced significant rolling responses, likely due to

the strong expression of CsChrimson. While we cannot rule out

that v’td2 neuron activation can result in nociceptive rolling,

Kir2.1-mediated silencing with the same driver line did not affect

mechanonociceptive behavior, including rolling escape re-

sponses (Figure 2G). Thus, in contrast to C4da or A08n neurons,

which are required for nociceptive rolling responses toward

noxious touch,30 v’td2 neuron activation induces acute avoid-

ance behavior and is required for noxious light avoidance but

not mechanonociception. Together with our connectome anal-

ysis, these findings show that at least two sensory subcircuits,

C4da-A08n and v’td2 neurons, converge on Dp7 neurons and

are involved in somatosensory UV light sensing, with v’td2, but

not A08n neurons, strongly contributing to noxious light-avoid-

ance behavior.

Compartmental organization of Dp7 hub neurons
To identify members of the noxious light-avoidance circuit

downstream of Dp7 neurons, we analyzed the reconstructed

synaptic wiring diagram. We identified abdominal leucokinin

(ABLK) neurons, which receive direct input from Dp7, plus

strong 2-hop synaptic connections from v’td2 via MIP neurons

(Figure 3A). We inspected the topographical relationship of the

mapped neurons and found that v’td2, MIP, and ABLK neurons

anatomically converge on the ventrolateral dendritic arbor of

Dp7 neurons (Figure 3B), which extends along the ventrolateral

neuropil (Figure S4A). MIP and v’td2 neurons further extend

mediodorsally along the axonal arbor of Dp7 neurons in the

thoracic segments of the larval VNC and SEZ (Figures S3C

and S3D). However, 75%–100% of synapses of v’td2 to

MIP or Dp7 and MIP to ABLK neurons reside on the Dp7

ventrolateral dendrite (Figures 3B and 3C). This suggests the

convergence of noxious light inputs and outputs within this

Dp7 domain. In contrast, the mechanonociceptive circuit

comprising C2da, C3da, C4da, and A08n neurons,30 of which

C4da and A08n also process noxious light information, primar-

ily provides synaptic inputs on the medioventral dendritic arbor

of Dp7 neurons (Figures 3D and S4A). Within the lateral region,

Dp7 neurons receive extensive synaptic input from v’td2 neu-

rons, which form concurrent (polyadic) synapses with MIP neu-

rons. MIP neurons, in turn, innervate adjoining ABLK neuron

processes also extending along the ventrolateral neuropil (Fig-

ures 3E, S4B, and S4C). This suggests that v’td2-MIP-ABLK

neurons form a functional unit with the Dp7 ventrolateral arbor
and that processing of mechanonociceptive and noxious light

information may preferentially occur in distinct Dp7 arbor

domains.

Interestingly, the synaptic contact region of v’td2-MIP-ABLK

neurons on the lateral arbor of Dp7 neurons also coincides

with Ilp7 neuropeptide localization (Figures 3B and 4A), suggest-

ing that this could be a site of local peptide release. Analysis of

Dp7 neurons in the EM volume revealed in total five putative

fusion events of large dense-core vesicles (LDCVs), one of

them occurring from Dp7 neurons to neighboring ABLK neurons

(Figure 3F, arrow, from region marked with asterisk in Figure 3B).

This indicated the possibility that Ilp7 is released from Dp7 neu-

rons in direct vicinity of ABLK neurons.

Dp7- and Ilp7-dependent output to ABLK neurons in
response to noxious light
Based on their converging input from the noxious light-sensing

circuit, we next askedwhether ABLK neurons are relevant down-

stream outputs. We silenced leukokinin (Lk)-expressing neurons

(Lk-Gal447) by expressing Kir2.1 and performed light-avoidance

assays, which resulted in a strongly decreased dark preference

(Figure 4B). As Lk is expressed in additional neurons in the

SEZ (SELK) and brain lobes (ALK and LHLK), we genetically sup-

pressed the expression of Kir2.1 only in ABLK neurons (tsh-

Gal80; Figure S4H). Silencing of the remaining Lk+ neurons did

not result in light-avoidance defects, suggesting a specific

dependence on ABLK neuron function. We also tested Hugin-

VNC neuron function in light avoidance, which are downstream

partners of Dp7 neurons, but receive major sensory input from

non-UV responsive v’td1 neurons (Figure 3A). Consistent with

our connectome and functional analysis, we did not detect any

significant defects when silencing Hugin-VNC neurons with a

specific Gal4 line48 (Figure 4B). Our results show that ABLK neu-

rons, but not Hugin-VNC neurons, are specifically involved in

noxious light avoidance.

We analyzed potential light-dependent locomotion changes

when silencing v’td2, Ilp7, or ABLKneurons. The average locomo-

tion speed in the dark or during noxious blue light illumination was

comparable to that of the control (Figure S4D), but overall turning

rates of the animals, particularly during noxious light exposure,

were reduced (Figure S4E). This indicated impaired reorienta-

tion/turning behavior under noxious light conditions. However,

loss of Ilp7 or silencing of v’td2, Ilp7, or ABLK neurons did not

impair chemotaxis toward ethyl butyrate (Figures S4F and S4G),

suggesting that complex navigational behavior is not generally

affected. We next attempted to dissect ABLK neuron-dependent

acute behavior by optogenetic activation of different Lk+ subsets

(Figures S4H and S4I). While we could selectively block expres-

sion in ABLK or brain lobe (ALK and LHLK) neurons using different

genetic approaches, we could not suppress expression in SELK

neurons. Optogenetic activation resulted in consistently strong

rolling responses, suggesting that SELK neurons are likely

involved in nociceptive rolling (Video S5).

We then assayed ABLK neuron responses to UV light using

GCaMP6s and found prominent calcium transients upon stimu-

lation (Figures 4C and S5A; Video S2). In contrast, SELK neurons

did not respond to UV light, strongly suggesting that they are not

involved in noxious light avoidance (Figure S5B; Video S2). We

further assessed the activation of ABLK neurons by different light
Current Biology 32, 1–15, January 10, 2022 5
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Figure 3. Domain-specific organization of the noxious light-avoidance network

(A) Connectivity graph of Dp7 neurons shows overlapping but distinct subcircuits. The major outputs of v’td2 neurons are Dp7 and MIP neurons, while v’td1

neurons strongly connect to ABLK and Hugin-VNC neurons. The numbers on the arrows indicate synapses from each neuronal subset forming direct con-

nections.

(B) Overview of reconstructed Dp7, v’td2, MIP, and ABLK neuron innervation. Enlarged axon and dendrite regions of Dp7 neurons show local v’td2-Dp7, v’td2-

MIP, and MIP-ABLK synapses on the lateral dendrite and anterior axon of Dp7 neurons.

(C) Relative synapse numbers in Dp7 dendritic and axonal arbor regions are shown for each partner.

(D) Synaptic connectivity of mechanosensory (C2da, C3da, C4da) and A08n neurons with Dp7. Most synapses are located on Dp7 medial dendrites providing

mechanonociceptive input (indicated by shaded blue area). Except for C4da and A08n synapses, noxious light inputs (as shown in B) are mainly found on Dp7

lateral dendrites (indicated by shaded magenta area).

(E) v’td2 forms polyadic synapses with MIP and Dp7 neurons. Scale bar, 200 nm.

(F) Putative peptide release by docked LDCV (indicated by arrow) from Dp7 (blue) to adjacent ABLK neurons (green) in consecutive EM sections (region indicated

by asterisk in B); additional LDCVs indicated by arrowheads. Scale bar, 200 nm.

See also Figure S4.
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intensities andwavelengths using the red-shifted calcium sensor

jRCaMP1b.49 We could detect strong and acute calcium tran-

sients in ABLK neurons at UV light intensities ranging from 20

to 60 mW/mm2 (Figure S5C). We then illuminated with different

wavelengths in a range from 365 to 525 nm with the same
6 Current Biology 32, 1–15, January 10, 2022
intensity (60 mW/mm2), revealing strong responses up to

470 nm, but not at 525 nm (Figure S5D). These data show that

ABLK neurons are responding only to light within the noxious

UV and blue wavelength range and that they are a part of a

noxious light-sensing circuit.



A B

C

E

D

F

Figure 4. Dp7 neuron activity and Ilp7 pep-

tide are required for noxious light informa-

tion flow to ABLK neurons

(A) Confocal image stack (maximum projection)

showing anatomical overlap of ABLK (LK-Gal4 >

UAS-CD4-tdGFP) and Ilp7 neuropeptide puncta

(cyan) along the lateral dendritic region of Dp7

neurons (Ilp7-LexA > LexAop-CD4spGFP11-td-

Tomato). Scale bar, 50 mm.

(B) Silencing of LK neurons (Lk-Gal4 > UAS-

Kir2.1), but not when precluding ABLK expression

(tsh-Gal80, Lk-Gal4 > UAS-Kir2.1), abolishes light

avoidance. Silencing Hugin-VNC neurons

(HugVNC-Gal4 > UAS-Kir2.1) does not affect light

avoidance (n = 10 trials/genotype, ****p < 0.0001,

**p < 0.01, one-way ANOVA with Tukey’s post hoc

test).

(C) ABLK neuron calcium transients evoked by UV

light with or without Dp7 neuron silencing (Dp7-

LexA, LexAop-Kir2.1, means ± SEMs, n = 7).

(D) Boxplot quantification (% DFmax/F0) showing

ABLK neuron response to UV light (Lk-Gal4 >

UAS-GCaMP6s) with or without Ilp7 neuron

silencing (Ilp7-LexA > LexAopKir2.1, n = 7 larvae/

genotype, ****p < 0.0001, unpaired t test).

(E) ABLK neuron calcium transients evoked by UV

light in control and Ilp7ko animals (means ± SEMs,

n = 7).

(F) % DFmax/F0 boxplots (n = 7 larvae/genotype,

unpaired t test,**p < 0.01).

See also Figures S4 and S5 and Videos S2 and S5.
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Wenext examinedwhetherABLKneuron responses tonoxious

light depend on Dp7 neuron function. To this end, we silenced

Dp7 neurons using Kir2.1 expression and monitored ABLK

neuron responses to UV light, which were absent under these

conditions (Figures 4C and 4D). To assay whether Dp7-derived

Ilp7 was required for ABLK activation, we performed calcium im-

aging in Ilp7ko animals and detected a 70% decrease in ABLK

neuron responses after UV light stimulation (Figures 4E and 4F).

In contrast, the expression of tetanus toxin light chain (TNT) in

Dp7 neurons did not affect ABLK neuron responses to UV light

(Figure S5E), suggesting that synaptic transmission from Dp7 to

ABLK neurons does not play a major role in this context. Howev-

er, we cannot exclude the involvement of other neuropeptides

contributing to ABLK responses. To test for a contribution to

ABLK neuron activation by other light-sensing pathways,

including C4da neurons or BO, we blocked their function by

TNT expression or genetic ablation (GMR-hid), respectively. In

both cases, ABLK neuron responses to UV light were not signifi-

cantly impaired (Figure S5E). Similarly, the optogenetic activation

ofDp7, BO, or C4da neurons usingCsChrimson did not result in a

significant activation of ABLK neurons, suggesting that neither

Dp7 nor BO or C4da neurons are sufficient to activate ABLK
Cu
neurons (Figures S5F–S5H). Consistently,

we did not find a connectomic link be-

tween the BO network with Dp7 or ABLK

neurons or a link between C4da and

ABLK other than Dp7 neurons. These

data strongly suggest that Dp7 neurons

exert Ilp7-dependent control of ABLK
neuron activation by noxious light, which likely involves the

v’td2-MIP-Dp7 circuit rather than C4da neurons or BO.

Acute Ilp7 release from Dp7 neurons in response to
noxious light
We next investigated the peptidergic link between Dp7 and

ABLK neurons in more detail by asking whether Ilp7 release

from Dp7 neurons can be acutely induced by UV light stimula-

tion. We generated an Ilp7 release reporter by fusing Ilp7 to

GCaMP6s (NPRRIlp7), analogous to previously characterized

neuropeptide reporters.50 NPRRIlp7 expressed in Dp7 neurons

localized in a punctate pattern similar to the endogenous pattern

of Ilp7, and colocalized completely with the LDCV-specific Syn-

aptotagmin Syta51 (Figures S6A and S6B). We next imaged

NPRRIlp7 responses to UV light in Dp7 neurons in live larvae.

NPRRIlp7 puncta in the proximal axon and ventrolateral dendrite

region of Dp7 neurons displayed low baseline fluorescence

consistent with low LDCV calcium levels, which increased

rapidly uponUV light illumination, indicating peptide release (Fig-

ures 5A and 5B; Video S6). Repeated UV- light stimulation re-

sulted in consistent NPPRIlp7 responses in LDCV puncta (Figures

5C and 5D). These data are compatible with acute and rapid
rrent Biology 32, 1–15, January 10, 2022 7
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E

B Figure 5. Acute Ilp7 peptide release from

Dp7 neurons in response to UV light

(A) NPRRIlp7-labeled LDCVs (numbers 1–4; b,

background) located along the Dp7 proximal

axon. Time series (xt) along the dotted line

showing acute evoked NPRRIlp7 fluorescence in-

crease in response to a 10-s UV light exposure

(365 nm, 60 mW/mm2). Scale bars, 10 mm.

(B) Stacked individual traces of NPRRIlp7-labeled

LDCVs (numbered 1–4, individual responses are

stacked by 20% each for clarity) and background

(b) shown in (A).

(C) Repeated UV light-induced responses of indi-

vidual NPRRIlp7 puncta located along the proximal

axon or lateral dendrite of Dp7 neurons (from 3

representative experiments).

(D) DFmax/F0 boxplot of Dp7 NPRRIlp7 responses

to UV light (n = 18 LDCVs from 6 animals).

(E) Boxplot quantification (% DFmax/F0) of

maximum NPRRIlp7 fluorescence change in Dp7

somata upon UV light stimulation without or with

Cadps-RNAi. Cadps knockdown significantly re-

duces NPRRIlp7 responses (n = 6 larvae/genoty-

pe,***p < 0.001, unpaired t test).

See also Figure S6 and Video S6.
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peptide release by partial LDCV fusion with the plasma mem-

brane in the millisecond-to-second range, similarly to kiss-and-

run-type peptide release upon electrical stimulation.50,52

Imaging of NPPRIlp7 in the Dp7 soma showed similar responses,

also suggesting somatic release (Figure S6C). In contrast, poste-

rior Ilp7+ neurons, which innervate the gut, did not showUV light-

induced somatic NPPRIlp7 responses (Figure S6C). To further

confirm that NPPRIlp7 is reporting LDCV fusion with the plasma

membrane, we used RNAi to knock down calcium-dependent

secretion activator (Cadps), a conserved protein required for

LDCV release, but not biogenesis.53,54 UV light-induced

NPPRIlp7 responses in the Dp7 soma were strongly diminished

upon Cadps-RNAi, showing that the observed responses are

LDCV release dependent (Figure 5E). Our data thus show that

LDCVs containing Ilp7 are acutely released fromDp7 in response

to UV light, thereby acting directly on neighboring ABLK neurons,

reminiscent of small-molecule neurotransmitter action.
Neuropeptidergic decoding of circuit responses
and behavior for noxious light
As the noxious light and mechanonociceptive circuits overlap

extensively at the sensory C4da and Dp7 neuron level, we asked

whether Ilp7-dependent output of Dp7 to ABLK neurons is spe-

cific for UV light. Kir2.1-mediated silencing of LK neurons, with or

without the inclusion of ABLK neurons, did not significantly

impair mechanonociceptive escape responses resulting in noci-

fensive rolling behavior (Figure 6A). Instead, silencing all LK neu-

rons mildly facilitated mechanonociceptive behavior, which is in

line with a similar effect described for Ilp7 deletion.30 Moreover,

in sharp contrast to UV light stimulation, we did not detect cal-

cium responses in ABLK neurons after mechanonociceptive

stimulation (Figure 6B). Divergence of the mechanonociceptive

and noxious light circuits thus occurs downstream of Dp7 neu-

rons through Ilp7-mediated actions on ABLK neurons.

While no cognate Ilp7 receptor has been identified so far, the

relaxin family receptor Lgr4 has coevolved with Ilp7 across
8 Current Biology 32, 1–15, January 10, 2022
arthropod species, suggesting a receptor-ligand relation-

ship.55,56 A Gal4 reporter incorporated in the endogenous Lgr4

mRNA (Lgr4T2AGal4) displayed expression in ABLK neurons, sug-

gesting the presence of Lgr4 (Figure 6C). We further analyzed the

localization of an ABLK-expressed hemagglutinin (HA)-tagged

Lgr4, which localized along ABLK neuron projections close to

endogenous Ilp7 puncta present on the ventrolateral branch of

Dp7 neurons (Figure 6D). In addition, we biochemically

confirmed Ilp7 and Lgr4 interaction in S2 cells in co-immunopre-

cipitation assays showing that Ilp7 and Lgr4 are capable of bind-

ing in vitro (Figure S6D). Binding was dependent on the presence

of the extracellular leucine-rich repeat (LRR) domain of Lgr4, but

not a conserved residue (I263) required for interaction of the

mammalian orthologs RXFP1 and relaxin (Figure S6E).

To find out whether Lgr4 is physiologically relevant for noxious

light avoidance, we tested Lgr4T2AGal4 larvae, which carry a T2A-

Gal4 exon, resulting in the loss of Lgr4 as confirmed by qPCR

analysis (Figure S6F). Lgr4T2AGal4 animals showed significantly

reduced light avoidance,which could be fully rescuedby the over-

expression of Lgr4 in its endogenous pattern (Figure 6E). We then

imaged calcium responses of ABLK neurons using a confirmed

Lgr4 knockout (KO) allele (Lgr4ko57) showing reduced light avoid-

ance as well (Figures 6F, 6G, S6G, and S6H). Similar to Ilp7ko an-

imals, we detected a 3-fold decrease in calcium transients, which

was rescued upon the expression of Lgr4 only in LK+ neurons,

including ABLKs (Figures 6F and 6G). Collectively, these results

suggest that Lgr4actsdownstreamof Ilp7 inABLKneurons topro-

mote their UV light responses and light-avoidance behavior.
DISCUSSION

Noxious light processing in Drosophila larvae for
sustained avoidance responses
All animals must detect noxious stimuli and engage in appro-

priate escape actions to avoid injury or death. Consistent with

previous reports,58,59 extended exposure to blue, but not green,
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Figure 6. Neuromodulatory decoding of nociceptive escape behaviors

(A) Mechanonociceptive responses upon silencing of Lk neurons (Lk-Gal4 UAS-Kir2.1), with or without ABLK silencing (Lk-Gal4;tsh-Gal80,UAS-Kir2.1; n = total

number of larvae indicated in graphs, *p < 0.05, c2 test).

(legend continued on next page)
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light is noxious and lethal for developing Drosophila larvae.

This suggests a strong need to efficiently detect and avoid

short-wavelength light. Extraocular UV/blue light sensors

expressed in body wall neurons have been identified in

several invertebrates, including Caenorhabditis elegans60 and

Drosophila,37,61,62 and the underlying circuits seem to aid in

the detection and avoidance of noxious light qualities and inten-

sities. Previous work in Drosophila larva showed that besides

BO, C4da neurons are involved in acute UV or blue light-avoid-

ance responses,37,63,64 likely via independent circuits. Here,

we provide evidence that v’td2 neurons represent an additional

set of larval body wall neurons sensing noxious light and

inducing avoidance responses via peptidergic Dp7 neuron ac-

tion and ABLK neuron activation. Of note, ABLK neurons have

been proposed to gate binary escape decisions in response to

optogenetic activation of C4da neurons using a blue light-acti-

vated channelrhodopsin.65 Our connectomic, functional, and

behavioral data show that ABLK neurons are actually part of a

UV and blue light-sensing circuit promoting acute and sustained

noxious light-avoidance behavior. While ABLK neurons have

known additional functions in stress response pathways66,67

and blue light-induced rearing behavior,68 the lack of major con-

nectivity and functional activation of ABLK by C4da neurons as

shown in our work will require further investigation of their role

in computing binary escape decisions.

Why do Drosophila larvae need three seemingly independent

sensory circuits (BO,C4da, and v’td2) to sense and avoid noxious

light?BO is located in the larval head region,while v’td2 andC4da

neurons reside in abdominal segments (A1–A7) or tile the entire

body wall,38,44,69 respectively. For acute noxious light responses

after exposure on the larval head region, BO and C4da neurons

seem to be jointly required.37,63 However, as shown for our

v’td2-Dp7-ABLK circuit here and previously for BO40 and C4da

neurons,36 each of these sensory units is necessary for efficient

light avoidance in choice assays. Under such chronic conditions,

the combined action of these sensory systems covering different

larval body regions may enable a sustained behavioral mode for

continuous avoidance of extended periods of noxious light expo-

sure of any body part. Although we could not identify a connec-

tomic or functional link between BO and the circuit described

here,C4da neuronsmay still contribute toDp7 neuron-dependent

Ilp7 release based on their ability to promote Dp7 neuron activa-

tion in mechanonociception.30 We cannot rule out additional out-

puts of v’td2 neurons besides ABLK neurons, which may reside

within theMIP connectome.However, it is alsopossible that these
(B) MaximumABLK neuron responses (boxplot,%DFmax/F0) to noxiousmechanic

test, **p < 0.01).

(C) Endogenous Lgr4 reporter expression (Lgr4T2AGal4,UAS-CD4-tdGFP) in AB

magnified lateral VNC region (boxed region) with ABLK neuron somata (GFP: gre

(D) Lgr4-HA localization in ABLK neurons (Lk-Gal4,UAS-Lgr4-HA) with anti-Ilp7

showing ABLK neuron somata and dendrites with proximity of Lgr4 (green) and Ilp

(E) Lgr4T2AGal4 animals display reduced light avoidance, which was rescued byUA

way ANOVA with Tukey’s post hoc test).

(F) GCaMP6s-expressing ABLK neuron responses to UV light in control and Lgr4

animals/genotype, means ± SEMs).

(G) Quantitative DFmax/F0 boxplots of (F) (n = 5, **p < 0.01, one-way ANOVA, wit

(H) Model depicting neural andmolecular elements shaping the larval somatosens

versus noxious light resulting in rolling or avoidance, respectively.

See also Figure S6.
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light-sensing circuits are connected via long-range peptidergic/

hormonal regulation, as BO-dependent release of PTTH (prothor-

acicotropic hormone) has been suggested to control C4da neuron

function in light-avoidance behavior.36 This indicates that global

hormonal signals may additionally coordinate the action of these

circuits.

Neuromodulatory hub-mediated sensory processing
The challenge of a nervous system is to generate the correct

behavioral output, such as specific escape responses, based

on the received sensory input. Emerging connectomic data

from Drosophila illustrates that sensory networks fan out exten-

sively, adding numerous partners at each subsequent

level.14,28,70 As a result, the relevant output path of any given

sensory input is often difficult to identify, indicating that physical

connection is not a sufficient predictor for function.22,71 This

suggests specific circuit mechanisms for selective gating of ac-

tion-specific network components. Along these lines, a hub-

and-spoke-like circuit has been identified in C. elegans, where

the RMG neuron forms a hub that receives spoke-like input

from several sensory neurons regulating aggregation behavior

via neuromodulatory signaling.72,73 Similarly, somatostatin+ neu-

rons in the spinal cord receive converging input from different

mechanosensory pathways74 and play a pivotal role in mechan-

ical pain processing. Such convergence of multiple sensory in-

puts allows the integration and regulation of behavioral output,

suggesting that neuropeptide-expressing neurons are local

network hubs. In our work, Dp7 neurons act as a regulatory

hub that gates the activation of specific network responses.

This may be particularly important in sensory processing, in

which peptidergic action can increase the computational power

by organizing circuit function to generate alternative behav-

iors.22,27,75 In mice, alternative escape behaviors are regulated

by competitive and mutually inhibitory circuits of corticotropin-

releasing factor and somatostatin+ neurons in the central amyg-

dala, which mediate conditioned flight or passive freezing,

respectively.10 While direct involvement of these neuromodula-

tors has not yet been shown, oxytocin release from presynaptic

terminals of hypothalamic neurons in the central amygdala atten-

uates fear responses in mice,76,77 suggesting extensive neuro-

modulatory regulation of escape and related behaviors across

species. Our work revealed that discrete escape pathways are

controlled by Dp7 hub neurons through input-specific neuropep-

tide function. Rolling in response to noxious mechanical

touch6,78 requires feedback signaling from Dp7 neurons via
al or UV light stimulations in semi-intact live larval preparations (n = 8, unpaired t

LK neurons detected by colocalized anti-Lk immunostaining. Overview and

en, Lk: magenta). Scale bars, 50 mm, 10 mm for enlarged view.

immunostaining. Overview and magnified lateral VNC region (boxed region)

7 (magenta) puncta on the Dp7 neuron lateral arbor. Scale bars, 50 and 10 mm.

S-Lgr4 expression (n = 10, 10, and 8 trials/genotype; *p < 0.05, **p < 0.01, one-

ko animals, with and without UAS-Lgr4 expression (Lk-Gal4 > GCaMP6s, n = 5

h Tukey’s post hoc test).

ory escape circuit, with specific action of sNPF or Ilp7 onmechanonociception
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sNPF, but not Ilp7 peptide.30 In contrast, noxious light-avoid-

ance behavior requires Dp7 neuron-derived Ilp7, but not sNPF,

and acts via a feedforward mechanism. Circuit-specific neuro-

peptide action thus generates discrete escape behaviors in

this system by creating divergent networks, despite the exten-

sive overlap between mechanonociceptive and noxious light

avoidance circuits (Figure 6H). This may raise the question of

why these circuits are converging on hub neurons in the first

place. First, sensory integration can facilitate escape responses

as vibration14 or blue light79 enhance nociceptive rolling in

Drosophila larvae. Second, escape responses may have to be

tuned depending on the overall environmental context as well

as the state of the animal, for which peptidergic regulation is

known to be a key factor.22

Compartmentalized modality-specific circuits and
neuromodulatory action
Specific compartmentalization of sensory inputs and outputs can

increase the efficiency of network computation at hub neurons

through combined local synaptic and neuropeptide domains. In

C. elegans, peptide release from the PVD neuron dendrites pro-

vides local proprioceptive feedback to motor neurons.80 Discrete

functional domains have also been described for Drosophila

mushroom body Kenyon cells displaying compartmentalized ac-

tivity, which encodes context-specific functions by local dopami-

nergic modulation.81–83 Here, we show the convergence of UV

light-responsive inputs and outputs with Ilp7 release sites on

the Dp7 lateral dendritic arbor, which likely form a computational

unit of the noxious light-avoidance circuit. Analogous compart-

mental organization is likely found in the somatosensory system

of adult flies84 and also in vertebrates displayingmodality-specific

laminar organization of sensory inputs and corresponding out-

puts.16,17,85 This suggests that integrating neuropeptide-express-

ing neurons receiving sensory input linked to distinct modalities,

such as Dp7 neurons in Drosophila or somatostatin-expressing

neurons in the vertebrate spinal cord,74 play a pivotal role in pro-

cessing sensory stimuli. Dendrites can act as independent

computational units,86 as shown in the vertebrate retina.87

Althoughwecould identify physical compartmentalization of input

and output domains, most of the physiological responses,

including peptide release, seem to occur globally across the

entire neuron. We currently lack the tools and resolution to inves-

tigate region-specific differences in calcium levels or peptide

release efficiency. Nonetheless, neuromodulatory signals can still

aid local processing due to circuit-specific expression of cognate

receptors, as shown here by noxious light-specific responses of

Lgr4-expressing ABLKneurons. In linewith this notion, neuropep-

tide overexpression studies in zebrafish have shown that sensory

responsiveness can be regulated in a peptide- andmodality-spe-

cificmanner88 suggesting that their signaling still acts on selective

circuits to enhance respective innate behaviors. Thus, compart-

mentalized circuits with broad yet functional unit-specific neuro-

modulatory action may be a widespread mechanism to generate

context-specific behaviors.

Neuropeptide-mediated co-transmission selects
network action and behavior
Co-transmission of small-molecule neurotransmitters and

neuropeptides has been described in vertebrates and
invertebrates;20,22,27,89 however, the acute signaling function of

neuropeptides in sensory behavior is not well understood. In gen-

eral, neuropeptide release has been described to occur upon

neuronal activity,25,50,90–92 although their action is considered

slow and broad,20,22 with the ability to regulate targets distant

from release sites (e.g., opioid receptor signaling in stress-

induced analgesia)93 and long-lasting behavioral states, including

sleep, foraging, and social behavior.72,94,95

Here, we show that Ilp7 is acutely released from Dp7 neurons

in response to noxious light and required for full ABLK neuron

activation. Residual ABLK neuron calcium transients in the

absence of Ilp7, likely due to small neurotransmitter activity in

this network, are not sufficient for noxious light-avoidance

behavior. This suggests that Ilp7 can act as a co-transmitter

required for selective network activation and behavior. Ilp7 pre-

sumably acts via Lgr4 to enable noxious light-avoidance re-

sponses and behavior. Lgr4 belongs to the conserved family of

relaxin receptors.55,96–100 Recent work indicates a role for

relaxin-3 in escape behavior through the inhibition of oxytocin-

producing neurons in the hypothalamus, a brain region

implicated in the modulation of escape responses of verte-

brates.76,101 This suggests a conserved role of relaxin signaling

in escape responses.

Overall, our data suggest that neuropeptidergic signals can

act acutely on the physical neuronal network to promote selec-

tive network activity and specific innate behaviors. Based on

the widespread expression of neuropeptides and cognate G

protein-coupled receptors (GPCRs), including in escape cir-

cuits,20–23,102 further studies must determine whether local

neuromodulatory hubs with compartmentalized circuits as

described here may be a general motif for the computation of

modality-specific sensory responses.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Ilp7 39 N/A

Rabbit polyclonal anti-Leucokinin Dr. Dick N€assel, Stockholm

University, Sweden

N/A

Chicken polyclonal anti-GFP Abcam Cat# ab13970; RRID: AB_300798

Rat monoclonal anti-HA Roche Cat# ROAHAHA; RRID: AB_2687407

Mouse monoclonal anti-Fas2 (1D4) DSHB RRID: AB_528235

Mouse monoclonal anti-myc (9E10) Sigma-Aldrich Cat# M4439; RRID: AB_439694

Mouse monoclonal anti-Flag M2 Sigma-Aldrich Cat# P2983; RRID: AB_439685

Alexa Fluor 488 Donkey anti-mouse Jackson Immunoresearch Cat# 715-545-150; RRID: AB_2340846

Cy3 polyclonal Goat anti-Rabbit Jackson Immunoresearch Cat# 111-165-003; RRID: AB_2338000

Cy5 polyclonal Donkey anti-Chicken Jackson Immunoresearch Cat# 703-175-155; RRID: AB_2340365

Dylight 649 monoclonal mouse anti-Rabbit Jackson immunoresearch Cat# 211-492-171; RRID: AB_2339164

Chemicals, peptides, and recombinant proteins

All-trans Retinal Sigma-Aldrich Cat# R2500

Schneider’s Drosophila medium Thermo-Fisher Cat# 21720024

Ethyl butyrate Sigma-Aldrich Cat# E15701

Critical commercial assays

High Pure RNA Tissue Kit Roche Cat# 12033674001

Maxima First Strand cDNA Synthesis Kit for

RT–quantitative PCR

Thermo Scientific Cat# K1641

High Pure PCR template preparation kit Roche Cat# 11796828001

Deposited data

Catmaid neuronal reconstructions This paper https://l1em.catmaid.

virtualflybrain.org/?pid=1

Experimental models: Cell lines

D. melanogaster: Cell line S2: S2-DRSC DGRC RRID: CVCL_Z992

Experimental models: Organisms/strains

D. melanogaster: w1118 Bloomington Drosophila Stock Center BDSC:3605

D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC] = GMR35B01-GAL4}attP2

Bloomington Drosophila Stock Center BDSC: 49898

D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC] = GMR73B01-GAL4}attP2

Bloomington Drosophila Stock Center BDSC: 39809

D. melanogaster: w[*]; wg[Sp-1]/CyO;

P{w[+mC] = Gr28b.c-GAL4.6.5}3

Bloomington Drosophila Stock Center BDSC: 57619

D. melanogaster: w[*]; P{w[+mC] = Gr89a-

GAL4.2}11/CyO

Bloomington Drosophila Stock Center BDSC: 57676

D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC] = GMR22C07-GAL4}attP2

Bloomington Drosophila Stock Center BDSC: 48975

D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC] = GMR27H06-lexA}attP40

Bloomington Drosophila Stock Center BDSC: 54751

D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC] = 20XUAS-IVS-GCaMP6s}attP40

Bloomington Drosophila Stock Center BDSC: 42746

D. melanogaster: w1118; P{20XUAS-IVS-

GCaMP6m}attP40

Bloomington Drosophila Stock Center BDSC: 42748
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D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC] = 20XUAS-IVS-

jGCaMP7s}VK00005

Bloomington Drosophila Stock Center BDSC: 79032

D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC] = 20XUAS-IVS-CsChrimson.

mVenus}attP2

Bloomington Drosophila Stock Center BDSC: 55136

D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC] = 13XLexAop2-IVS-

CsChrimson.mVenus}attP2

Bloomington Drosophila Stock Center BDSC: 55139

D. melanogaster: w[*]; PBac{y[+mDint2]

w[+mC] = 20XUAS-IVS-NES-jRCaMP1b-

p10}VK00005

Bloomington Drosophila Stock Center BDSC: 63793

D.melanogaster: P{w[+mC] = GMR-hid}G1/

CyO, P{ry[+t7.2] = sevRas1.V12}FK1

Bloomington Drosophila Stock Center BDSC: 5771

D.melanogaster: w[1118]; PBac{y[+mDint2]

w[+mC] = UAS-CD4-tdGFP}VK00033

Bloomington Drosophila Stock Center BDSC: 35836

D. melanogaster: y[1] w[*] Mi{Trojan-

GAL4.1}Lgr4[MI06794-TG4.1]

Bloomington Drosophila Stock Center BDSC: 77775

D. melanogaster: w* TI{TI}Lgr4attP (Lgr4ko) Bloomington Drosophila Stock Center BDSC: 84478

D.melanogaster: w[1118]; PBac{y[+mDint2]

w[+mC] = UAS-CD4-tdTom}VK00033

Bloomington Drosophila Stock Center BDSC: 35837

D.melanogaster: w[1118]; PBac{y[+mDint2]

w[+mC] = UAS-CD4-tdGFP}VK00033

Bloomington Drosophila Stock Center BDSC: 35836

D. melanogaster: w[1118]; P{w[+mC] =

UAS-DenMark}3

Bloomington Drosophila Stock Center BDSC: 33061

D. melanogaster: w[*]; P{w[+mC] = lexAop-

nSyb-spGFP1-10}2, P{w[+mC] = UAS-

CD4-spGFP11}2; MKRS/TM6B (Syb-

GRASP)

Bloomington Drosophila Stock Center BDSC: 64315

D. melanogaster: w[*]; wg[Sp-1]/CyO;

P{w[+mC] = tubP(FRT.stop)GAL80}3

Bloomington Drosophila Stock Center BDSC: 39213

D. melanogaster: UAS-spGFP1-10-Syb M. Gallio, Northwestern University,

Evanston, USA

N/A

D. melanogaster: UAS-Syta-myc 51 N/A

D. melanogaster: w*;tsh-Gal80/CyO J. Simpson, UCSB, Santa Barbara, USA N/A

D. melanogaster: LexAop-CD4-sp11-

CD4-tdTomato

30 N/A

D. melanogaster: A08n-Gal4 (82E12-

Gal4AD, 6.14.3-Gal4DBD)

30 N/A

D. melanogaster: Dp7(4-3)-LexA 30 N/A

D. melanogaster: sNPFc00448 30 N/A

D. melanogaster: sNPFMI01807 30 N/A

D. melanogaster: Ilp7-LexA 103 N/A

D. melanogaster: Ilp7ko 104 N/A

D. melanogaster: w[1118]; LexAop-Kir2.1 30 N/A

D. melanogaster: w[1118]; LexAop-TnT-HA 105 N/A

D. melanogaster: HuginVNC -Gal4 48 N/A

D. melanogaster: UAS-Kir2.1 106 N/A

D. melanogaster: Otd-Flp 107 N/A

D. melanogaster: Dp7(4-3)-Gal4 This paper N/A

D. melanogaster: UAS-NPRRilp7 This paper N/A

D. melanogaster: UAS-Ilp7 This paper N/A

D. melanogaster: UAS-Lgr4-HA-flag This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster: Lk-Gal4 47 N/A

D. melanogaster: GMR-LexA 108 N/A

D. melanogaster: UAS-Cadps-RNAi Vienna Drosophila Stock Center VDRC: KK110055

Oligonucleotides

Primers for HA-tagged Ilp7 and Lgr4

cloning, see Table S2

This paper N/A

Primers for Lgr4 qRT-PCR, see Table S2 This paper N/A

Software and algorithms

Collaborative annotation toolkit for massive

amount of image data (CATMAID)

Janelia research campus, USA,109 RRID: SCR_006278

Ethovision XT-X2 Noldus Information Technology,

Wageningen, Netherlands

RRID: SCR_000441

Pylon Camera Software Suite Basler, Switzerland N/A

StreamPix 6 Norpix, Montreal, Quebec, Canada RRID: SCR_015773

Fiji/ImageJ NIH, Bethesda RRID: SCR_002285

Prism Graphpad, San Diego, CA, USA RRID: SCR_00279

StackReg, ImageJ plugin EPFL, Lausanne, Switzerland110 N/A

Time Series analyzer V3, ImageJ plugin UCLA, California, USA RRID: SCR_014269

FimTrack University of Münster, Germany111 https://github.com/kostasl/FIMTrack

Temporal larval distribution analysis scripts This paper https://github.com/formozov/

larva_tracking_Imambocus_et_al

Other

CoolLED pE-4000 CoolLED, Andover, UK N/A

RGB-LED plate Phlox, Provence, France N/A

Custom incubator with RGB LEDs 111 N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Peter

Soba (psoba@uni-bonn.de).

Materials availability
Lines generated and described in this study are available on request from the Lead Contact.

Data and code availability

d All data reported in this paper is available from the lead contact upon request.

d All neurons reconstructed from volume EM were archived in the Virtual Fly Brain server, and are accessible via CATMAID soft-

ware at this address: https://l1em.catmaid.virtualflybrain.org/?pid=1

d Code and scripts used to analyze larval distribution in two choice assays are available at this address: https://github.com/

formozov/larva_tracking_Imambocus_et_al

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly stocks
Drosophila melanogasterwere reared at 25�C and 70%humidity with a 12 light/dark cycle on standard fly food. Transgenic lineswere

maintained in eitherwhitemutant (w-) or yellow-white (y-, w-) backgrounds. For analysis, 3rd instar foraging stage larvae of both sexes

were used in this study (94h ± 2h AEL unless stated otherwise). No sex-specific effects were part of this study. For fly line details see

Key resources table. Lines were obtained from the Bloomington Drosophila Stock Center or the Vienna Drosophila Stock Center
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unless stated otherwise. UAS-CsChrimson was used as an optogenetic actuator to stimulate specific neurons. UAS-Kir2.1 or

UAS-TNT were used to block activity/function of specific neurons. Experimental genotypes for quantitative comparisons are listed

in Table S1.

S2-DRSC cell line
Drosophila S2-DRSC cells (sex: male) were cultured in Schneider’s Drosophila medium supplemented with 10% fetal calf serum,

glutamine and Penicilin/Streptomycin (ThermoFisher, Carlsbad, CA,USA). Cells were passaged every 3-5 days and maintained in

as semi-adherent cultures.

METHOD DETAILS

Generation of plasmids and transgenes
Dp7-Gal4 is a 2nd chromosome insertion and was generated analogously to Dp7-LexA30 using a 1,099 bp fragment of the Ilp7

enhancer region at the 50 end of the Ilp7 gene (starting from –1,131 to –33, where the ATG for Ilp7 starts at position 0). The genomic

region was amplified by PCR and cloned into pCasper-AUG-GAL4. Transgenes were generated using P-element-mediated trans-

formation. The UAS-Ilp7 transgene was generated by cloning Ilp7 cDNA via EcoRI into the pUAST vector and P-element mediated

transformation. A UAS-Ilp7 insertion on the 3rd chromosomewas used in this study. The Ilp7 neuropeptide release reporter (NPRRIlp7)

was designed analogously to Ding et al.,50 by fusing GCaMP6s to the C terminus of the Ilp7 neuropeptide. Ilp7 cDNA was obtained

from the DrosophilaGenetics Resource Center (DGRC) and amplified from clone FI18537 by PCR with specific primers carrying NotI

and NdeI restriction sites, and fused in frame with GCaMP6s (Addgene) via NdeI/XbaI into the pUAST-AttB vector. Transgenes were

made by phiC31-mediated genomic integration112 into the AttP2 landing site (BestGene, Chino Hills, CA, USA). HA-tagged Ilp7 was

generated by inserting the HA sequence after the signal peptide sequence at position 34 of the Ilp7 cDNA using overlap-PCR. Primers

containing the HA-tag sequence were used for amplification and cloning into the pUAST-AttB vector via NotI/XhoI.

Lgr4 cDNAwas amplified fromDGRC clone UFO07708 (BDGP Tagged ORF collection) by PCR using specific primers and inserted

into a pUAST-AttB vector containing a C-terminal 3xflag-6xHis-tag via NotI/XhoI. The Lgr4I263A mutation was introduced using over-

lap-PCR with specific primers for the codon change and cloned via internal EcoRI/StuI sites into the original Lgr4 cDNA. To remove

the Leucine-rich repeats (LRRs), Lgr4 cDNA was synthesized lacking amino acids 81-426 (Lgr4D81-426, GeneArt, ThermoFisher) and

subcloned into pUAST-AttB vector containing a C-terminal 3xflag-6xHis-tag via NotI/XhoI. All constructs were verified by

sequencing. Primers used for cloning are listed in Table S2.

Transgenic flies carrying UAS-Lgr4-HA (pUAST-Lgr4-CFLAGHA-BD-PHI, consisting of full length Lgr4 cDNA dually-tagged with a

Flag-HA C-terminal fusion (UFO07708, BDGP Tagged ORF collection)) where made using phiC31-mediated genomic integration by

injection into y1 M{vas-int.Dm}ZH-2A w*; M{3xP3-RFP.attP’}ZH-51C (BestGene, Chino Hills, CA, USA).

Neuronal reconstruction and circuit mapping
Neuronal reconstruction was performed on ssTEM images of the first instar larvae using the web-based software CATMAID.109 Dp7

neurons and its partners were manually reconstructed similarly as described14,29 and the location of pre- and post-synapses were

identified. Synapses were annotated using the following 4 criteria: (1) the presence of a highly visible T-bar, (2) the presence of

numerous synaptic vesicles close to the T-bars, (3) contact of pre- and post-synaptic membranes in at least 2 consecutive sections

(4) the presence of a synaptic cleft. We then reconstructed the pre- and postsynaptic partners of Dp7 from the synaptic sites and

identified the v‘td2 sensory neurons. Neuronal reconstruction validation was done as previously described14,29 by using the iterative

method. Pre- and post-synaptic illustrations between 2 neurons were extracted using CATMAID’s 3D-visualization tools. All recon-

structed neurons from the EM volume are accessible via CATMAID software (https://l1em.catmaid.virtualflybrain.org/?pid=1).

Immunohistochemistry and confocal imaging
Larval brains from genotypes labeling Dp7 (Dp7-Gal4, Ilp7-LexA, Ilp7-Gal4) or ABLK (Lk-Gal4) neurons with a reporter (LexAop-CD4-

spGFP11-tdTomato, UAS-CD4-tdGFP,UAS-DenMARK, UAS-Lgr4-HA, UAS-Syta-myc) were dissected in PBS, fixed in 4% formal-

dehyde with PBS for 15 min at room temperature, washed in PBST (PBS with 0.3% Triton X-100 (Roth Karlsruhe, Germany),

incubated with primary antibodies at room temperature overnight, washed in PBST and incubated with corresponding fluorescent

dye-coupled secondary antibodies for 1 hour (Cy3, Cy5 or Dylight 649-coupled secondary antibodies, Jackson Immunoresearch,

Ely, UK). Samples weremounted either on poly-L-lysine (Sigma) coated coverslips or on Superfrost slides in Slow FadeGold (Thermo

Fisher, Carlsbad, CA,USA). For anatomical inspection of Dp7 and ABLK neurons, native reporter fluorescence was sufficiently bright

to be visualized together with antibody immunostaining by confocal microscopy (Zeiss LSM700 or LSM900). Primary antibodies

used: rabbit anti-Ilp7 (1:5000), rabbit anti-Lk (1:1000), mouse anti-Fas2 (1:100, DSHB), rat anti-HA (1:100), mouse anti-myc:

(1:100). Corresponding fluorescent dye-coupled secondary antibodies were used at 1:300. Confocal Z stacks were processed in

Fiji (ImageJ, NIH, Bethesda).

Labeling of synapses between Dp7 and v’td2 neurons using Syb-GRASP46 was performed as described.113 Larval brains (UAS-

spGFP1-10-Syb, LexAop-spGFP11;73B01-Gal4/Ilp7-LexA) were dissected in 5 mM dissection buffer (108 mM NaCl, 5 mM KCl,

4 mM NaHCO3, 1 mM NaH2PO4, 5 mM Trehalose, 10mM Sucrose, 5 mM HEPES, 8.2 mM MgCl2, 2 mM CaCl2, pH 7.4), washed

3 times/5 s alternating between dissection buffer containing 5 mM KCl and 70 mM KCl, respectively, followed by 10 minutes
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incubation in 5 mM dissection buffer. Brains were then fixed in 4% formaldehyde/PBS for 15 minutes, followed by immunohisto-

chemistry (rabbit anti-Ilp7: 1:5000, chicken anti-GFP: 1:500, corresponding fluorescent dye-coupled secondary antibodies: 1:300)

andmounting as described above. Z stackswere obtained using confocal microscopy and processed in Fiji (ImageJ, NIH, Bethesda).

Developmental toxicity assay
Wild-type flies (w1118) were staged for 4 to 6 hours. After 1 day, 50 freshly hatched L1 larvaewere transferred to a grape agar Petri dish

supplemented with yeast paste. Yeast paste was replaced daily to prevent decay. The larvae were then incubated either under green

light (2.5mW/mm2) or blue light (2.5mW/mm2) for at least 9 days at 25�C in a custom incubator (described in Ingles-Prieto et al.114). The

temperature of the substrate or larvae was measured after 1h, 6h and 16h of blue or green light incubation and remained within the

nominal temperature of the incubator (25.15 ± 1.75�C). After 9 days, the number of eclosed flies and the numbers of dead animals

(pharate adults, white pupae, 2nd and 3rd instar larvae, 1st instar or lost upon transfer) were counted. The assay was repeated 5 times

for each condition.

Light avoidance assays
After pre-staging, crosses of adult flies with the appropriate genotype were allowed to lay eggs on grape agar plates supplemented

with fresh yeast paste within a fixed time frame (Zeitgeber (ZT) 4-6) for 1-3 h depending on the number of fertilized eggs to minimize

overcrowding.

Third instar foraging larvae (94 h ± 1.5h AEL) were subjected to a 15min light avoidance assay as described36,40 withmodifications.

The experimental setup consisted of a dark chamber with a white light source (365-580 nm, intensity 6.9-3.3 mW/mm2 on light side,

respectively, < 0.01 mW/mm2 on dark side) illuminating one half of a 10 cm agar plate (12 mL of 2% agar dissolved in ddH2O (Roth,

Karlsruhe, Germany)). An infrared LED source surrounding the plates allowed live recording of larval distribution in darkness with a

digital camera (Basler ace-2040 gm, Basler, Switzerland).

For each trial, 20 larvae were preincubated in darkness for 15 min. The animals were placed in the middle of each Petri dish at the

light /dark junction. Each trial was run for at least 15 min, recorded by a camera at the top of the chamber using Ethovision XT, Pylon

(Basler) or StreamPix 6 (Norpix, Montreal, Canada). For each genotype, typically 10 trials consisting of 20 larvae each were per-

formed. If more than 3 larvae were lost, the trial was excluded.

Mechanonociception assays
Mechanonociception experiments were performed on staged 96h old 3rd instar larvae as described30,115 using a calibrated 50 mN

von Frey filament. Larvae were stimulated on mid-abdominal segments (A3–A5) twice within 2 s and the behavioral response to the

2nd stimulus was scored (no response, stop, or stop and turn as non-nociceptive, bending and rolling as nociceptive). Each genotype

was tested multiple times on different days in a blinded fashion.

Locomotion and chemotaxis assays
Larvaewere staged on grape juice agar plates and fedwith yeast paste. Third instar larvae (94 h ± 2 h after egg laying) were used for all

experiments. For locomotion analysis under dark or blue light conditions, animals were carefully transferred to a 2% agar film on a

FTIR (frustrated total internal reflection) based tracking system (FIM, University of Münster)111 using a Basler ac2040-25 gm camera

(Basler, Ahrensburg, Germany). Five freely moving larvae per trial were recorded for 1 min in the dark, or for 1 min with 4.5 mW/mm2

470 nm light illumination from a LED light source (RGB-BL-S-Q-1R, Phlox, Aix-en-Provence, France). Locomotion was tracked with

10 frames per second.

For chemotaxis assays, 10 ml of 125mM Ethyl butyrate (Sigma-Aldrich) diluted in paraffin oil were placed in an odor container on

one side of a 10 cm agar plate. Experiments were performed under minimum light conditions as for locomotion assays. Five freely

moving larvae per trial were video-captured for 5min.

Optogenetic behavioral assays
Staged third instar larvae (96 h ± 3 h AEL) expressing CsChrimson in specific neuronal subsets (v’td2: 22C07-Gal4, 73B01-Gal4,

Gr89a-Gal4, Lk neuron subsets: Lk-Gal4 without or with tsh-Gal80 or otd-Flp; tub-FRT-STOP-FRT-Gal80) were grown in darkness

on grape agar plates with yeast paste containing 5 mM all-trans-retinal. Larvae were carefully transferred under low red light condi-

tions to 2% agar plates with a 1ml water film. CsChrimson was activated with 625 nm light (high: 8.13 mW/mm2 or low: 1.13 mW/mm2)

for 5 s. Videos were taken during the experiment and analyzed using the Fiji cell counter plugin (ImageJ, NIH, Bethesda). Rolling was

defined as at least one complete 360� roll along the body axis. Bending was defined as a c-shape like twitching, typically seen before

rolling behavior, and not to be confused with other described bending behavior.15 Turning behavior describes head turning and

thereby a direction changes of locomotion. Backward behavior describes at least one wave of backward crawling. Stop behavior

describes a stop of locomotion. Hunch behavior describes a full body contraction. No behavior describes the absence of a change

in larval behavior. Staging, behavioral assays and analyses were performed in a blinded and randomized fashion.

Calcium imaging in intact larvae
Calcium responses were recorded from the soma of specific neurons labeled with UAS-GCaMP(6 s or 7 s) or UAS-jRCaMP1b under

the control of specific neuronal Gal4-drivers (v’td2: 73B01-Gal4; v’td1/2: 35B01-Gal4; v’td2/Ca4 da:Gr28b.c-GAL4; Dp7: Ilp7-Gal4;
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ABLK: Lk-Gal4), . Live third instar larvae (94 ± 2 h) were mounted in 90% glycerol and immobilized with a coverslip. The neuronal

somata were live imaged by confocal microscopy with a 40x/NA1.3 oil objective (Zeiss LSM700 or LSM900AS2). 400 frame times

series were acquired at a frame rate of 0.24 s or 0.34 s (240 3 240 pixels) and the larva was subjected to UV light for 10 s (365-

525 nm, 10-60 mW/mm2 CoolLED). Each larva was subjected to at least 2 pulses of UV light during the 400 frame time series with

an interval of at least 15 s between pulses. For each genotype, 5-10 larvae were assayed between ZT 3 to 6. Calcium imaging

was performed with identical confocal microscope settings imaging a single plane (approx. 2 mm thickness). Only datasets without

significant Z-drift (stable baseline, return to original baseline levels after stimulation) were retained for analysis.

Optogenetic activation of C4 da (27H06-LexA), BO (GMR-LexA) or Dp7 (Ilp7-LexA) neurons with CsChrimson (LexAop-

CsChrimson), or inhibition/ablation (C4 da/Dp7: LexAop-TnT, BO: GMR-hid) and calcium imaging in ABLK neurons (Lk-Gal4,

UAS-GCaMP6s), were also performed in intact 3rd instar larvae. For optogenetic activation experiments, animals were reared in

grape agar plates supplemented with all-trans retinal in the dark. Imaging was performed under low light conditions. Larvae were

mounted and imaged as described above. A red light pulse for CsChrimson activation (635nm, intensity: 700 mW/mm2) or UV light

pulse for native stimulation (365 nm, 60 mW/mm2) was given using an optical fiber-coupled to CoolLED Pe4000 light source. For

each genotype, 5 larvae were assayed with identical confocal settings.

To visualize NPPRIlp7 release, we imaged either Dp7 soma or lateral dendrite (Ilp7-Gal4, UAS-NPPRIlp7) that features NPPRIlp7

puncta as well as synaptic input and output of v‘td2 and ABLK neurons, respectively. Time series with 500 frames were acquired

at 0.24 s/frame (Zeiss LSM700).

Calcium imaging in semi-intact larvae
For comparison of noxious light versus mechanonociception, ABLK neuron calcium responses were assayed in semi-intact larval

preparations essentially as described.30 Staged 94 ± 2 h old larvae were partially dissected on a Sylgard (DowCorning) plate in phys-

iological saline37 (120mMNaCl, 3mMKCl, 1.5mMCaCl2, 4mMMgCl2, 10mMNaH2CO3, 10mMGlucose, 10mMTrehalose, 10mM

Sucrose, 5 mM TES, 10 mMHEPES). ABLK neuron somata expressing GCaMP6mwere imaged by confocal microscopy with a 403

/NA 1.0 water objective (Olympus FV1000MP). A micromanipulator-mounted von Frey filament (45 mN) was used to provide a me-

chanonociceptive stimulus tomidabdominal segments (A3–A5). For noxious light stimulation, the larval preparation was subjected to

UV light for 10 s (365 nm, 60 mW/mm2 CoolLED).

Cell culture and co-immunoprecipitation assay
Biochemical interaction of Lgr4 and Ilp7 in S2 cells was assayed by transient co-transfection using a previously established

protocol.116 For S2 cell expression the following constructs were used: pUAST-AttB-Lgr4-3xflag-6xHis (wildtpype, I264A and

DLRR variants), pUAST-AttB-Ilp7-HA, pActin-Gal4. Cells were seeded in 6 well plates and transfected at 50% density in an adherent

state using Effectene (QIAGEN, Venlo, Netherlands). Cells were harvested 48 h post-transfection and lysed in 500 mL lysis buffer

(50 mM Tris pH7.4, 150 mM NaCl, 1% Triton X-100, protease inhibitor mix (Roche)) for 20 min on ice. After centrifugation (10 min/

4�C/10.0003 g), the supernatant was incubated with mouse IgG-agarose (Sigma–Aldrich, St. Louis, MO) for 30 min at 4�C, and sub-

sequently with anti-flag M2 agarose beads (Sigma–Aldrich, St. Louis, MO) or anti-HA Sepharose beads (Roche) for 4 h at 4�C. Sam-

ples were washed with lysis buffer three times, denatured and analyzed on Bis-Tris gels (ThermoFischer) and by western blotting

against Ilp7-HA (rat anti-HA, 1:5000, Roche) and Lgr4-3xflag (anti-flagM2, 1:10.000, Sigma). Experiments were repeated three times.

qRT-PCR
The material used for each qRT–PCR sample (n = 3 per genotype) was obtained from 5 synchronized L3 males 94-96 h after egg-

laying for 2 h in apple plates. 48 h after the egg laying, 30 larvae were transferred from the apple plates into a vial with fly food to avoid

competition. The genotypes used were y[1] w[*] Mi{Trojan-GAL4.1}Lgr4[MI06794-TG4.1] or P{w[+mW.hs] = GawB}109C1, y[1] w[*],

which served as a yw background control for the Lgr4 TROJAN insertion. Male larvae were selected under the stereoscope and

immediately put into dry ice and either stored in �80�C or processed for RNA extraction immediately. Each sample was macerated

using pellet pestles, homogenized in 800 mL TriPure Isolation Reagent (Roche), and centrifuged at 12000 g for 1min, to remove tissue

debris. We added 0.5 volume of absolute ethanol (400 ml) to the supernatant and then followed manufacturer’s instructions from the

kit High Pure RNA Tissue Kit (Roche). An extra DNase treatment (Turbo DNA-free kit, Ambion, Life Technologies) was performed to

reduce gDNA contamination. 1 mg of RNAwas used for the cDNA synthesis using theMaxima First Strand cDNASynthesis Kit for RT–

quantitative PCR (Thermo Scientific), following manufacturer’s instructions but for a final volume of 10 ml.

qRT-PCR primers were designed and their specificity tested using Primer BLAST or Primer3. Primer efficiencies were determined

to be between 90%–100% using qPCR standard curves using serial dilutions (1x, 0,1X, and 0.01x) of gDNA extracted from the

genome reference stock #2057 (BDSC) extracted using the High Pure PCR template preparation kit (Roche). The resulting melting

curves did not present primer dimers in any concentration or in water.

Briefly, the experiments were performed in a Lightcycler 96 (Roche) using the FastStart Essential DNA Green Master dye and po-

lymerase (Roche). The final volume for each reaction was 10 ml, consisting of 5 ml of dye and polymerase (master mix), 2 ml of 10 3

diluted cDNA sample and 3 ml of the specific primer pairs (1 mM each). qRT-PCR primers used are listed in Table S2.
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Light avoidance pupariation assay
w1118 and Ilp7ko flies (3–6-days-old) were crossed and after 1–2 days transferred to laying pots with grape juice agar plates for 48 h.

The next morning, the animals were allowed to lay eggs in fresh plates with yeast within a fixed time-frame (Zeitgeber (ZT) 4-6) for

1-2 h depending on the number of fertilized eggs to minimize the risk of overcrowding (the first plate was discarded). 3rd instar

foraging larvae (94 h ± 1.5 h AEL) were then collected and placed in a tube containing standard medium. This tube was mounted

in a T-shape glass device designed as described previously,36 where half of the horizontal glass tube is covered by black electrical

tape. This allows larvae to wander and pupariate either in the dark or in the light side. Larvae were kept for 3 days under constant

white light (2.9-4.5 mW/mm2) at 25�C. The numbers of pupae in both dark and light sides were then counted. The Preference Index

(PI) was calculated as: (number of puparia in dark- number of puparia in light)/total number of puparia.

Developmental time assay
w1118 and Ilp7ko flies (2-9 days old) were crossed andmaintained at 25�C in laying pots with grape juice agar plates for 48 h. Flies were

then transferred to a fresh plate to lay eggs for 1–2 h. To control for overcrowding, 20-30 2nd instar larvae (48 h AEL) were transferred

to vials containing normalDrosophila food at 25�C. The number and timing of pupariation was assessed 3 times/day every 6-8 h until

all larvae pupariated or died. Pupariation was defined as cessation of movement with evaginated spiracles and a darker color of the

puparium.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Sample sizes were chosen similar to previous publications and commonly used in the field.14,15,30,48,113 For comparison of two

groups, unpaired Student’s t test with Welch‘s correction was used, or nonparametric Mann-Whitney U test in case of non-normal

distribution of the data. For analysis of mechanonociceptive behavior, the c2 test was used. For multiple comparisons, one-way

ANOVA with Tukey’s post hoc analysis was performed. All tests were two-tailed and differences were considered significant for

p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Statistical testing was performed using Prism (GraphPad). Exact P values

for all quantitative data comparisons are listed in Table S1.

Analysis of network synaptic counts
Network graphs were built by using the customized graph tools on CATMAID, where the interactions between a pair of nodes (neu-

rons) was generated based on the absolute number of synaptic counts, using a synapse cutoff above 214. The network was build

starting with the first processing layer (sensory neurons) consisting of 3 nodes, each representing a subset of sensory neurons

(C4 da, v‘td1 and v‘td2) connected to Dp7 neurons (second processing layer). Intermediate nodes from the sensory neurons to

Dp7 were also extracted. The third processing layer consisted of output nodes of Dp7 neurons with a) VNC projections and b) being

interconnected with sensory neurons (Hugin-VNC and ABLK). The thickness of the arrow between 2 nodes was determined automat-

ically in CATMAID as a function of synaptic counts. Analysis of synaptic counts between different neurons connected on the lateral

Dp7 domain was done using Graph Pad Prism (GraphPad, San Diego, CA, USA).

Developmental toxicity assay
Bar charts displaying percentages of animals were plotted with Excel, whiskers depict standard deviation. Statistical significance

was calculated using the c2 test (GraphPad, San Diego, CA, USA).

Light avoidance analysis
Preference index (PI) was calculated at 15 mins as: (number of larvae in dark-number of larvae in light)/total number of larvae. PI data

are shown as violin plots, where the middle line shows the median. If more than 3 larvae escaped during the trial, it was discarded.

Statistical analysis was performed using one-way ANOVA and Tukey‘s post hoc test (GraphPad, San Diego, CA, USA).

Analysis of temporal larval distribution was performed by keeping only every 200th frame, cropping and converting mp4 files to avi

using a custom script and ffmpeg (https://www.ffmpeg.org). Reduced avi files were processed and analyzed in Fiji (ImageJ, NIH) us-

ing a custom macro script to create background-corrected masked images retaining intensity-based signals from larvae only. Total

intensities on the dark and light side were measured over time and plotted as a preference index (PI = (intensity in dark- intensity in

light)/total intensity) analogously to larval distribution. All scripts and code used are available at https://github.com/formozov/

larva_tracking_Imambocus_et_al.

Mechanonociception analyses
Statistical significance was calculated using the c2 test (GraphPad, San Diego, CA, USA).

Locomotion and chemotaxis analysis
For locomotion analysis, velocity and bending angles were analyzed using the FIMtrack software (https://github.com/kostasl/

FIMTrack). For analysis, only animals displaying continuous locomotion and uninterrupted tracking were kept. Other animals were

excluded from analysis. Average locomotion speed and cumulative bending angles were analyzed and plotted for the first 30 s under
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dark or blue light conditions. Graphs of mean ± s.d. were plotted and analyzed using one-way ANOVA and Tukey’s post hoc test

(GraphPad, San Diego, CA, USA).

For chemotaxis, the locomotion tracks were generated using the FIMTrack software. All reconstructed tracks were considered in

the analysis. The plate was virtually divided into four equidistant regions along x axis. The first and the last regions were further

restricted along the y axis (to take only a central band with a width equal to the radius of the plate) to set a ‘‘no-odor’’ and ‘‘odor’’

zone, respectively. The area surrounding the odor was defined as the ‘‘odor’’ zone, while the same area on the opposite side of

the plate was defined as the ‘‘no-odor’’ zone. To quantify chemotaxis we used a performance index (PI), defined as (todor-tnoodor)/

(todor+tnoodor), where todor and tnoodor are total time that larvae spent in the odor and no-odor zones, respectively, in the time window

between 3 and 5min of a given video recording. Graphs ofmean ± s.d. were plotted and analyzed using one-way ANOVA and Tukey‘s

post hoc test (GraphPad, San Diego, CA, USA).

Analysis of calcium imaging
Time series analysis was performed using image registration with the StackReg plugin (using translation function, Fiji, ImageJ) to cor-

rect for internal movement. GCaMP6 signal intensity was then quantified using a region of interest defining the neuronal soma and the

Time Series Analyzer V3 plugin (Fiji, ImageJ). The calcium response (DF/F0 (%)) was calculated by subtracting the amplitude of pre-

stimulation baseline (average of 19 frames) from the stimulation evoked amplitude. DF/F0 (%) = (F-F0)/F0 x100. Maximum fluores-

cence was calculated as Fmax-F0/F0 x 100 ((Fmax, maximum fluorescence observed during the stimulation; F0 (average of 19 frames)).

Graphs of mean ± s.e.m were plotted using Prism (GraphPad, San Diego, CA, USA). Comparison of maximum responses (DFmax/F0
(%)) were plotted as boxplots (box showingmedian and 25th and 75th percentile, whiskers 1st and 99th percentile), and analyzed using

one-way ANOVA and Tukey’s post hoc test (GraphPad, San Diego, CA, USA).

Analysis for calcium imaging data upon optogenetic activation of C4 da, BO and Dp7 neurons were performed as described above.

To analyzeNPPRIlp7 release, the baseline signal was calculated from19 frames before 40 frames of UV illumination, with 100 frames

between stimulations. NPPRIlp7 release events were calculated for each puncta using the formula DF/F0 (%) = (F-F0)/F0 x100. The n

number refers to individual LDCV puncta from 5 different larvae.

For calcium responses in semi-intact larval preparations, baseline (F0) and the relative maximum intensity change (DFmax) of

GCaMP6m fluorescence was analyzed. DFmax/F0 values of mechanonociceptive versus noxious light ABLK neuron responses

were plotted and compared, with the centerline representing median values, upper and lower whiskers representing SEM. Statistical

significance was analyzed using a Mann-Whitney U test. Analysis of Somatic Dp7 calcium responses upon optogenetic activation of

v‘td2 neurons was performed described above. Comparison of maximum responses (DFmax/F0 (%)) were plotted as boxplots (box

showing median and 25th and 75th percentile, whiskers 1st and 99th percentile) and analyzed with the Mann-Whitney U test.
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