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Animals display selective escape behaviors when faced with environmental threats.
Selection of the appropriate response by the underlying neuronal network is key to
maximize chances of survival, yet the underlying 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. Sensory 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 (llp7) and cognate Relaxin-family receptor (Lgr4) signaling in
downstream neurons is required for noxious light avoidance, but not harsh touch
responses. Our work highlights a role for compartmentalized circuit organization and
neuropeptide release from regulatory hubs, acting as central circuit elements gating
escape responses.

Response

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Standardized datasets No
A list of datatypes considered

standardized under Cell Press policy is
available here. Does this manuscript

report new standardized datasets?

Original Code Yes
Does this manuscript report original code?

Reviewers must have anonymous access code and scripts for analysis of two choice assays:
to these standardized datasets that is https://github.com/formozov/larva_tracking_Imambocus_et_al
free-of-cost. Please provide dataset

locations and instructions for access here.

If applicable, include accession numbers

and reviewer tokens.

Please consult these Author’s guides for

more information: “Standardized

datatypes, datatype-specific repositories,

and general-purpose repositories

recommended by Cell Press” and “How

standardized datasets and original code

accompany Cell Press manuscripts from

submission through publication” or email

us at current-biology@cell.com.

as follow-up to "Original Code
Does this manuscript report original code?

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation


https://marlin-prod.literatumonline.com/pb-assets/journals/research/cellpress/data/RecommendRepositories.pdf
�https://marlin-prod.literatumonline.com/pb-assets/journals/research/cellpress/data/RecommendRepositories.pdf�
�https://marlin-prod.literatumonline.com/pb-assets/journals/research/cellpress/data/RecommendRepositories.pdf�
�https://marlin-prod.literatumonline.com/pb-assets/journals/research/cellpress/data/RecommendRepositories.pdf�
�https://marlin-prod.literatumonline.com/pb-assets/journals/research/cellpress/data/RecommendRepositories.pdf�
�https://marlin-prod.literatumonline.com/pb-assets/journals/research/cellpress/data/AuthorsJourney.pdf�
�https://marlin-prod.literatumonline.com/pb-assets/journals/research/cellpress/data/AuthorsJourney.pdf�
�https://marlin-prod.literatumonline.com/pb-assets/journals/research/cellpress/data/AuthorsJourney.pdf�
�https://marlin-prod.literatumonline.com/pb-assets/journals/research/cellpress/data/AuthorsJourney.pdf�

Cover Letter

University Medical Center Hamburg-Eppendorf

UK

Center for Molecular Neurobiology / ZMNH
Research group:

Neuronal Patterning and Connectivity

HAMBURG

Universitatsklinikum Hamburg-Eppendorf | Martinistrale 52 | 20246 Hamburg
Zentrum fiir Molekulare Neurobiologie | Forschungsgruppe Dr. Peter Soba

Geoffrey North
Editor in Chief
—Current Biology—

Dear Geoff,

Dr. Peter Soba

Martinistralle 52

20246 Hamburg

Germany

Phone: +49 (0) 40 7410-58281
Fax: +49 (0) 40 7410-58270
peter.soba@zmnh.uni-hamburg.de
www.sobalab.com

Delivery address:

Falkenried 94 / Martinistr. 85
20251 Hamburg, Germany

Thank you very much for the positive response that our manuscript entitled “A neuropeptidergic
circuit gates selective escape behavior of Drosophila larvae” by Imambocus et al. will in principle be
accepted for publication in Current Biology.

We have fully addressed the editorial comments and completed the Final File Checklist. Please note
that we have reduced the main manuscript length significantly and put all our effort into getting
close to the 5000 word count. We sincerely hope that you find the finalized version satisfactory.

Sincerely,

Peter

Peter Soba

Heisenberg Group Leader

LIMES-Institute, University of Bonn

Hosted at: ZMNH, University Medical Center Hamburg-Eppendorf

< C-ERTIF,QY

53 3
& (o)
@ z

DNV:-GL

FAMILIENFREUNDLICHES
UNTERNEHMEN

DIN EN 10 90012008
Zortifkat . 213084

Universitatsklinikum Hamburg-Eppendorf
Korperschaft des 6ffentlichen Rechts
Gerichtsstand: Hamburg

USt-ID-Nr.: DE21 8618 948

Vorstandsmitglieder:

Prof. Dr. Burkhard Goke (Vorsitzender)
Prof. Dr. Blanche Schwappach-Pignataro
Joachim ProIR | Marya Verdel

Bankverbindung:

Hamburg Commercial Bank AG
IBAN: DE97210500000104364000
BIC: HSHNDEHH



Response to Reviewers

CURRENT-BIOLOGY-D-21-00284

We would like to thank the reviewers for their helpful comments and suggestions. As no
further changes were requested by the reviewers, we adjusted the overall manuscript
according to the Final File Checklist of Current Biology.

REVIEWER COMMENTS:

Reviewer #1: | find the revised manuscript to be further improved by addition of the pupariation
and developmental assay. The rewording of "photonociception" to "noxious light avoidance"
clarifies further. To repeat my comment to the first revision: | have no further comments to this
excellent and significant piece of work in our field.

Response: We thank the reviewer for the very positive assessment of our work and we are grateful
for the excellent comments and suggestions throughout the review process.

Reviewer #2: | praise the authors for their remarkable receptivity to the suggestions of the
reviewers. In their second revision, the authors provided new material to address the concerns
raised by reviewers #3 and #4. Their argumentation is both rigorous and cautious. The authors
added experimental evidence that rule out the possibility that thermal effects explain the
developmental photo-toxicty of prolonged exposure to blue light. The authors also provided new
results establishing that llp7 function is necessary for larvae to exhibit preferential pupation in the
dark. Finally, the authors clarified the contribution of different light-sensing pathways on the
emergence of acute noxious light responses. Through the peer-review process, the work has
improved from an excellent manuscript to an outstanding manuscript. It seems now timely for the
work to be made accessible to the readership of Current Biology.

Response: We thank the reviewer for the very positive assessment and we are grateful for the
excellent comments and suggestions made throughout the review process.



Declaration of Interests form

¢? CellPress
CELL PRESS DECLARATION OF INTERESTS FORM

If submitting materials via Editorial Manager, please complete this form and upload with your final
submission. Otherwise, please email as an attachment to the editor handling your manuscript.

Please complete each section of the form and insert any necessary “Declaration of Interests”
statement in the text box at the end of the form. A matching statement should be included in a
“Declaration of Interests” section in the manuscript.

Institutional Affiliations
We require that you list the current institutional affiliations of all authors, including academic,
corporate, and industrial, on the title page of the manuscript. Please select one of the following:

@ All affiliations are listed on the title page of the manuscript.
| or other authors have additional affiliations that we have noted in the “Declaration of
Interests” section of the manuscript and on this form below.

Funding Sources
We require that you disclose all funding sources for the research described in this work. Please confirm
the following:

@ All funding sources for this study are listed in the “Acknowledgments” section of the
manuscript.*

*A small number of front-matter article types do not include an “Acknowledgments” section. For these, reporting
funding sources is not required.

Competing Financial Interests

We require that authors disclose any financial interests and any such interests of immediate family
members, including financial holdings, professional affiliations, advisory positions, board memberships,
receipt of consulting fees, etc., that:

(1) could affect or have the perception of affecting the author’s objectivity, or
(2) could influence or have the perception of influencing the content of the article.

Please select one of the following:

@ We, the authors and our immediate family members, have no financial interests to declare.

O We, the authors, have noted any financial interests in the “Declaration of Interests” section of
the manuscript and on this form below, and we have noted interests of our immediate family
members.



Advisory/Management and Consulting Positions
We require that authors disclose any position, be it a member of a board or advisory committee or a
paid consultant, that they have been involved with that is related to this study. We also require that

members of our journal advisory boards disclose their position when publishing in that journal. Please
select one of the following:

@ We, the authors and our immediate family members, have no positions to declare and are not
members of the journal’s advisory board.
@ The authors and/or their immediate family members have management/advisory or consulting

relationships noted in the “Declaration of Interests” section of the manuscript and on this form
below.

Patents

We require that you disclose any patents related to this work by any of the authors or their institutions.
Please select one of the following:

@ The authors and our immediate family members, have no related patents to declare.

O We, the authors, have a patent related to this work, which is noted in the “Declaration of
Interests” section of the manuscript and on this form below, and we have noted the patents of
immediate family members.

Please insert any “Declaration of Interests” statement in this space. This exact text should also be
included in the “Declaration of Interests” section of the manuscript. If no authors have a competing
interest, please insert the text, “The authors declare no competing interests.”

The authors declare that no competing interests exist.

On behalf of all authors, | declare that | have disclosed all competing interests related to this work. If
any exist, they have been included in the “Declaration of Interests” section of the manuscript.

Name: Peter Soba
Manuscript
number CURRENT-BIOLOGY-D-21-00284

(if available):




Graphical Abstract Click here to access/download;Graphical Abstract;graphical 2
abstractv4.tif

Noxious gt

peptidergic
gating


https://www.editorialmanager.com/current-biology/download.aspx?id=1067710&guid=921ef072-99b2-418b-adaa-33ba363df5c9&scheme=1
https://www.editorialmanager.com/current-biology/download.aspx?id=1067710&guid=921ef072-99b2-418b-adaa-33ba363df5c9&scheme=1

Manuscript Click here to view linked References =

O© 00 N O O~ WON B

NNNRNNNNRRRRERRR R B
OB WOWNREP O OOWM~NO®U~WNIPRERO

W W W W W W wWwwNNDNDN
~N O O A WDNPFP O OO0 NO

A A B P DDA DOW
o O WOWDNPFEP O O

A neuropeptidergic circuit gates selective escape behavior of Drosophila larvae
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Summary

Animals display selective escape behaviors when faced with environmental threats. Selection of
the appropriate response by the underlying neuronal network is key to maximize chances of
survival, yet the underlying 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. Sensory 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 (1lp7) and cognate Relaxin-family receptor (Lgr4) signaling in downstream neurons is
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required for noxious light avoidance, but not harsh touch responses. Our work highlights a role
for compartmentalized circuit organization and neuropeptide release from regulatory hubs, acting
as central circuit elements gating escape responses.

Keywords

escape behavior, nociception, light avoidance, neuromodulation, neuropeptide, GPCR,
connectomics, sensory gating

Introduction

Animals employ stimulus-specific, optimized strategies to deal with acute threats and
noxious stimuli, including escape or avoidance behaviors 1. In the somatosensory system of
vertebrates as well as invertebrates, noxious stimuli are sensed by nociceptive neurons and their
activation results in acute escape or avoidance *. A specific noxious stimulus thereby elicits a
stereotyped response with high fidelity, e.g. jJumping in mice or corkscrew-like rolling in
Drosophila larvae in response to noxious heat ®2. Selection 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® 3. Recent reconstruction of such networks at the synaptic level and neuronal circuit
mapping have revealed extensive integration and interaction of circuits mediating distinct
responses 81914 Integration and processing of sensory information starts at the sensory level,
where different types of sensory neurons are converging on common 2" order neurons, which
are in turn part of interconnected circuits providing feedback and feedforward information. 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 connectivity. Selection of
behavior can occur probabilistically in a “winner takes it all” fashion, e.g. by reciprocal inhibition
of circuits regulating mutually exclusive behaviors'®!®. 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, suggesting extensive integration and
processing in such networks ¢, Adding to the complexity of circuit computation are
neuropeptides, which are expressed by many neurons across species 2°23, They can be released in
parallel to small synaptic neurotransmitters to exert modulatory functions 2+%’. In most cases,
their precise role, site of release and action remains unclear, although they strongly contribute to
network function and behavior.

To get detailed insight into the encoding of discrete escape responses at the circuit and
neuromodulatory level, 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. Recent reconstruction of Drosophila larval brain circuits #?82° has revealed a complex
somatosensory network capable of processing different mechanical and noxious stimuli 14.30-32
comparable to its vertebrate counterpart 3335, 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 behaviors 8337: 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: Bolwig’s organ (BO) consists of a group of cells in the
larval head region and is sensitive to all of these wavelengths®; C4da neurons detect only noxious
short wavelength light in the UV and blue spectral range, presumably via the light sensitive

Imambocus et al. Page 2 of 29
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Gr28b receptor®’. 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®3’. While the circuit
mechanism for light avoidance has not been studied in detail so far, mechanonociception requires
integration of three mechanosensory subtypes (hamely C2da, C3da and C4da) by dorsal pair
insulin-like peptide 7 (Dp7) neurons®®, which provide neuropeptidergic feedback via short
Neuropeptide F (SNPF). sNPF action in turn promotes C4da and downstream partner (A08n)
neuron responses, thus facilitating rolling escape behavior®®. As Dp7 neurons integrate input from
the mechano- and light-sensitive C4da neurons and have neuromodulatory functions, we reasoned
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 (Fig.
1A,B), we first sought to confirm the noxious effect of short wavelength light on development by
rearing freshly hatched larvae either under blue or green light (470 nm or 525 nm at
2.5 pW/mm?). Only blue light exposure resulted in lethality during development at larval or white
pupal stages (Fig. 1C). Thus, Drosophila larvae might have evolved avoidance behaviors to avoid
short wavelength light (e.g., bright sunlight) during their development. We therefore explored the
circuits underlying escape behavior in response to noxious light using a two-choice preference
assay>®“° 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 pW/mm?, respectively). After placing larvae
close to the dark/light boundary, controls (w!!®) preferentially redistributed to the dark side
within less than 5 min and maintained this preference for at least 15 min (Fig. S1A,B, Video S1).
This allowed us to reliably assess light avoidance by analyzing larval distribution after 15 min as
previously described® (see STAR methods 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-LexA¥).
In contrast to controls, silencing of Dp7 neurons strongly impaired larval light avoidance (Fig.
1D, S1C,D). We next tested whether Dp7 neurons are functionally activated in response to
noxious light by expressing the calcium sensor GCaMP7s*. To prevent crosstalk of the stimulus
with excitation/emission of the sensor, we used a narrow 365 nm light pulse (10 s, 60 pW/mm?).
We found that UV-light exposure gave rise to robust calcium responses in the soma of Dp7
neurons in live larvae (Fig. 1E, Video S2), strongly suggesting that Dp7 neurons 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 (1lp7), of which sNPF, but not 1lp7, is required for mechanonociception®%#2. Interestingly, we
found that light avoidance was impaired in 1lp7*°, but not SNPF mutant animals (Fig. 1F).
Temporal analysis showed that larvae eventually distributed almost evenly across the arena
suggesting they are not able to maintain dark preference (Fig. S1A,B). We analyzed light-
dependent changes in larval locomotion in the dark or during 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 (Fig.
S1E,F). In contrast, lIp7*° animals displayed comparable speed, but lower turning rates in
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darkness, while slowing down and increasing turning under noxious light conditions. This
suggests that in the absence of 1lp7, noxious light is still inducing locomotion changes, but
responses are virtually inverted compared to controls. Drosophila larvae maintain light avoidance
throughout development and preferentially pupariate in the dark®. [1p7° animals formed pupae
slightly earlier than controls (median 11p7¥°: 119 h AEL, w!'!8: 112 h AEL), but displayed reduced
preference for pupariation in the dark (Fig. S1G,H), suggesting that Ilp7 is required for light
avoidance throughout development. Lastly, we rescued Ilp7 expression in llp7*° animals using a
Dp7-neuron-specific line, which completely restored light avoidance (Dp7-Gal4>UAS-IIp7, Fig.
1G, Fig. S1I). Taken together, 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 first identified the partially
reconstructed Dp7 neurons from the electron microscopy (EM) brain volume of the first instar
larval*24, To confirm dendritic and axonal compartments of Dp7 neurons, we expressed a
dendritic marker (DenMark*®) that labeled its medial and lateral arbors within the ventral nerve
cord (VNC), but not the ascending arbor projecting to the brain lobes (Fig. S2A). We then
reconstructed Dp7 neurons and traced all of their synaptic partners (Fig. 1H, S2B-F). Dp7 neurons
receive most synaptic input in the VNC and provide output mostly in the subesophageal zone
(SEZ) and brain lobe region along its dorsally projecting axon (Fig. 1H, S2C-F). Dp7 neurons
receive input from several subtypes of sensory neurons in the VNC (Fig. 1H, Fig.S2E) suggesting
they are a somatosensory hub. We confirmed connectivity of Dp7 neurons with somatosensory
neurons (C2da, C3da, C4da) as well as with C4da neuron-connected A08n neurons® at the EM
level (Fig. S2E). Moreover, we identified a subset of tracheal dendrite (named v'td2*4) neurons as
the sensory class with the highest Dp7 neuron connectivity (Fig. S2D,E). In contrast, the
anatomically similar subset of v’td] neurons was only weakly connected to Dp7 neurons at the
connectome level (Fig. S2D,E, see also Fig. 2A). Overall, four sensory circuits were found to
converge on Dp7 neurons (Fig. 2A,B): direct monosynaptic connections from C4da and v'td2 to
Dp7 neurons and two 2-hop polysynaptic pathways. We identified a strong link via A0O8n neurons
previously shown to receive numerous synaptic inputs from C4da neurons®®2%45, Furthermore, the
v'td2 to Dp7 neuron link was strongly interconnected via so far uncharacterized midline
projection (MIP) neurons (Fig. 2A, S3A-D).

As C4da neurons respond to UV and blue light and are involved in light avoidance®*’, we
tested if AO8n neurons as a major downstream output connected to Dp7 neurons 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 (Fig. S3E,F). However, we detected robust calcium
transients in A08n neurons in response to UV light (Fig. S3G). Therefore, AO8n neurons might
only play a minor role in larval light avoidance suggesting C4da neurons might contribute to
noxious light avoidance via other pathways.

V'td2 neurons are the major presynaptic partner of Dp7 neurons and co-labeled with C4da
neurons by a reporter line of the putative light sensor Gr28b"#4 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**, named v td2-Gal4 hereafter). Synapse-specific
GFP reconstitution across synaptic partners (SypGRASP*®) showed that v’td2 form synaptic
contacts with Dp7 neuron lateral dendritic arbors and along the proximal axonal segment (Fig.
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S3H). Consistently, we also detected robust Dp7 neuron calcium responses upon optogenetic
activation of v’td2 neurons with CsChrimson (Fig. S3I). We then tested if v’td2 neurons are
required for larval light avoidance. Similarly to Dp7 neurons, Kir2.1-mediated silencing of v'td2
neurons significantly impaired light avoidance (Fig. 2C). We further carried out calcium imaging
of v'td2 neurons in intact larvae, which showed that, similarly to C4da neurons, acute responses
to UV light stimulation (Fig. 2D, Video S3). V'td1 sensory neurons, on the other hand, did not
show calcium responses to UV stimulation (Fig. 2E, Video S3), in line with the low connectivity
to the Dp7 network (Fig. 2A). We then tested if v’td2 neurons could mediate acute avoidance
behavior in response to optogenetic activation. We expressed and activated CsChrimson using
different lines labeling v’td2 neurons, which resulted mostly in stop and turn or backward
locomotion responses (Fig. 2F, Video S4). At high, but not low activation intensities, one of the
three utilized v’td2 lines also induced significant rolling responses, likely due to 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 responses (Fig. 2G). Thus, in contrast to C4da or A08n neurons,
which are required for nociceptive rolling responses towards noxious touch®’, v’td2 neuron
activation induces acute avoidance behavior and is required for noxious light avoidance but not
mechanonociception. Together with our connectome analysis 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 avoidance 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 (Fig. 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 (Fig. 3B), which extends along the ventrolateral
neuropil (Fig. 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 (Fig. S3C,D). However, 75-
100% of synapses of v’td2 to MIP or Dp7 and MIP to ABLK neurons reside on the Dp7
ventrolateral dendrite (Fig. 3B,C). This suggests convergence of noxious light inputs and outputs
within this Dp7 domain. In contrast, the mechanonociceptive circuit comprising C2da, C3da,
C4da, and A08n neurons®, of which C4da and A08n also process noxious light information,
primarily provides synaptic inputs on the medioventral dendritic arbor of Dp7 neurons (Fig. 3D,
S4A). Within the lateral region, Dp7 neurons receive extensive synaptic input from v 'td2 neurons,
which form concurrent (polyadic) synapses with MIP neurons. MIP neurons, in turn, innervate
adjoining ABLK neuron processes also extending along the ventrolateral neuropil (Fig. 3E,
S4B,C). 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
might 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 llp7 neuropeptide localization (Fig. 3B, 4A), suggesting 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
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from Dp7 neurons to neighboring ABLK neurons (Fig. 3F, arrow, from region marked with
asterisk in Fig. 3B). This indicated the possibility that 1lp7 is released from Dp7 neurons in direct
vicinity of ABLK neurons.

Dp7 and llp7-dependent output to ABLK neurons in response to noxious light

Based on their converging input from the noxious light sensing circuit, we next asked
whether ABLK neurons are relevant downstream outputs. We silenced Leucokinin (Lk)-
expressing neurons (Lk-Gal4*") by expressing Kir2.1 and performed light avoidance assays,
which resulted in a strongly decreased dark preference (Fig. 4B). As Lk is expressed in additional
neurons in the SEZ (SELK) and brain lobes (ALK and LHLK), we genetically suppressed
expression of Kir2.1 only in ABLK neurons (tsh-Gal80, see Fig. S4H). Silencing of the remaining
Lk-positive 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 (Fig. 3A). Consistent with our connectome and functional analysis, we did not
detect any significant defects when silencing Hugin-VNC neurons with a specific Gal4 line*
(Fig. 4B). Our results show that ABLK, 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
ABLK neurons. Average locomotion speed in the dark or during noxious blue light illumination
was comparable to control (Fig. S4D), but overall turning rates of the animals, particularly during
noxious light exposure, where reduced (Fig. S4E). This indicated impaired reorientation/turning
behavior under noxious light conditions. However, loss of 1lp7 or silencing of v’td2, Ilp7 or
ABLK neurons did not impair chemotaxis towards ethyl butyrate (Fig. S4F,G) suggesting
complex navigational behavior is not generally affected. We next attempted to dissect ABLK
neuron-dependent acute behavior by optogenetic activation of different Lk-positive subsets (Fig.
S4H,1). While we could selectively block expression 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 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 stimulation (Fig. 4C, S5A, Video S2). In contrast, SELK
neurons did not respond to UV light, strongly suggesting they are not involved in noxious light
avoidance (Fig. S5B, Video S2). We further assessed the activation of ABLK neurons by different
light intensities and wavelengths using the red-shifted calcium sensor jJRCaMP1b*. We could
detect strong and acute calcium transients in ABLK neurons at UV light intensities ranging from
20-60 uW/mm? (Fig. S5C). We then illuminated with different wavelengths in the range from 365
to 525 nm with the same intensity (60 pW/mm?) revealing strong responses up to 470 nm, but not
at 525 nm (Fig. 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.

We next examined if ABLK neuron responses to noxious 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 (Fig. 4C,D). To assay if
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Dp7-derived 1p7 was required for ABLK activation, we performed calcium imaging in llp7+°
animals and detected a 70% decrease in ABLK neuron responses after UV light stimulation (Fig
4E, F). In contrast, expression of Tetanus toxin light chain (TNT) in Dp7 neurons did not affect
ABLK neuron responses to UV light (Fig. S5E) suggesting synaptic transmission from Dp7 to
ABLK neurons does not play a major role in this context. However, 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 significantly impaired (Fig. S5E). Similarly,
optogenetic activation of Dp7, BO or C4da neurons using CsChrimson did not result in significant
activation of ABLK neurons suggesting that neither Dp7 nor BO or C4da neurons are sufficient to
activate ABLK neurons (Fig. S5F-H). Consistently, we did not find a connectomic link between
the BO network with Dp7 or ABLK neurons, as well as no link between C4da and ABLK other
than Dp7 neurons. Taken together, 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 IIp7 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 1lp7 release from Dp7 neurons can be acutely induced by UV light stimulation.
We generated an 1lp7 release reporter by fusing 1lp7 to GCaMP6s (NPRR'"P"), analogously to
previously characterized neuropeptide reporters®. NPRR'P7 expressed in Dp7 neurons localized
in a punctate pattern similar to the endogenous pattern of llp7, and colocalized completely with
the LDCV-specific Synaptotagmin Syta>® (Fig. S6A,B). We next imaged NPRR'"7 responses to
UV light in Dp7 neurons in live larvae. NPRR"” 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 upon UV-light illumination indicating peptide release
(Fig. 5A,B, Video S6). Repeated UV-light stimulation resulted in consistent NPPR'"7 responses
in LDCV puncta (Fig. 5C,D). This data is compatible with acute and rapid peptide release by
partial LDCV fusion with the plasma membrane in the millisecond to second range, similarly to
kiss and run-type peptide release upon electrical stimulation®-%2. Imaging of NPPR'?7 in the Dp7
soma showed similar responses, also suggesting somatic release (Fig. S6C). In contrast, posterior
lIp7-positive neurons, which innervate the gut, did not show UV-light induced somatic NPPR"P”
responses (Fig. S6C). To further confirm that NPPR""" is indeed 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 >3°4. UV-light-induced
NPPR'"P” responses in the Dp7 soma were strongly diminished upon Cadps-RNAi showing that
the observed responses are LDCV release-dependent (Fig. 5E). Our data thus show that LDCVs
containing llp7 are acutely released from Dp7 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
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specific for UV light. Kir2.1-mediated silencing of LK neurons, with or without the inclusion of
ABLKSs, did not significantly impair mechanonociceptive escape responses resulting in
nocifensive rolling behavior (Fig. 6A). Instead, silencing all LK neurons mildly facilitated
mechanonociceptive behavior, in line with a similar effect described for Ilp7 deletion *°.
Moreover, in sharp contrast to UV light stimulation, we did not detect calcium responses in
ABLK neurons after mechanonociceptive stimulation (Fig. 6B). Divergence of the
mechanonociceptive and noxious light circuits thus occurs downstream of Dp7 neurons through
Ilp7-mediated action on ABLK neurons.

While no cognate Ilp7 receptor has been identified so far, the Relaxin-family receptor
Lgr4 has coevolved with Ilp7 across arthropod species, suggesting a receptor-ligand relationship
5556 A Gal4 reporter incorporated in the endogenous Lgr4 mRNA (Lgr4T2A%4) displayed
expression in ABLK neurons suggesting the presence of Lgr4 (Fig. 6C). We further analyzed the
localization of an ABLK-expressed HA-tagged-Lgr4, which localized along ABLK neuron
projections close to endogenous Ilp7 puncta present on the ventrolateral branch of Dp7 neurons
(Fig. 6D). In addition, we biochemically confirmed Ilp7 and Lgr4 interaction in S2 cells in co-
immunoprecipitation assays showing that 1lp7 and Lgr4 are capable of binding in vitro (Fig.
S6D). Binding was dependent on the presence of the extracellular Leucine-rich repeat (LRR)
domain of Lgr4, but not a conserved residue (1263) required for interaction of the mammalian
orthologues RXFP1 and Relaxin (Fig. S6E)..

To find out whether Lgr4 is physiologically relevant for noxious light avoidance, we
tested Lgr4™A%3 |arvae, which carry a T2A-Gal4 exon resulting in loss of Lgr4 as confirmed by
gPCR analysis (Fig. S6F). Lgr4™A%a4 animals showed significantly reduced light avoidance,
which could be fully rescued by overexpression of Lgr4 in its endogenous pattern (Fig. 6E). We
then imaged calcium responses of ABLK neurons using a confirmed Lgr4 knockout allele (Lgr4*°
57) showing reduced light avoidance as well (Fig. 6F,G, Fig. S6G,H). Similarly to llp7*° animals,
we detected a three-fold decrease in calcium transients, which was rescued upon expression of
Lgr4 only in LK-positive neurons including ABLKs (Fig. 6F,G). Collectively, these results
suggest that Lgr4 acts downstream of Ilp7 in ABLK neurons to promote their UV-light responses
and light avoidance behavior.

Discussion
Noxious light processing in Drosophila larvae for sustained avoidance responses

All animals have to detect noxious stimuli and engage in appropriate escape actions to
avoid injury or death. Consistent with previous reports®®>°, extended exposure to blue, but not
green 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 C. elegans®® and
Drosophila®” 162 and the underlying circuits seem to aid in the detection and avoidance of
noxious light qualities and intensities. Previous work in Drosophila larva showed that besides
BO, C4da neurons are involved in acute UV or blue light avoidance responses®”62%4 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 action 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-activated channelrhodopsin®. Our connectomic, functional and behavioral data show that
ABLK neurons are actually part of a UV- and blue-light-sensing circuit promoting acute and
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sustained noxious light avoidance behavior. While ABLK neurons have known additional
functions in stress response pathways®®®” and blue light-induced rearing behavior®®, the lack of
major connectivity 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
and C4da neurons reside in abdominal segments (A1-A7) or tile the entire body wall3844:69,
respectively. For acute noxious light responses after exposure on the larval head region, BO and
C4da neurons seem to be jointly required®’%, However, as shown for our v’td2-Dp7-ABLK
circuit here and previously for BO*® and C4da neurons®, 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 might enable a sustained
behavioral mode for continuous avoidance of extended periods of noxious light exposure of any
body part. Although we could not identify a connectomic or functional link between BO and the
circuit described here, C4da neurons might still contribute to Dp7 neuron-dependent 1lp7 release
based on their ability to promote Dp7 neuron activation in mechanonociception®. We cannot rule
out additional outputs of v’td2 neurons besides ABLK neurons, which might reside within the
MIP connectome. However, it is also possible that these light sensing circuits are connected via
long-range peptidergic/hormonal regulation, as BO-dependent release of PTTH
(prothoracicotropic hormone) has been suggested to control C4da neuron function in light
avoidance behavior®. This indicates that global hormonal signals might 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, like
specific escape responses, based on the received sensory input. Emerging connectomic data from
Drosophila illustrates that sensory networks fan out extensively, adding numerous partners at
each subsequent level 14270 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 2™, This suggests specific circuit mechanisms for selective gating of action-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 >73. Similarly,
Somatostatin-positive neurons in the spinal cord receive converging input from different
mechanosensory pathways "4 and play a pivotal role in mechanical pain processing. Such
convergence of multiple sensory inputs allows 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 might
be particularly important in sensory processing, where peptidergic action can increase the
computational power by organizing circuit function to generate alternative behaviors 222”5, In
mice, alternative escape behaviors are regulated by competitive and mutually inhibitory circuits of
corticotropin-releasing factor and somatostatin-positive neurons in the central amygdala, which
mediate conditioned flight or passive freezing, respectively °. While direct involvement of these
neuromodulators has not yet been shown, oxytocin release from presynaptic terminals of
hypothalamic neurons in the central amygdala attenuates fear responses in mice "®7’, suggesting
extensive neuromodulatory regulation of escape and related behaviors across species. Our work
revealed that discrete escape pathways are controlled by Dp7 hub neurons through input-specific
neuropeptide function. Rolling in response to noxious mechanical touch %78 requires feedback
signaling from Dp7 neurons via SNPF, but not 1lp7 peptide . In contrast, noxious light avoidance
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behavior requires Dp7 neuron-derived Ilp7, but not SNPF, and acts via a feedforward mechanism.
Circuit-specific neuropeptide action thus generates discrete escape behaviors in this system by
creating divergent networks, despite the extensive overlap between mechanonociceptive and
noxious light avoidance circuits (Fig. 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 vibration'* or blue light’® enhance nociceptive rolling in Drosophila larvae. Second,
escape responses might 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??,

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 PVD neuron dendrites provides local proprioceptive feedback
to motor neurons®. Discrete functional domains have also been described for Drosophila
mushroom body Kenyon cells displaying compartmentalized activity, which encodes context-
specific functions by local dopaminergic modulation 822, Here, we show convergence of UV
light-responsive inputs and outputs with 1lp7 release sites on the Dp7 lateral dendritic arbor,
which likely form a computational unit of the noxious light avoidance circuit. Analogous
compartmental organization is likely found in the somatosensory system of adult flies®* and also
in vertebrates displaying modality-specific laminar organization of sensory inputs and
corresponding outputs 61785 This suggests that integrating neuropeptide-expressing neurons
receiving sensory input linked to distinct modalities, like Dp7 neurons in Drosophila or
Somatostatin-expressing neurons in the vertebrate spinal cord "4, play a pivotal role in processing
sensory stimuli. Dendrites can act as independent computational units 8 as shown in the
vertebrate retina 8. Although we could 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 investigate 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 Lgr4d-expressing ABLK neurons. In line with
this notion, neuropeptide overexpression studies in zebrafish have shown that sensory
responsiveness can be regulated in a peptide and modality-specific manner®® suggesting their
signaling still acts on selective circuits to enhance respective innate behaviors. Thus
compartmentalized circuits with broad yet functional unit-specific neuromodulatory action might
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 20222789 yet acute signaling function of neuropeptides
in sensory behavior are not well understood. In general, neuropeptide release has been described
to occur upon neuronal activity 2°0%-2 although their action is considered slow and broad???
with the ability to regulate targets distant from release sites, e.g., opioid receptor signaling in
stress-induced analgesia ®, and long lasting behavioral states including sleep, foraging and social
behavior 72949,

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 IlIp7, likely due to small neurotransmitter activity in this network, are not sufficient for
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noxious light avoidance behavior. This suggests that Ilp7 can act as a co-transmitter required for
selective network activation and behavior. llp7 presumably acts via Lgr4 to enable noxious light
avoidance responses and behavior. Lgr4 belongs to the conserved family of Relaxin receptors>%6-
100 Recent work indicates a role for Relaxin-3 in escape behavior through inhibition of oxytocin-
producing neurons in the hypothalamus, a brain region implicated in the modulation of escape
responses of vertebrates ‘®11. 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 selective network activity and specific innate behaviors. Based on
the widespread expression of neuropeptides and cognate GPCRs, including in escape circuits 2%
23102 fyrther studies will have to determine if local neuromodulatory hubs with
compartmentalized circuits as described here might be a general motif for computation of
modality-specific sensory responses.
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Figure Legends
Fig. 1. llp7-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 mechanonaociceptive rolling through feedback action on C4da neurons to facilitate output
to A08n%®. C. Developmental lethality due to exposure to blue light (470nm) but not green light
(525nm) of the same intensity (2.5 uW/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, + s.d.
“"P< 0.0001, X2-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. UV-A light induces calcium transients in Dp7 neurons (llp7-
Gal4>UAS-GCaMP7s, 365 nm, 60 nW/mm?, mean + s.e.m. indicated by shaded area, n=4). F.
[Ip7*°, but not SNPF, mutant animals showed decreased light-avoidance responses (n=10 trials,
“"P<0.001, n.s., non-significant, one-way-ANOVA with Tukey’s post-hoc test). G. Dp7-neuron-
specific UAS-IIp7 expression (with Dp7-Gal4) in the 1Ip7*° background restores light avoidance
(n=10 trials, "P<0.05, ""P< 0.0001, n.s., non-significant, one-way-ANOVA with Tukey’s post-
hoc test, ilp7*° dataset same as in Fig. 1e). G. EM-reconstructed Dp7 neurons and their highest
connected synaptic partners. Upstream partners are shown in magenta, downstream partners in
green.

Fig. 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 AO8n 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 number of neurons of the respective subtype, numbers on
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. 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<(.01, ****P<0.0001, one-way-ANOVA with Tukey’s post-hoc test). D. UV light-induced
calcium transients in v'td2 neurons (v 'td2-Gal4>GCaMP6s, mean + s.e.m., n=8). E. Quantitative
comparison of calcium responses (GCaMP®6s) of v'td2 and v 'td1 neurons to UV light using
R35B01-Gal4, which labels both subtypes (AFmax/Fo boxplot, n=5, “"P<0.01, unpaired two-tailed
t-test). F. Optogenetic activation of CsChrimson (635 nm, high: 8.13 uyW/mm?, low:1.33
uW/mm?) using different previously characterized Gal4 driver lines expressing in v’td2
neurons*. Behavioral responses included avoidance (stop, backward, turn, hunch) and
nocifensive behaviors (bending and rolling), as well as different combinations (n as indicated for

Imambocus et al. Page 12 of 29



558
559
560
561

562
563
564

565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

580

581
582

583
584
585
586
587
588
589
590
591
592
593
594
595

596
597

598
599
600
601
602
603

each genotype). Note that all lines showed high prevalence for stop and turn or backwards
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, n.s.=non-significant, X?-test).

Fig. 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. Numbers on arrows indicate synapses from each neuronal
subset forming direct connections. 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 Fig. 3b) 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 =200nm. 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 Fig. 3b), additional
LDCVs indicated by arrowheads. Scale bar =200nm.

Fig. 4. Dp7 neuron activity and llp7 peptide is required for noxious light information flow to
ABLK neurons.

A. Confocal image stack (maximum projection) showing anatomical overlap of ABLK (LK-
Gal4>UAS-CD4-tdGFP) and llp7 neuropeptide puncta (cyan) along the lateral dendritic region of
Dp7 neurons (llp7-LexA>LexAop-CD4-td-Tomato). Scale bar=50. 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 (Hug"N¢-Gal4>UAS-Kir2.1)
does not affect light avoidance (n=10 trials/genotype, ****P<0.0001, **P<0.01, n.s., non-
significant, 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, mean +
s.e.m., n=7). D. Boxplot quantification (% AFmax/Fo) 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 1lp7*° animals (mean * s.e.m., n=7). F. % AFmax/Fo boxplots for Fig. 4E
(n=7 larvae/genotype, unpaired t-test,”"P<0.01).

Fig. 5. Acute llp7 peptide release from Dp7 neurons in response to UV-light.

A. NPRR"""-labeled LDCVs (numbers 1-4, b: background) located along the Dp7 proximal axon.
Time series (xt) along the dotted line showing acute evoked NPRR'"P” fluorescence increase in
response to a 10-s UV-light exposure (365 nm, 60 uW/mm?). Scale bars=10 um. B. Stacked
individual traces of NPRR'"P’-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
individual NPRR"P" puncta located along the proximal axon or lateral dendrite of Dp7 neurons
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(from 3 representative experiments). D. AFmad/Fo boxplot of Dp7 NPRR'” responses to UV light
(n=18 LDCVs from 6 animals). E. Boxplot quantification (% AFmax/Fo) of maximum NPRR'"P’
fluorescence change in Dp7 somata upon UV light stimulation without or with Cadps-RNA..
Cadps knock-down significantly reduces NPRR"P” responses (n=6 larvae/genotype,”*P<0.001,
unpaired t-test).

Fig. 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, n.s.=not significant, "P<0.05, X2 test,). B. Maximum ABLK neuron responses (%
AFmax/Fo) to noxious mechanical or UV light stimulations in semi-intact live larval preparations
(n=8, unpaired t-test, **P<0.01). C. Endogenous Lgr4 reporter expression (Lgr4T™?A%a* UAS-
CD4-tdGFP) in ABLK neurons detected by colocalized anti-Lk immunostaining. Overview and
magnified lateral VNC region (boxed region) with ABLK neuron somata (GFP: green, Lk:
magenta). Scale bars=50 um, 10 um for enlarged view. D. Lgr4-HA localization in ABLK
neurons (Lk-Gal4, UAS-Lgr4-HA) with anti-1lp7 immunostaining. Overview and magnified lateral
VNC region (boxed region) showing ABLK neuron somata and dendrites with proximity of Lgr4
(green) and Ilp7 (magenta) puncta on the Dp7 neuron lateral arbor. Scale bars=50 um, 10 um. E.
Lgr4™A%a4 animals display reduced light avoidance, which was rescued by UAS-Lgr4 expression
(n=10,10,8 trials/genotype, *P<0.05, **P<0.01, one-way ANOVA with Tukey’s post-hoc test).
F. GCaMP6s-expressing ABLK neuron responses to UV light in control and Lgr4*® animals, with
and without UAS-Lgr4 expression (Lk-Gal4>GCaMP6s, n=5 animals/genotype, mean + s.e.m.).
G. Quantitative AFmax/Fo box plots of Fig. 6f (n=5, **P<0.01, one-way ANOVA,with Tukey’s
post-hoc test). H. Model depicting neural and molecular elements shaping the larval
somatosensory escape circuit with specific action of SNPF or Ilp7 on mechanonociception vs.
noxious light resulting in rolling or avoidance, respectively.

STAR Methods

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

All neurons reconstructed from volume EM were archived in the Virtual Fly Brain server, and are
accessible via CATMAID software at this address:
https://I1em.catmaid.virtualflybrain.org/?pid=1

Microscopy and behavioural data reported in this paper is available from the lead contact upon
request.

Code and scripts used to analyse larval distribution in two choice assays are available at this
address:
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https://github.com/formozov/larva_tracking_Imambocus_et_al
Any additional information required to reanalyse the data reported in this paper is available from
the lead contact upon request.

Experimental Model and Subject Details

Drosophila melanogaster

Drosophila melanogaster were reared at 25°C and 70% humidity with a 12 light/dark cycle on
standard fly food. Transgenic lines were maintained in either white mutant (w’) or yellow-white
(y’, w) backgrounds. For analysis, 3" 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
driver lines details see Key Resources Table. Driver lines were obtained from Bloomington
Drosophila Stock Center or from Vienna Drosophila Stock Center unless stated otherwise. UAS-
Chrimson effector was used to stimulate specific neurons. UAS-Kir2.1 or UAS-TNT was used to
block specific neurons.

S2-DRSC cell line

S2-DRSC cells were cultured in Schneider’s Drosophila medium supplemented with 10%
fetal calf serum, glutamine and Penicilin/Streptomycin (ThermoFisher). 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 2" chromosome insertion and was generated analogously to Dp7-LexA
using a 1,099 bp fragment of the Ilp7 enhancer region at the 5’ end of the Ilp7 gene (starting from
—1,131 to —33, where the ATG for llp7 starts at position 0). The genomic region was amplified by
PCR and cloned into pCasper-AUG-GAL4. Transgenes were generated using P-element-mediated
transformation. The UAS-IIp7 transgene was generated by cloning Ilp7 cDNA via EcoRl into the
pUAST vector and P-element mediated transformation. A UAS-1Ip7 insertion on the 3
chromosome was used in this study. The 1lp7 neuropeptide release reporter (NPRR"P") was
designed analogously to Ding et al.>°, by fusing GCaMP6s to the C-terminus of the 1lp7
neuropeptide. Ilp7 cDNA was obtained from the Drosophila Genetics Resource Center (DGRC)
and amplified from clone FI18537 by PCR with specific primers carrying Notl and Ndel
restriction sites, and fused in frame with GCaMP6s (Addgene) via Ndel/Xbal into the pUAST-
AttB vector. Transgenes were made by phiC31-mediated genomic integration'® into the AttP2
landing site (BestGene Inc., Chino Hills, CA, USA). HA-tagged llp7 was generated by inserting
the HA sequence after the signal peptide sequence at position 34 of the llp7 cDNA using overlap-
PCR. Primers containing the HA-tag sequence were used for amplification and cloning into the
pUAST-ALtB vector via Notl/Xhol.
Lgr4 cDNA was amplified from DGRC clone UFO07708 (BDGP Tagged ORF collection) by
PCR using specific primers and inserted into a pUAST-ALttB vector containing a C-terminal
3xflag-6xHis-tag via Notl/Xhol. The Lgr4'?%3A mutation was introduced using overlap-PCR with
specific primers for the codon change and cloned via internal EcoRI/Stul sites into the original
Lgr4 cDNA. To remove the Leucine-rich repeats (LRRs), Lgr4 cDNA was synthesized lacking
amino acids 81-426 (Lgr4281-4%6 GeneArt, ThermoFisher) and subcloned into pUAST-ALttB vector
containing a C-terminal 3xflag-6xHis-tag via Notl/Xhol. All constructs were verified by
sequencing.

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
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into y! M{vas-int.Dm}ZH-2A w*; M{3xP3-RFP.attP'}ZH-51C (BestGene Inc., 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!®. Dp7 neurons and its partners were manually reconstructed
similarly as described'*?° 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 described!+2°
by using the iterative method. Pre- and post-synaptic illustrations between 2 neurons were
extracted from CATMAID’s 3D-visualization tools.

Immunohistochemistry and confocal imaging

Larval brains were dissected in PBS, fixed in 4% formaldehyde with PBS for 15 mins 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, incubated in
secondary antibody for 1 hour) and mounted either on poly-L-lysine (Sigma) coated coverslips or
on Superfrost slides in Slow Fade Gold (Thermo Fisher, Carlsbad, CA,USA). For anatomical
inspection of Dp7 neurons, native fluorescence was sufficiently bright to be visualized by
confocal microscopy (Zeiss LSM700). Confocal Z-Stacks were processed in Fiji (ImageJ, NIH,
Bethesda).

Labeling of synapses using Syb-GRASP*® was performed as described!®®. Larval brains
were dissected in 5 mM dissection buffer (108 mM NaCl, 5 mM KCI, 4 mM NaHCO3, 1 mM
NaH2POas, 5 mM Trehalose, 10mM Sucrose, 5 mM HEPES, 8.2 mM MgCl2, 2 mM CaCl, pH
7.4), washed 3 times/5 seconds alternating between dissection buffer containing 5 mM KCI and
70 mM KCl, respectively, followed by 10 minutes incubation in 5 mM dissection buffer. The
brains were then fixed in 4% formaldehyde/PBS for 15 minutes, followed by
immunohistochemistry and mounting as described above. Confocal Z-Stacks were obtained using
confocal microscopy and processed in Fiji (ImageJ, NIH, Bethesda).

Developmental toxicity assay

Wild type flies (w!!®) were staged for 4 to 6 hours. After 1 day, 50 freshly hatched L1
larvae were 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
(2.5pW/mm?) or blue light (2.5pW/mm?) for at least 9 days at 25°C in a custom humidified
incubator (described in 1%). 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, 2" and 3" instar larvae, 1% instar or lost upon transfer) were
counted. The assay was repeated 5 times for each condition.

Light avoidance assays

After pre-staging, embryos were staged 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 the risk of overcrowding.

Third instar foraging larvae (94 h £ 1.5h AEL) were subjected to a 15 min light avoidance
assay as described®4° with modifications. Briefly, the experimental setup consisted of a dark
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chamber with a white light source (365-580 nm, intensity 6.9-3.3 pW/mm? on light side,
respectively, <0.01 pW/mm? on dark side) illuminating one half of a 10cm agar plate (12 ml of
2% agar dissolved in ddH20 (Roth, Karlsruhe, Germany)). An infrared LED source surrounding
the plates allowed live recording of larval distribution in darkness with a digital camera (Basler
ace-2040gm, 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, Pylon (Basler), or
StreamPix 6 (Norpix). For each genotype, typically 10 trials consisting of 20 larvae each were
performed unless noted otherwise.

Mechanonociception assays

Mechanonociceptive experiments were performed on staged 96h old 3™ instar larvae as
described®®1%7 ysing a calibrated 50 mN filament. Larvae were stimulated on mid-abdominal
segments (A3-A5) twice within 2 s and the behavioral response to the 2" stimulus was scored
(no response, stop, or stop and turn as non-nocicpetive, bending and rolling as nociceptive). Each
genotype was tested multiple times on different days.

Locomotion and chemotaxis assays

Larvae were staged on grape juice agar plates and fed with 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 Miinster)'® using a Basler
ac2040-25gm 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 pyW/mm? 470 nm light illumination from a
LED light source (RGB-BL-S-Q-1 R, Phlox, Aix-en-Provence, France). Locomotion was tracked
with 10 frames per second.

For chemotaxis assays, 10 pl of 125mM Ethyl butyrate (Merck, Darmstadt, Germany)
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 were video-captured for 5min.

Optogenetic behavioral assays

Staged third instar larvae (96 h+ 3 h AEL) were kept in darkness on grape agar plates with
yeast paste containing 5 mM all-trans-retinal. Larvae were carefully transferred under low red
light conditions to 2% agar plates with a 1 ml water film. CsChrimson was activated with 625 nm
light (high: 8.13 uW/mm2 or low: 1.13 pW/mm?) 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®®. Turning behavior describes head turning and thereby a direction changes of
locomotion. Backwards behavior describes at least one wave of backwards crawling. Stop
behavior describes a stop of locomotion. Hunch behavior describes a full body contraction. No
behavior describes the absence of change in larval behavior. All 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 labelled with UAS-
GCaMP(6s or 7s) under the control of specific neuronal Gal4-drivers. Live third instar larvae (94
+2 h) were mounted in 90% glycerol and immobilized with a coverslip. The neuronal somata
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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 x 240
pixels) and the larva was subjected to UV light for 10 seconds (365nm, 60 pW/mm? 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 um). Only datasets without significant Z-drift (stable baseline, return to
original baseline levels after stimulation) were retained for analysis.
Optogenetic activation of C4da, BO and Dp7 neurons and calcium imaging in ABLK neurons
were also performed in intact 3" instar larvae. Animals were reared in grape agar plates
supplemented with all-trans retinal in the dark and imaging, with imaging in minimal light
conditions. Larvae were mounted and imaged as described above. A red light pulse (635nm,
intensity: 700 pW/mm?) 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 NPPR"P release, we imaged either DP7 soma or the Dp7 lateral dendrite that
features NPPR"P" 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®. Staged 94 +2
h old larvae were partially dissected on a Sylgard (Dow Corning) plate in physiological saline and
ABLK neuron somata expressing GCaMP6m were imaged by confocal microscopy with a
40x/NA 1.0 water objective (Olympus FV1000MP). A micromanipulator-mounted von Frey
filament (45 mN) was used to provide a mechanonociceptive stimulus to midabdominal segments
(A3-Ab5). For noxious light stimulation, the larval preparation was subjected to UV light for 10
seconds (365 nm, 60 uW/mm? 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'®. For S2 cell expression the following
constructs were used: pUAST-AttB-Lgr4-3xflag-6xHis (wildtpype, 1264A and ALRR variants),
pPUAST-ALttB-lIp7-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 pl lysis buffer (50 mM Tris pH7.4, 150 mM NacCl, 1%
Triton X-100, protease inhibitor mix (Roche)) for 20 min on ice. After centrifugation (10
min/4°C/10.000xg), the supernatant was incubated with mouse 1gG-agarose (Sigma—Aldrich, St.
Louis, MO) for 30 min at 4°C, and subsequently with anti-flag M2 agarose beads (Sigma—
Aldrich, St. Louis, MO) or anti-HA sepharose beads (Roche) for 4 hr at 4°C. Samples were
washed with lysis buffer three times, denatured and analyzed on Bis-Tris gels (ThermoFischer)
and by Western blotting against llp7-HA (rat anti-HA, 1:5000, Roche) and Lgr4-3xflag (anti-flag
M2, 1:10.000, Sigma).

gRT-PCR

The material used for each gRT-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
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ice and either stored in -80 °C or processed for RNA extraction immediately. Each sample was
macerated using pellet pestles, homogenized in 800 ul TriPure Isolation Reagent (Roche), and
centrifuged at 12000 g for 1 min, to remove tissue debris. We added 0.5 volume of absolute
ethanol (400 ul) 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 ug of RNA was used for the
cDNA synthesis using the Maxima First Strand cDNA Synthesis Kit for RT—quantitative PCR
(Thermo Scientific), following manufacturer’s instructions but for a final volume of 10 pl.

gRT-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 polymerase (Roche). The final volume for each reaction
was 10 pl, consisting of 5 ul of dye and polymerase (master mix), 2 ul of 10 x diluted cDNA
sample and 3 pl of the specific primer pairs (1 uM each).

Light avoidance pupariation assay

w8 and 1lp7*° 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).
3" 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®®, 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 pW/mm?) 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

w8 and 1lp7*° flies (2-9 days old) were crossed and maintained 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 2" instar larvae (48 h AEL) were transferred to vials
containing normal Drosophila 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!#153048.105 For comparison of two groups, unpaired Student’s t-test with Welch's correction
or nonparametric Mann-Whitney U test were used as appropriate. For analysis of
mechanonociceptive behavior, the y2 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).
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Network graphs and analysis of synaptic counts

Network graphs were built by using the customised graph tools on CATMAID, where the
interactions between a pair of nodes (neurons) was generated based on the absolute number of
synaptic counts, using a synapse cutoff above 21*. The network was build starting with the first
processing layer (sensory neurons) consisting of 3 nodes, each representing a subset of sensory
neurons (C4da, 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 automatically 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. Statistical
significance was calculated using the x2 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. Pl 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 200" frame,
cropping and converting mp4 files to avi using a custom script
(https://github.com/formozov/larva_tracking_Imambocus_et al) and ffmpeg
(https://www.ffmpeg.org). Reduced avi files were processed and analyzed in Fiji (ImageJ, NIH)
using 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.

Mechanonociception analyses
Statistical significance was calculated using the 2 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. Average locomotion speed and cumulative
bending angles were analyzed and plotted for the first 30 s under 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 (P1), defined as (todor-tnoodor)/ (todor*tnoodor),
where todor and thoodor are total time that larvae spent in the odor and no-odor zones, respectively,
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in the time window between 3 and 5 min of a given video recording. Graphs of mean * 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 in intact larvae

Time series analysis was performed using image registration with the StackReg plugin
(using translation function, Fiji, ImageJ) to correct for internal movement. GCaMP6 signal
intensity was then quantified using a region of interest defining the neuronal soma and the Time
Series Analyser V3 plugin (ImageJ). The calcium response (AF/Fo (%)) was calculated by
subtracting the amplitude of pre-stimulation baseline (average of 19 frames) from the stimulation
evoked amplitude. AF/Fo (% ) = (F-Fo)/Fo x100. Maximum fluorescence was calculated as Fmax-
Fo/Fox 100 ((Fmax, maximum fluorescence observed during the stimulation; Fo (average of 19
frames)). Graphs of mean + s.e.m were plotted using Prism (GraphPad, San Diego, CA, USA).
Comparison of maximum responses (AFmax/Fo (%)) were plotted 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 C4da, BO and Dp7
neurons were performed as described above.

To analyse NPPR'"7 release, the baseline signal was calculated from 19 frames before 40
frames of UV illumination, with 100 frames between stimulations. NPPR'"7 release events were
calculated for each puncta using the formula AF/Fo (%) = (F-Fo)/Fox100. The n number refers to
individual LDCV puncta from 5 different larvae.

Analysis of calcium imaging in semi-intact larvae

Baseline (Fo) and the relative maximum intensity change (AFmax) of GCaMP6s
fluorescence was analyzed. AFmax/Fo values of mechanonociceptive vs. noxious light ABLK
neuron responses were plotted and compared, with the centerline representing median values,
upper and lower whiskers representing S.E.M. Statistical significance was analyzed using a
Mann- Whitney U-test. Somatic Dp7 calcium responses upon optogenetic activation of v'td2
neurons were also performed in semi-intact larval preparations as described above. Comparison of
maximum responses (AFmax/Fo (%)) were plotted as box plots and analyzed with the Mann-
Whitney test.
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Video files
Video S1. Larval light avoidance assay

Processed light avoidance video for w8 larvae. Circular arena with dark area (top) and light area
(bottom). Video shows larval positions over 16 min (0.36 min/frame) with preferential
distribution in the dark area.

Video S2. Dp7 and ABLK neuron UV light responses compared to no response in SELK
neurons

Dp7 neuron calcium responses to a 10 s UV light stimulus (365 nm, 60 uW/mm?) visualized by
expression of GCaMP7s using llp7-Gal4 (left panel). ABLK neuron calcium responses to two
separate 10 s and one short 2 s UV light stimulus (365 nm, 60 uW/mm?) visualized by expression
of GCaMP6s using Lk-Gal4 (middle panel). No calcium response in SELK neuron to a 10 s UV
light stimulus (365 nm, 60 pW/mm?) visualized by expression of GCaMP6s using Lk-Gal4 (right
panel).

Video S3. UV light response in v’td2 and C4da, but not v’td1 neurons

V’td2 and C4da neuron calcium responses to a 10 s UV light stimulus (365 nm, 60 uW/mm?)
visualized by expression of GCaMP6s using Gr28b.c-Gal4, in comparison to v’td1 neurons
(35B01-Gal4>GCaMP6s) under the same conditions.

Video S4. V’td2 neuron activation induces avoidance behavior

Optogenetic activation of v’td2 neurons using CsChrimson-Venus (5s, 635 nm, 8.13 pW/mm?)
expressed with different Gal4 driver lines: Gr89a-Gal4, 22C07-Gal4, 73B01-Gal4 (high: 8.13
pW/mm?, low: 1.13 pW/mm?).

Video S5. Optogenetic activation of Lk neuron subsets

Optogenetic activation of different subsets of Lk neurons using CsChrimson-Venus (5s, 635 nm,
8.13 pW/mm?): Lk-Gal4 (left panel), tsh-Gal80;Lk-Gal4 (middle panel), otd-Flp,
tub>Stop>Gal80; Lk-Gal4 (right panel).

Video S6. UV light-induced acute llp7 release from Dp7 neurons

Video of time series shown in Fig. 5A,B. NPRR'"P’-labeled LDCVs located along the Dp7
proximal axon showing acute evoked NPRR"P” fluorescence increase in response to a 10-s UV-
light exposure (365 nm, 60 pW/mm?, onset at 4s).
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Figure ZA

Circuit analysis of Dp7 connectome
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putative peptide release from Dp7 to ABLK neurons
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Fig. S1. Dp7 and llp7-dependent noxious light avoidance, Related to Figure 1.

A. Time-dependent redistribution of w1118 and llp7° larvae in light avoidance assays.
Temporal color code indicates larval position at the different time points, dotted line
represents light/dark boundary. B. Analysis of time-dependent larval distribution of w1118
and llp7%e larvae during light avoidance assays. Preference index (PI) is based on
intensities of larval signals on the dark or light side (see STAR methods). Stable dark
preference is reached within the first 5 min for w118, but not llp7k° larvae, which fail to
maintain light avoidance. C. Time-dependent redistribution of control (Dp7-LexA and
LexAop-Kir2.1) or animals, where Dp7 neurons were silenced (Dp7-LexA>LexAop-
Kir2.1), in light avoidance assays. Temporal color code indicates larval position at the
different time points, dotted line represents light/dark boundary. D. Analysis of time-
dependent larval distribution in controls and upon Dp7 neuron silencing as indicated.
Dp7 neuron function is required for establishing significant light avoidance during the
entire assay. E. Average velocity and F. cumulative bending angle of w118 and llp7k°
larvae in dark or noxious blue light (4.5 ptW/mm?) conditions. (n=14-21/genotype, non-
significant, *P<0.05, **P<0.01 one-way-ANOVA with Tukey’s post-hoc test). G.
Pupariation timing of w118 (median: 121h AEL, n=118) and llp7° larvae (median: 119h
AEL, n=103, *P<0.01 Mann-Whitney test). H. Dark vs. white light (2.9-4.6 yW/mm?)
preference index (PI) of pupariation of w118 and llp7ke larvae (n=10 trials/genotype,
***P<(0.001 two-tailed unpaired t-test). Note that control w1118 larvae preferentially enter
puparium formation in darkness, which is reduced in llp7¥° animals. |. Light microscopic
Dp7 neuron morphology at the L1 and L3 stage (Dp7-Gal4>UAS-CD4-tdGFP). Dp7
neurons display dendritic arbor extension to the posterior at the L3 stage. In L1, Dp7
neuron dendrites extend to segments A3-A4, while in L3, they extend to the A8
segment. Scale bar=10 um (L1) and 50 pm (L3).
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Fig. S2. Dp7 connectome analysis, Related to Figure 1 and 2.

A. Light microscopic Dp7 neuron morphology and dendritic compartment marked by
DenMark at the L3 stage (llp7-Gal4>UAS-CD4-tdGFP, UAS-DenMark). Dp7 neurons
display dendritic arbor extensions within the medial and ventral VNC neuropil. The axon
extends anteriorly to the brain lobe region. Scale bar=50 um (L3). B. Dp7 was identified
based on its soma location in abdominal segment Al on the dorsal side of the VNC in
between the two motor neurons Rp2 and ACC and based on the trajectory of its
emerging neurites. C. Reconstruction of Dp7 neurons illustrated from different angles,
Dp7 neuron dendrites shown in blue and axon in green. D. V'td1 and v'td2 sensory
neurons are anatomically similar and project alongside the lateral and proximal dendritic
arbour of Dp7 neurons. E. Dp7 presynaptic connectome and F. Dp7 postsynaptic
connectome from the reconstructed L1 larval EM volume. Numbers indicate synapses
with the respective Dp7 neuron (L: left, R: right hemisphere).
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Fig. S3. Dp7 neuron upstream network and light sensing circuit, Related to Figure
2.

A. Reconstruction of MIP and v’td2 neurons and B. anatomical overlap of MIP
(representative member) with Dp7 neurons, lateral view. C. Reconstructed synaptic
connections between v'td2 and MIP neurons. D. Reconstructed synaptic connections
between MIP and Dp7 neurons. E. Kir2.1 expression in C4da neurons significantly
reduces light avoidance responses (UAS-Kir2.1, ppk-Gal4, ppk-Gal4>UAS-Kir2.1,
n=10,10,9 trials/genotype, *P<0.05, ***P<0.001, one-way-ANOVA with Tukey’s post-
hoc test). Similarly, genetic ablation of BO by expression of the proapoptotic factor hid
strongly impairs light avoidance (w118 vs. GMR-hid, n=10 trials/genotype, ***P<0.001,
one-way-ANOVA with Tukey’s post-hoc test). F. Kir2.1 expression in AO8n neurons
does not significantly reduce light avoidance responses (A08n-Gal4>UAS-Kir2.1, n=10
trials/genotype, non-significant, one-way-ANOVA with Tukey’s post-hoc test). G.
Calcium response to UV light in AO8n neuron somata (82E12-Gal4>UAS-GCaMP6s,
mean £ s.e.m. n=5). H. Confocal image showing Syb-GRASP-labelled v'td2 to Dp7
neuron synapses. Presynaptic spGFP1-10-Syb is expressed in v'td2 neurons (v’td2-
Gal4, magenta), postsynaptic spGFP11-CD4 in Dp7 neurons (Dp7-LexA). Reconstituted
GFP signal (recGFP, green) labelling v'td2-Dp7 neuron synapses, and llp7
neuropeptide immunostaining (cyan). Enlarged boxed area shows proximity of llp7
peptide and v'td2-Dp7 neuron synapses along the proximal axon of Dp7 neurons. Scale
bars=10 um. I. GCaMP6m signal in Dp7 neurons (using llp7-LexA) before (Fo) and
during (Fmax) CsChrimson-mediated optogenetic activation of v'td2 neurons (v'td2-Gal4,
UAS-CsChrimson; llp7-LexA, LexAop-GCaMP6m). Maximum responses (AFmax/Fo) in
Dp7 neurons after CsChrimson activation in v'td2 neurons with and without all-trans-
retinal (**P<0.01, Mann-Whitney test). Scale bar=10 um.
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Fig. S4. Behavioral functions of noxious light circuit components, Related to
Figure 3 and 4.

A. Anatomical localization of Dp7 neuron arbors in relation to Fas2-labelled axon tracts
in the larval neuropil. CD4-tdGFP-expression in Dp7 (llp7-Gal4, UAS-CD4tdGFP) in
maximal projection (XY) and a XZ cross-section of the Dp7 soma region (shown region
indicated by dotted lines). The primary Dp7 neurite projects from the dorsally located
soma (segment Al) to the ventral neuropil forming medial and lateral dendritic branches
localizing next to the ventromedial (VM) and ventrolateral (VL) Fas2-positive fascicle,
respectively. Scale bar = 50 um. B. Anatomical localization of ABLK neuron arbors in
relation to Fas2-labelled axon tracts in the larval neuropil. CD4-tdGFP-expression in
ABLK (Lk-Gal4, UAS-CD4tdGFP) in maximal projection (XY) and a XZ cross-section of
shown region (indicated by dotted lines). ABLK neurons are located in the lateral cortex
area (segment A1-A7) and project an axon to body wall muscles, while the resumed
dendrites are targeted to the posterior terminal plexus area along the ventromedial (VM)
Fas2-positive fascicle. Scale bar = 50 um. C. Reconstruction of ABLK neurons
(representative member) and anatomical overlap with Dp7 neurons, lateral view. D.
Average velocity and E. cumulative bending angle of control (UAS-Kir2.1) and Kir2.1
expression with different Gal4 lines silencing v'td2 (v'td2-Gal4), Dp7 (llp7-Gal4) or ABLK
(Lk-Gal4) neurons. Larvae of respective genotypes were tracked in dark or noxious blue
light (470 nm, 4.5 uW/mm?) conditions. No significant differences were found for
average velocity, while cumulative bending angles were significantly reduced under blue
light conditions for all groups compared to control (n=15-42, non-significant, *P<0.05,
***P<(0.001 one-way-ANOVA with Tukey’s post-hoc test). F. Chemotaxis experiments
with a 125mM ethyl butyrate odor source comparing w118 and llp7° larvae.
Representative larval tracks are shown, defined odor zone is indicated by dotted yellow
box. Both genotypes displayed a high preference index for the odor zone with no
significant differences (n=8 trials with 6 larvae each, non-significant, one-way-ANOVA)
G. Chemotaxis of control (UAS-Kir2.1) and Kir2.1 expressing larvae using different Gal4
lines to silence v'td2 (vtd2-Gal4), Dp7 (llp7-Gal4) or ABLK (Lk-Gal4) neurons..
Representative larval tracks are shown for each genotype, defined odor zone is
indicated by dotted yellow box. Preference index for odor zone during the last 2 min of
all recorded animals is shown (n=8 trials with 6 larvae each, non-significant, *P<0.05
one-way-ANOVA with Tukey’s post-hoc test) H. CsChrimson-GFP expression with Lk-
Gal4 labels ALK and LHLK brain lobe neurons, SELK in the SEZ and ABLK neurons in
the VNC. Addition of tsh-Gal80 (middle panel) selectively eliminates ABLK neuron
expression. Otd-FIp-mediated excision of a stop cassette allows brain lobe-specific
Gal80 expression (otd-FIp;tub>Stop>Gal80), which selectively eliminates ALK an LHLK
neuron expression. |. Optogenetic activation of CsChrimson in respective genotypes
shown in G results in strong rolling responses without significant differences, indicating
an involvement of SELK neurons in nociceptive rolling (n= number of animals as
indicated in graph, **P<0.01, ***P<0.001, X°-test).
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Fig. S5. Noxious light dependent activation of ABLK neurons, Related to Figure 4.

A. Evoked calcium transients in ABLK neurons by UV-A light (n=5, mean + s.e.m.). B.
SELK neurons expressing GCaMP6s do not show UV light-evoked calcium responses
light (n=5, mean + s.e.m.). C. Boxplot quantification (% AFmax/Fo) of ABLK neuron
somatic calcium responses (Lk-Gal4>RCaMP1b) in dependence of the UV light
intensity (365nm). Strong responses were observed between 20-60 pW/mm? (n=5
larvae/genotype). D. ABLK neuron somatic calcium responses (Lk-Gal4>RCaMP1b) to
different wavelengths of the same intensity (365nm-525nm, 60 uW/mm?). Boxplots of
maximum responses (% AFmax/Fo) show strong activation up to 470nm, but not at
525nm (n=5 larvae/genotype, dataset for 365nm same as in C). E. ABLK neuron
somatic calcium responses (Lk-Gal4>GCaMP6s) to UV light (365nm, 60uW/mm?) and
synaptic silencing of C4da (27H06-LexA) and Dp7 (Dp7-LexA) neurons using Tetanus
toxin light chain (LexAop-TNT) or genetic ablation of BO (GMR-hid). Strong ABLK
neuron responses without significant differences were observed for all genotypes
indicating no major effect of C4da or Dp7 neuron synaptic inactivation or BO ablation
(n=5/genotype, non-significant, one-way-ANOVA with Tukey’s post-hoc test). F-H.
Expression and activation of CsChrimson (700 pW/mm?) for 15s in F. C4da (27H06-
LexA), G. Dp7 (Dp7-LexA) or H. BO (GMR-LexA) does not evoke significant somatic
ABLK neuron calcium responses (Lk-Gal4>GCaMP6s, n=5/genotype).
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Fig. S6. NPRR'P” characterization and biochemical interaction of Lgr4 and llp7,
Related to Figure 5 and 6.

A. Immunohistochemical analysis of lIp7 neuropeptide release reporter in llp7-
expressing neurons (llp7-Gal4>UAS-NPRR'"P7, anti-llp7 and anti-GFP). Scale
bar=50um. B. Immunohistochemical analysis of lIp7 neuropeptide reporter (NPRR'P7,
anti-GFP, green) and Syta-myc (anti-myc, magenta) localization expressed in llp7
neurons (lIp7-Gal4>UAS-Syta-myc,UAS-NPRR'7), Boxed area in overview image is
showing enlarged Dp7 neuron proximal dendrite and axon region. Scale bar=50um,
10um. C. Boxplot quantification (% AFmax/Fo) of NPRR'P7 fluorescence changes in Dp7
and posterior llp7 neuron somata upon UV light stimulation. Dp7 neurons, but not
posterior lIp7 expressing neurons (A6-A8) show significant responses (n=4
larvae/genotype,*P<0.05, Mann Whitney test). D-E. Co-immunoprecipitation of Lgr4
and llp7. S2 cells were transfected with flag-tagged Lgr4 and HA-tagged llp7,
immunoprecipitated with either D. anti-flag or E. anti-HA antibody beads and detected
with antibodies against the coprecipitated Lgr4 or llp7, respectively (anti-flag or anti-
HA). Specific interaction between Lgr4 and llp7 was found under both conditions. In E,
we also tested interaction with a point mutation (Lgr4-1253A) or deletion (Lgr42t) of the
LRR repeats. Lgr4 lacking LRR repeats did not interact with 1lp7 suggesting specific
binding of llp7 to the Lgr4 extracellular LRR domain. Signals specific for Lgr4 (and AL
form) and multimeric forms (Lgr4d*, AL*) are indicated by arrows. Asterisks indicate IP
antibody signal. F. Quantitative RT-PCR of Lgr4 mRNA comparing Lgr4T2AGal4 gjlele to
control (n=3, unpaired t-test,*P<0.05). G. Quantitative RT-PCR of Lgr4 mRNA
comparing Lgr4ke allele to control (n=3, unpaired t-test,*P<0.05). H. Lgr4k® animals
display reduced light avoidance compared to controls (n=10 trials/genotype, *P<0.05,
unpaired t-test).



Table S1.

Exact P values and genotypes

Figure | Genotypes compared Statistical test | Signif- | P post-
icance | values | hoc
test
Fig. 1C | w18 blue vs. green light Chi-Square *kk 0.001
Fig. 1D | Dp7-LexA/- vs. Dp7-LexA:LexAop- One-way * 0.001 Tukey
Kir2.1 Anova
LexAopKir2.1/- vs. Dp7- One-way ok 0.0006 | Tukey
LexA:LexAopKir2.1 Anova
Fig. 1F | wll18 ys, |Ip7ko One-way ok 0.001 Tukey
Anova
w 1118 ys, sNPFC00448 One-way n.s. >0.999 | Tukey
Anova
w 1118 yg sNPF Mi01807 One-way n.s. 0.6046 | Tukey
Anova
Fig. 1G | Dp7-GAL4;UAS-IIp7 vs. llp7k° One-way Fkkk <0.0001 | Tukey
Anova
Dp7-GAL4;UAS-IIp7 vs. One-way n.s. 0.1083 | Tukey
lIp7ko;Dp7Gal4;UAS-1Ip7 Anova
llp7%e vs. llp7%°;Dp7-Gal4;UAS-IIp7 One-way * 0.0011 | Tukey
Anova
Fig. 2C | 73B01-GAL4/- vs. 73B01-GAL4;UAS-| One-way * 0.0014 | Tukey
Kir2.1 Anova
UAS-Kir2.1/- vs. 73B01-GAL4;UAS- | One-way ok <0.0001 | Tukey
Kir2.1 Anova
Fig. 2E | 35B0O1-Gal4, UAS-GCaMP6s unpaired t test, | ** 0.0044
two tailed with
Welch's
correction
Fig. 2G | 73BO1-GAL4/- vs. 73B01-GAL4; Chi-Square n.s. 0.5598
UAS-Kir2.1
UAS-Kir2.1/- vs. 73B01-GAL4; Chi-Square n.s. 0.5598
UAS-Kir2.1
Fig. 4B | UAS-Kir2.1/- vs. HuginVNC-GAL4; One-way n.s. 0.5546 | Tukey
UAS-Kir2.1 Anova
HuginVNC-Gal4/- vs. HuginVNC- One-way n.s. 0.6569 | Tukey
GAL4;UAS-Kir2.1 Anova
UAS-Kir2.1/- vs. Lk-Gal4;UAS-Kir2.1 | One-way Frkk <0.0001 | Tukey
Anova
Lk-Gal4/- vs. Lk-Gal4;UAS-Kir2.1 One-way ko <0.0001 | Tukey

Anova




Lk-Gal4;UAS-Kir2.1 vs. -/tsh-gal80; | One-way * 0.0013 | Tukey
UAS-Kir2.1 Anova
Lk-Gal4;UAS-Kir2.1 vs. Lk-Gal4; One-way ok <0.0001 | Tukey
tsh-gal80;UAS-Kir2.1 Anova
Fig. 4D | LK-Gal4,UAS-GCamP6s; ilp7-LexA vg unpaired t test, | **** <0.0001
LK-Gal4,UAS-GCamP6s; lIp7-LexA, | two tailed with
LexAop-Kir2.1 Welch's
correction
Fig. 4F | LK-Gal4,UAS-GCaMP&6s vs. lIp7k; unpaired t test, | ** 0.0064
LK-Gal4,UAS-GCaMP6s two tailed with
Welch's
correction
Fig. 5E | ilp7-Gal4,UAS-NPRRIP7, unpaired t test, | ** 0.0026
CapdsRNAI two tailed with
Welch's
correction
Fig. 6A | Lk-Gal4/- vs. Lk-Gal4;UAS-Kir2.1 Chi-Square * 0.0167
UAS-Kir2.1/- vs. Lk-Gal4;UAS-Kir2.1 | Chi-Square * 0.0167
Lk-Gal4/- vs. -/tsh-gal80;UAS-Kir2.1 | Chi-Square n.s. 0.1873
Fig. 6B | LK-Gal4,UAS-GCaMP6, mechano vs.| unpaired t * 0.00295
UV light test, two tailed
with Welch's
correction
Fig. 6E | W1l18ys, | gr4T2A-Gal4 One-way * 0.0023 | Tukey
Anova
Lgr4T2Aa-Gald ys, | gr4T2A-Gal4:JAS-Lgrd | One-way * 0.0239 | Tukey
Anova
W18 ys, [ gr4T2A-Gald-UAS-Lgr4 One-way n.s. 0.7338 | Tukey
Anova
Fig. 6G | Lgrdko; LK-Gal4,UAS-GCaMP6s vs. | One-way * 0.0011 | Tukey
LK-Gal4,UAS-GCaMP6s Anova
Lgrdko; LK-Gal4,UAS-GCaMP6s vs. | One-way *x 0.0058 | Tukey
Lgrdko; LK-Gal4,UAS- Anova
GCaMP6s/UASLgr4
LK-Gal4,UAS-GCaMP6s vs. Lgrdko; | One-way n.s. 0.6186 | Tukey
LK-Gal4,UAS-GCaMP6s/UASLgr4 Anova
Fig. w8 dark vs. light One-way * 0.03858 | Tukey
S1E Anova
lIp7ke dark vs. light One-way n.s. 0.1457 | Tukey
Anova
w18 dark vs. llp7ke dark One-way n.s. 0. 3687 | Tukey

Anova




w18 ight vs. llp7%e light One-way n.s 0.0869 | Tukey
Anova
Fig. wlti8 dark vs. light One-way n.s. 0.0978 | Tukey
S1F Anova
w8 dark vs. llp7ke dark One-way ** 0.0061 | Tukey
Anova
wlli8light vs. lip7ke light One-way n.s. 0.8988 | Tukey
Anova
llp7ke dark vs. light One-way n.s. 0.2715 | Tukey
Anova
Fig. wlli8 ys, ||p7ko Mann-Whitney | ** 0.0080
S1G test, two tailed
Fig. wlli8 ys, ||p7ko unpaired t test, | *** 0.0002
S1H two tailed with
Welch's
correction
Fig. ppk-GAL4/- vs. One-way * 0.0439 | Tukey
S3E ppk-GAL4>UAS-Kir2.1 Anova
UAS-Kir2.1/- vs. One-way Fxk 0.0001 | Tukey
ppk-GAL4>UAS-Kir2.1 Anova
W1li8ys, GMR-hid One-way *kk 0.0002 | Tukey
Anova
Fig. A08n-GAL4/- vs. One-way n.s. 0.0883 | Tukey
S3F A08n-GAL4;UAS-Kir2.1 Anova
UAS-Kir2.1/- vs. One-way n.s. 0.8282 | Tukey
A08n-GAL4;UAS-Kir2.1 Anova
Fig. S3I | 73B01-Gal4, UAS-Chrimson; llp7- Mann-Whitney | ** 0.0015
LexA,LexAop-GCaMP6m test, two tailed
Fig.S4D | UAS-Kir2.1/- vs. One-way n.s. 0.7290 | Tukey
73B01-Gal4>UAS-Kir2.1 (dark) Anova
UAS-Kir2.1/- vs. One-way n.s. >0.9999 | Tukey
llp7-Gal4>UAS-Kir2.1 (dark) Anova
UAS-Kir2.1/- vs. One-way n.s. 0.6197 | Tukey
Lk-Gal4>UAS-Kir2.1(dark) Anova
UAS-Kir2.1/- vs. One-way n.s. 0.0862 | Tukey
73B01-Gal4>UAS-Kir2.1 (light) Anova
UAS-Kir2.1/- vs. One-way n.s. 0.863 Tukey
llp7-Gal4>UAS-Kir2.1 (light) Anova
UAS-Kir2.1/- vs. Lk-Gal4>UAS- One-way n.s. 0.9985 | Tukey
Kir2.1(light) Anova
Fig.S4E | UAS-Kir2.1/- vs. One-way n.s. 0.1264




vtd2-Gal4>UAS-Kir2.1 (dark) Anova
UAS-Kir2.1/- vs. One-way Fxk 0.0002
llp7-Gal4>UAS-Kir2.1 (dark) Anova
UAS-Kir2.1/- vs. One-way n.s. 0.8929
Lk-Gal4>UAS-Kir2.1(dark) Anova
UAS-Kir2.1/- vs. One-way * 0.022
73B01-Gal4>UAS-Kir2.1 (light) Anova
UAS-Kir2.1/- vs. llp7-Gal4> One-way * 0.0308
UAS-Kir2.1 (light) Anova
UAS-Kir2.1/- vs. Lk-Gal4> One-way * 0.0354
UAS-Kir2.1(light) Anova
Fig. W1118 vs lIp7ko One-way n.s. 0.6167
S4F Anova
Fig. UAS-Kir2.1/- vs. 73B01-GAL4;UAS- | One-way n.s. 0.1857
S4G Kir2.1 Anova
UAS-Kir2.1/- vs. ilp7-Gal4;UAS-Kir2.1| One-way n.s. 0.5927
Anova
UAS-Kir2.1/- vs. Lk-Gal4;UAS-Kir2.1 | One-way * 0.0247
Anova
Fig. S41 | Lk-Gal4 ; UAS-ChrimsonGFP vs. Lk- | Chi-Square Frx 0.0001
Gal4;tub>STOP>Gal80xotdFlp;UAS-
ChrimsonGFP
Lk.Gal4 ; UAS-ChrimsonGFP vs. Chi-Square * 0.0025
LKkGAI4+ tshGal80;
UAS-ChrimsonGFP
Fig. ctrl vs. Lk-Gal4>UAS-GCaMP6s ; One-way n.s. 0.899 Tukey
S5E 27HO6-LexA >LexAop-TNT Anova
ctrl vs. Lk-Gal4>UAS-GCaMP6s; One-way n.s. 0.9859 | Tukey
lIp7-LexA >LexAop-TNT Anova
ctrl vs. Lk-Gal4>UAS-GCaMP6s; One-way n.s. 0.7331 | Tukey
GMR-hid Anova
Fig. lIp7-Gal4>UAS-NPRRIlp7 Mann-Whitney | * 0.0286
S6C test, two tailed
Fig. ctl vs. Lgr4-T2A-Gal4 unpaired t test, |* 0.03858
S6F two tailed with
Welch's
correction
Fig. ctl vs. Lgrdko unpaired ttest, |* 0.01311
S6G two tailed with

Welch's
correction




Fig.
S6H

Lgr4ko vs. W1118

unpaired t test,
two tailed with
Welch's
correction

0.0361




Table S2.
Primer sequences

Primers:

lIp7-Notl-c (llp7-HA)

aaGCGGCCGCATGACCAGAATGATA
ATAC

llp7-HA-nc (llp7-HA)

This paper

ILP7-Nde_nc (llp7-GCaMP6s)
agaCATATGGTAGTGATTGCGTCGCTTG

AGCATCTCGAGACCCTCCTCGGTGT
GCTGCAGcagagatgcgtagtctggcacgtcgt
atgggtagctCTGCAGTGCCTC

GCaMP6s-Nde-c (llp7-GCaMP6s)

tggCATAT Gggttctcatcatcatcatc

GCaMP6s-Xba-nc (llp7-GCaMP6s)

atctagattacttcgctgtcatcatttgtac

Lgr4-Not-c

acGCGGCCGCATGTGTATAGCTCAC
CTGC

Lgr4-Xho-nc (Lgr4-flag)

TTGCCTCGAGCAGATAGCTCATCTG
CCGGTy

Lgr4-over-c (Lgr4-1263A)

ATTGAGTATTCTCgccTTGGCACGCA
ACCACCTGCACC

Lgr4-over-nc (Lgr4-1263A)

TGGTTGCGTGCCAAGYCGAGAATACT
CAATTGATTGC

Lgr4T2AGal forward

TCACCTCGACAGGGACAGGAA

Lgr4T2AGal reverse

ACTGCGTGAACGAGGTGGAC

Lgr4ko forward

TGCAGCGATAAGCAGACACCAT

Lgr4ke reverse

GTCCTACGCCTTCTGCTGTTGT

rp49 forward

TTGAGAACGCAGGCGACCGT

rp49 reverse

CGTCTCCTCCAAGAAGCGCAAG




Video S1

Click here to access/download
Supplemental Videos and Spreadsheets
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