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eLife Assessment

This study presents important findings for the understanding of central brain circuits
that underlie nociception-induced escape. Using a laser-based nociception assay, chronic
neuronal silencing, trans-Tango anatomical tracing, and reference to connectomic data,
the authors propose that nociceptive signals (from painless- and trpA1-expressing
neurons) converge on a subset of dopaminergic neurons (subsets of PPL1 and PAM),
which in turn engage mushroom body output neurons (MBONS) to shape escape latency.
However, methods and controls fall short of fully supporting the findings, rendering the
evidence incomplete. This study will be of interest to scientists studying nociception and
learning and memory circuits.

https://doi.org/10.7554/eLife.110557.1.sa3

Abstract

In Drosophila, noxious heat is detected by peripheral nociceptors expressing transient receptor
potential (TRP) channels, including Painless and TrpA1l, and rapidly triggers escape behavior.
Although peripheral transduction has been defined in detail, the central circuits and
neuromodulatory mechanisms that translate nociceptor activity into escape decisions remain
poorly understood. Here, we combine targeted behavioral perturbations with anatomical tracing
to delineate a nociception-to-escape pathway that engages dopaminergic modulation of mushroom
body (MB) output. Kir2.1-mediated silencing across candidate neurotransmitter systems revealed a
specific requirement for MB-innervating dopaminergic neurons (DANs)—particularly subsets
within the protocerebral posterior lateral 1 (PPL1) and protocerebral anterior medial (PAM)
clusters—for robust nociception-induced escape. Anterograde trans-Tango tracing from painless-
and trpA1-expressing nociceptors labeled these MB dopaminergic neurons as direct postsynaptic
partners, consistent with convergence of distinct nociceptor inputs onto a shared dopaminergic
pathway. Finally, silencing a subset of mushroom body output neurons (MBONSs) delayed escape
without overtly disrupting baseline locomotion, supporting a model in which dopaminergic
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signaling recruits MB output to shape defensive action selection. Together, our results define a
multi-layer circuit motif linking peripheral nociception to MB-dependent escape and provide a
framework for dissecting how neuromodulation gates rapid defensive behaviors.

Introduction

Nociception relies on specialized sensory neurons (nociceptors) that detect potentially tissue-
damaging stimuli, including noxious heat, cold, mechanical forces, and chemical irritants.
Transient receptor potential (TRP) channels constitute an evolutionarily conserved family of ion
channels that contribute to sensing these modalities across species. Whereas mammalian thermal
et al.,, 1999 (Z; Caterina et al., 1997 (2; Guler et al., 2002 (Z; Peier et al., 2002 2), Drosophila
primarily uses members of the transient receptor potential ankyrin (TRPA) subfamily to detect
noxious heat, notably TrpA1 and Painless (Hamada et al., 2008 (; Neely et al., 2011 @ ; Sokabe and
Tominaga, 2009 (2 ; Sokabe, Tsujiuchi et al., 2008 2 ; Tracey et al., 20037 ; Zhong et al., 2012(2).
TrpAl is activated at warm temperatures and contributes to thermal avoidance across a broad
range, whereas Painless exhibits a higher activation threshold and is required for responses to
more intense heat (Hamada et al., 2008 (2 ; Sokabe et al., 2008 2; Zhong et al., 2012 %). Consistent
with these roles, mutations in TrpA1 or painless impair heat nociception and disrupt escape
behaviors in both larvae and adults (Neely et al., 2011 (Z; Tracey et al., 2003(%).

Beyond peripheral sensory organs, drivers based on painless and TrpA1 regulatory sequences
label broad neuronal populations in the adult central nervous system. painless-Gal4 labels
neurons innervating the mushroom body (MB), antennal lobe (AL), ellipsoid body, pars
intercerebralis, ventral nerve cord, and multiple peripheral structures (Sakai, et al., 2012 (% ; Sato
et al.,, 2014 (2; Sun et al., 2009 (%; Wang et al., 2011 2 ; Xu et al., 2006 (@), and has been implicated in
modulating olfactory processing, sexual behavior, and courtship memory (Sakai et al., 2012 #;
Sato et al., 20142 ; Wang et al., 2011 %). TrpA1-Gal4 labels neurons projecting to the
subesophageal zone, near the antennal lobe (including anterior cell thermosensory neurons),
superior dorsofrontal protocerebrum, fan-shaped body, and ventral nerve cord, and contributes to
temperature preference and circadian locomotor activity (Hamada et al., 2008 &3 ; Kim et al.,
2010Z; Lee, 2013 2; Shih and Chiang, 2011 %). Notably, painless and TrpA1 expression does not
fully overlap in peripheral tissues (Mandel et al., 2018 (@), raising the possibility that nociceptive
information from these channels converges at downstream nodes in the central brain.

To identify candidate downstream circuits for heat nociception-induced escape, we combined a
quantitative laser-based behavioral assay with circuit mapping. We first used a targeted Kir2.1
silencing screen across neurotransmitter-defined populations to identify modulatory systems
required for escape. We then applied the trans-Tango transsynaptic labeling system (Talay et al.,

experiments implicated dopaminergic neurons (DANs) as a common convergence point and
suggested downstream engagement of MB output pathways. Finally, a focused screen of split-GAL4
lines targeting defined dopaminergic subsets and MB output neurons (MBONS) identified specific
nodes required for nociception-induced escape. Together, our results support a circuit model in
which nociceptor-driven signals recruit dopaminergic modulation and MBON output to shape
escape behavior.

Results

Automated laser-based nociception assay

To quantify nociception-induced escape behavior, we established a laser-based avoidance assay
using the Automated Laser Tracking and Optogenetic Manipulation System (ALTOMS) (Wu et al.,

arena while delivering a continuous-wave laser stimulus (473 nm, 10 mW; spot diameter ~1200
um) to the ventral thorax (Figure 1A(%). This noxious stimulus typically elicited rapid escape
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a 180 s stimulation window, while baseline locomotion was assessed via walking velocity. This
assay robustly distinguished wild-type w!?8 flies from nociception-defective mutants, painless’
and TrpA1l, which exhibited prolonged jumping latencies (Figure 1C3). However, TrpA1’

importance of monitoring locomotor confounds when interpreting escape latency.

Dopaminergic neurons are required for nociception-induced
escape behavior

To identify neuronal populations that modulate nociception-induced escape, we chronically
silenced candidate Gal4-defined neurons by expressing the inward-rectifying potassium channel
Kir2.1. As a positive control, silencing trpA1-Gal4 neurons significantly increased jumping latency
without affecting escape velocity (Figure 1E(%, F). We next performed a neurotransmitter-specific
screen by silencing octopaminergic, serotonergic, GABAergic, and dopaminergic neurons (DANS).
Silencing GABAergic (GAD-Gal4), octopaminergic (Tdc2-Gal4), or mixed dopaminergic/serotonergic
neurons (ddc-Gal4) did not significantly alter either jumping latency or velocity. In contrast,

silencing DANs using TH-C1-Gal4 or TH-D1-Gal4 markedly increased jumping latency (Figure

escape initiation and partially overlap with locomotor control circuits. Collectively, these findings
identify specific dopaminergic neuron subsets as key modulators of nociception-induced escape
behavior.

Dopaminergic neurons are direct downstream targets of painless-
and trpA1-expressing neurons

To examine connectivity between heat nociceptor populations and dopaminergic circuits, we
mapped downstream targets of painless-Gal4 and trpA1-Gal4 neurons using trans-Tango (Talay et

tracing experiments revealed trans-Tango signal colocalized with multiple TH-positive clusters,
indicating that DANs are among the direct postsynaptic partners of both painless- and trpA1-
expressing neurons. Trans-Tango labeling was observed in protocerebral anterior lateral (PAL)
cluster, protocerebral anterior medial (PAM) cluster, protocerebral posterior lateral clusters
(including PPL1, PPL2ab, PPL2c), protocerebral posterior medial clusters (including PPM1, PPM2,
PPM3) (Figure 2A (%, B), several of which innervate the mushroom body neuropil (Mao and Davis,

on dopaminergic pathways that are positioned to influence mushroom body processing.

Specific PPL1 and PAM dopaminergic subsets are essential for
nociception-induced escape behavior

Because MB-innervating PPL.1 and PAM DANs have been implicated in aversive reinforcement and
action selection (Aso et al., 2010 (% ; Masek et al., 2015 ), we next screened split-GAL4 lines that
target defined PPL1 or PAM subsets (Aso et al., 2014 ). Silencing PPL1-targeting lines MBO60B,

MBO065B, MB296B, MB304B, and MB308B increased jumping latency while largely preserving
walking velocity (Figure 3A,B (). Silencing MB058B also increased latency but was accompanied

by reduced velocity, suggesting broader effects on locomotion. Within the PAM cluster, silencing
MB213B or MB301B increased jumping latency without significantly affecting velocity (Figure

latency, indicating functional heterogeneity within both clusters. Together, these results show that
multiple—though not all—PPL1 and PAM dopaminergic subtypes are required for timely
nociception-induced escape.
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Figure 1. Laser stimulation induces nociceptive escape responses in the male Drosophila.

(A) In an acrylic arena covered with glass, a freely moving male fly is tracked and targeted by a 473 nm laser beam (10 mWw)
on the ventral thorax. (B) Representative frames showing a jumping escape response during laser irradiation. (C) Compared
with wild-type w78 controls, painless’ and trpA1" mutants exhibit prolonged jumping latency during laser irradiation. (D)
trpA1" mutants show reduced locomotor velocity compared with w7 and painless. (E-F) A behavioral screen was
performed using UAS-Kir2.1 to silence candidate Gal4 drivers targeting distinct neurotransmitter systems. Silencing trpA71-Gal4
neurons served as a positive control and increased jumping latency. The painless-Gal4 driver was excluded because the Gal4
insertion disrupts endogenous painless function. Silencing DANs labeled by TH-C7-Gal4 or TH-D1-Gal4 increased jumping
latency (E); TH-D1-Gal4 also reduced walking velocity (F). Data were analyzed by Kruskal-Wallis test. Significance: ns, not
significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2. Anatomical tracing implicate dopaminergic neurons in nociception-induced escape.

(A-B) trans-Tango labeling reveals direct downstream partners of nociceptor-associated neurons. Downstream targets of (A)

painless-Gal4 and (B) trpAT1-Gal4 neurons were labeled by trans-Tango (magenta), and DANs were visualized by TH
immunostaining (green). Colocalization indicates that multiple dopaminergic clusters (PAL, PAM, PPL1, PPM1, PPL2ab, PPL2c,

PPM2, and PPM3) are labeled as direct postsynaptic targets.
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Figure 3. Specific subsets of PPL1 and PAM dopaminergic neurons are required for nociception-induced
escape.

Targeted silencing of PPL1 subsets using split-GAL4 drivers MB058B, MB060B, MB065B, MB296B, MB304B, and MB308B
increased jumping latency. Silencing PAM subsets using MB213B and MB301B similarly increased jumping latency.
Quantification of (A) jumping latency and (B) velocity is shown. Statistics: Kruskal-Wallis test. Significance: ns, not significant;
*P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Mushroom body output neurons are required for nociception-
induced escape behavior

Because PPL1 and PAM DANSs densely innervate MB lobes in a sector-specific manner, we next
asked whether MB output neurons (MBONS) innervated distinct sectors participate in nociception-

and quantified escape latency and walking velocity. Silencing multiple MBON classes increased
jump latency to varying extents, generally without a corresponding reduction in baseline velocity
(Figure 4A%, B), arguing against a nonspecific locomotor impairment. The most pronounced

effects were observed for MB082C, MB083C, MB298B, MB433B, and MB434B. Together, these

results indicate that distinct MB output channels are differentially required for timely nociception-
induced escape.

A circuit model for nociception-induced escape

Integrating our behavioral and anatomical results, we propose a multi-layer circuit model for
detected by peripheral nociceptors expressing painless or trpA1. These signals are relayed to
central circuits that recruit DANS; trans-Tango tracing places multiple dopaminergic clusters
downstream of both nociceptor populations. Consistent with this anatomical organization,
silencing defined PPL1 and PAM dopaminergic subsets impair timely escape, and silencing MB
output neurons (MBONs) associated with MB compartments receiving these dopaminergic inputs
similarly delays escape. To systematically evaluate the functional weight of these microcircuits, we
calculated a ‘Behavioral Potency Level’ for each compartment by averaging the behavioral
responses across all relevant drivers. This analysis stratified MB compartments into high,
moderate, and low impact tiers, revealing a modular logic underlying the escape response. For
dopaminergic modulation, PPL1-mediated inputs to the a’1, a’3 and y2 compartments exhibited
the highest potency, whereas the B2 and ’2 compartments emerged as the critical targets for PAM
neurons. Downstream of these inputs, the output pathways were dominated by MBONs projecting
from B1 (to the alobe) and the recurrent y4 (to y1/y2) circuit. This input-output mapping identifies
B1 and y2 as critical integration hubs.To validate the structural basis of these functional
interactions, we analyzed the direct synaptic connectivity between DANs and MBONSs using the
NeuPrint male CNS connectome (Sturner et al., 2025 @). We found that synaptic strengths varies
distinctively across these compartments. The f1 and B’1 compartments exhibit high connectivity
weights (> 1000 synapses), mirroring their strong functional output. In contrast, compartments in
the a lobe show moderate connectivity (< 1000 synapses). Intriguingly, despite the high functional
impact of y2, the y1 and y2 compartments display low direct synaptic connectivity (< 100
synapses). This structural sparsity suggests that the profound modulatory effect of PPL1 on y2 may
rely on volume transmission or highly effective sparse synapses, rather than dense wired
connectivity.

Discussion

By combining a quantitative escape assay with cell-type-targeted silencing and transsynaptic
anatomical tracing, we identify dopaminergic modulation of MB compartments and their output
pathways as central components of nociception-induced escape in adult Drosophila. Our results
support a multilayer circuit architecture in which nociceptor-associated pathways recruit discrete
subsets of dopaminergic PPL1 and PAM neurons, which in turn bias MB compartmental
processing to shape MB output neuron (MBON) activity and ultimately determine the timing of
escape. This framework is consistent with extensive evidence that MB compartments are
functionally specialized and that MBON ensembles can gate action selection and valence-

The involvement of the MB further implies that nociceptive escape is not exclusively a hard-wired
reflex, but can be centrally integrated and state-dependently gated. The MB is well positioned to
combine sensory evidence with internal-state variables (e.g., hunger, arousal, sleep pressure) and
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Figure 4. Mushroom body output neurons (MBONs) contribute to nociception-induced escape.

Silencing MBONSs increased jumping latency, with the largest effects observed for MB082C, MB083C, MB298B, MB433B, and
MBA434B. Statistics: jumping latency was analyzed by Kruskal-Wallis test; velocity was analyzed by one-way ANOVA where
indicated. Significance: ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5. Working model of a MB-centered circuit for nociception-induced escape jumping.

Noxious stimuli detected through painless- and trpA1-dependent sensory pathways are proposed to recruit defined subsets of
DANSs labeled by TH-C1-GAL4, TH-D1-GAL4, and MB compartment-specific split-GAL4 drivers. These DANs (PPL1, blue; PAM,
orange) innervate discrete MB compartments and are hypothesized to modulate compartmental MB computations to shape
the output of MB output neurons (MBONS; black) that control escape-jump latency. This schematic integrates (i) behavioral
silencing screens identify compartments required for normal escape performance and (ii) trans-Tango anterograde
transsynaptic mapping was used to nominate downstream MBON connectivity. Arrow thickness represents Behavioral
Potency Level (behavioral impact), defined as the mean escape-jump latency obtained across all driver lines targeting a given
compartment, binned into high, moderate, or low effect tiers. Among DAN inputs, PPL1 innervation of a'1, a'3, and y2 shows
the largest behavioral impact, with additional contributions from a2, a3, and a'2 compartments. Within the PAM cluster,
inputs to B2 and B'2 are most strongly associated with escape performance. For MBON outputs, inter-compartment MBONs
projecting from B1 to the a lobe and from y4 to y1/y2 exert the strongest effects, while outputs from B'1 and y3 also
contribute. Together, the convergence of dopaminergic drive and MBON routing nominates 31 and y2 as candidate
integration hubs: B1 couples strong PAM input with output to the a lobe, potentially reconfiguring downstream action
selection, whereas y2 acts as a convergence zone receiving PPL1 modulation and recurrent MBON-driven signals and is
indispensable for the escape response.
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prior experience to tune behavioral thresholds and decision policies (Sitaraman et al., 2015(%;
Suarez-Grimalt et al., 2024 % ; Tsao et al., 2018 Z; Vanderheyden et al., 2019 ). In parallel, intense
or spatially localized threats may preferentially engage faster routes from brain to ventral nerve
cord (VNC) via descending pathways, enabling rapid, stereotyped motor programs when speed is
paramount (Medeiros et al., 2024 3 ; von Reyn et al., 2017(2). An important next step will be to
determine how stimulus intensity, context, and internal state shift the relative weighting of MB-
dependent computation versus more direct VNC-linked escape circuitry.

Distinct dopaminergic circuits are known to encode reinforcement and regulate both learned and
innate actions. In canonical olfactory learning, specific PPL1 DANs convey aversive teaching
signals, and PAM DANSs are classically associated with reward, though subsets can support
aversive reinforcement depending on conditions and task structure (Aso et al., 2010 ; Claridge-
Chang et al., 2009). In our laser-based assay, silencing some previously characterized aversive-
related DAN subsets (e.g., PPL1-y1pedc lines) did not affect escape latency, whereas perturbing
other PPL1 subsets and PAM-innervating lines produced robust phenotypes. Together, these
observations suggest that noxious heat recruits a partially distinct dopaminergic ensemble
compared with electric shock or bitter reinforcement, consistent with modality- and context-
specific routing of aversive signals within the broader DAN system (Aso et al., 20102 ; Masek et al.,
2015@®).

Our functional mapping also reveals nontrivial input—output transformations across MB
compartments. In 1, dopaminergic input produced relatively weak behavioral effects, whereas
silencing the corresponding MBON output strongly impaired escape, pointing to a potent
downstream action channel that is not simply predicted by local DAN potency. Conversely, in a'l
and a'3, dopaminergic input was highly potent while the MBON outputs tested showed minimal
impact, raising the possibility that these compartments act primarily as gates (e.g., by modulating
gain, timing, or competition among MBON pathways) rather than directly driving motor
commands, or that our genetic access did not capture the full complement of relevant output
channels. These dissociations fit with connectome-level evidence that MBON targets are
distributed and that compartmental influence can be expressed through multi-synaptic routing
rather than one-to-one DAN - MBON coupling (Li et al., 2020 (%).

Notably, our analysis identifies y2 as a functional hub. Despite its high behavioral potency,
available connectomic reconstructions of the adult MB indicate that some DAN-MBON pairings
can be comparatively sparse at the level of direct synaptic contacts, suggesting that circuit impact
may arise through indirect pathways and/or neuromodulatory mechanisms not captured by
dopaminergic influence in y2 may partially rely on extrasynaptic/volume transmission, allowing
broad modulation even when anatomically resolved synapses are limited (Liu et al., 2021 & ; Ueno
and Kume, 20142). Testing this idea will require experiments that directly relate dopamine
dynamics and receptor activation to compartmental physiology during escape.

Finally, while trans-Tango provides an efficient entry point to nominate candidate downstream
partners of nociceptor-associated neurons, its outputs require careful interpretation. trans-Tango
is based on a synthetic signaling cascade that reports chemical synaptic connectivity and, by
design, does not capture electrical coupling (Talay et al., 2017 (% ); reporter sensitivity and
expression can also generate false negatives, and anatomical labeling alone cannot establish
functional coupling in a specific behavioral context (Talay et al., 2017 ). For this reason, the
functional requirements revealed by Kir2.1-based perturbations are essential for assigning circuit
relevance. Going forward, combining acute activation/inhibition, compartment-resolved calcium
or voltage imaging, and synapse-level connectomics will be crucial to validate directionality,
identify intermediary relays, and define how dopaminergic modulation of specific MB
compartments reshapes MBON output to control nociception-induced escape.
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Materials and Methods
Fly strains and husbandry

Flies were maintained on standard cornmeal medium in plastic vials (2.5 cm diameter x 9.5 cm
height) at 25 °C, 70% relative humidity, under a 12 h:12 h light/dark cycle. Unless otherwise
indicated, experiments were performed on adult males, 5-10 days post-eclosion.

Stocks were obtained from the Bloomington Drosophila Stock Center (BDSC) unless noted: wlli8

(5905), painless’ (27895), trpA1! (26504), painless-Gal4 (27894), trpAl-Gal4 (27593), Tdc2-Gald
(9313), GAD-Gal4 (51630), ddc-Gal4 (7009), UAS-GFP (5137 and 5130), trans-Tango (77481), MB043B
(68304), MB050B (68365), MB058B (68278), MBO60B (68279), MB065B (68281), MB082C (68286),
MBO083C (68287), MB093C (68289), MB213B (68273), MB296B (68308), MB298B (68309), MB301B
(68311), MB304B (68367), MB308B (68312), MB433B (68324), MB434B (68325), MB438B (68326), and
MB504B (68329), MB543B (68335). UAS-Kir2.1 (inward-rectifying K" channel used for neuronal
silencing) was a gift from Regina Vittore; its use as a chronic silencer in Drosophila is well

obtained from FlyLight (Janelia Research Campus, Ashburn, Virginia, USA).

Note for transparency

Because painless-Gal4 is an insertion in the painless locus, it can disrupt endogenous gene
function; therefore, it was not used for functional silencing assays (see Figure 12 legend).

Immunostaining

Adult brains were dissected in phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde
at room temperature for 30 min. Samples were blocked /permeabilized in PBS containing 2%
Triton X-100 and 10% normal goat serum. To enhance antibody penetration, brains were degassed
under vacuum (-70 mmHg) for 10 min, repeated for four cycles. Brains were incubated at 4 °C for
48 h with primary antibodies diluted in PBS + Triton: (i) mouse 4F3 anti-DLG (1:10, Hybridoma
Bank, University of Iowa, Iowa City, IA, USA, Cat# AB_528203) or (ii) mouse anti-TH (1:500;
ImmunoStar, Hudson, WI, USA, Cat# 22941). After three washes, samples were incubated with goat
anti-mouse Biotin-XX (1:200, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA, Cat# B-2763)
at 4 °C for 24 h, washed, then incubated with Alexa Fluor 635 conjugate —streptavidin (1:500;
Thermo Fisher Scientific, Waltham, MA, USA, Cat# S32364) at 4 °C for 24 h. Brains were washed
and optically cleared in FocusClear (CelExplorer, HsinChu, Taiwan, Cat# FC-101) prior to mounting
between two coverslips separated by ~250 pm spacers.

Confocal imaging

Brains were imaged on a Zeiss LSM 710 confocal microscope (Carl Zeiss, Oberkochen, Germany)
using a 40x C-Apochromat water-immersion objective (NA 1.2; working distance 220 pm).

Nociception-induced escape assay

A single male fly was introduced into an acrylic arena (20 mm diameter, 3 mm height) covered
with a glass lid. Flies were tracked in real time using ALTOMS (provided by Dr. Ann-Shyn Chiang’s
lab), an automated laser-tracking and targeting system, and stimulated with a continuous-wave
473 nm laser (10 mW; spot diameter ~1200 um) directed to the ventral thorax for 180 s (Wu et al.,

of nociception-induced escape. Walking velocity was computed from tracking trajectories to assess
locomotor effects.

Statistical analysis

Jumping latency distributions were analyzed using non-parametric tests (no assumption of
normality). For comparisons across multiple genotypes, a Kruskal-Wallis test was used. For
pairwise comparisons, two-tailed Mann-Whitney test was performed at a 95% confidence level.
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Where velocity data met parametric assumptions, one-way ANOVA was used as indicated in figure
legends. Test type and significance thresholds are reported in the corresponding figure legends.

Data availability

All behavioral, electrophysiological, immunohistochemical, and neurochemical data have been
deposited at https://doi.org/10.64898/2026.01.04.697536 % and are publicly available.
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Reviewer #1 (Public review):
Summary:

Yang et al. investigate the central pathways underlying nociceptive responses in Drosophila.
The authors employ a behavioral platform they previously developed, which uses laser
stimulation to deliver nociceptive stimuli while enabling automated tracking of fly behavior.
By combining large-scale behavioral screening with circuit tracing approaches, the study
identifies a set of dopaminergic neurons (DANs) and mushroom body output neurons
(MBONs) that participate in the transmission of nociceptive signals. Nociceptive escape
behavior has generally been regarded as largely reflexive. It is therefore intriguing that the
mushroom body, a neural circuit classically associated with learning, is involved in this
process. In particular, the recruitment of dopaminergic neurons typically linked to both
appetitive and aversive valence is noteworthy and raises interesting questions about how
nociceptive information is integrated within the circuits. Overall, the findings are
conceptually interesting and may provide useful insights into dissecting the nociceptive
escape behavior.

Strengths:

The behavioral assay used in this study is high-throughput and appears reproducible. The
authors screened a large number of genetic lines, and the behavioral responses were
carefully quantified. The trans-Tango tracing results are consistent with the behavioral
screening results. And the observation that circuits typically associated with learned
behaviors (mushroom body) contribute to a nociceptive escape response, generally
considered a hard-wired reflex, is conceptually interesting.

Weaknesses:

The use of laser stimulation to induce nociceptive stimuli makes the paradigm difficult to
combine with calcium imaging or optogenetic manipulations. As a result, the study lacks
functional and temporally precise tests of the proposed circuit mechanisms.

Several aspects of the Methods section require additional detail:

(1) How was the behavioral potency level calculated? Since some of the split-GAL4 lines label
multiple neurons, and the individual neurons may innervate multiple compartments. It is
therefore unclear how a single "behavioral potency level"” value was assigned to a
compartment.

(2) Additional details are needed on how velocity was calculated, particularly the time
window used for the analysis. In the Kir-silenced condition, the variation in velocity appears
smaller than in the control group, which would benefit from clarification.
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(3) Connectome analysis. More details are needed regarding how DAN-MBON connectivity
was quantified in Figure 5. For example, were only DAN - MBON connections considered, or
were bidirectional connections included?

https://doi.org/10.7554/eLife.110557.1.sa2

Reviewer #2 (Public review):
Summary:

This manuscript aims to identify the central nervous system circuitry, specifically within the
mushroom body (MB), that mediates nociception-induced escape behavior in adult
Drosophila. The authors provide a detailed map of the neural pathways underlying defensive
actions in flies. Overall, the study is technically solid, clearly written, and conceptually

interesting.
Strengths:

The authors present compelling evidence by integrating multiple complementary
approaches. The ALTOMS laser system enables precise, automated measurement of escape
latency, allowing for high-throughput and objective behavioral quantification. Neuronal
silencing experiments assess functional necessity and demonstrate that specific
dopaminergic neurons (DANs) and mushroom body output neurons (MBONS) are critical for
escape behavior. Trans-Tango anatomical mapping further supports the proposed circuit by
identifying putative synaptic connections consistent with the authors' model.

Weaknesses:

A central limitation of the study is its heavy reliance on chronic Kir2.1-mediated neuronal
silencing as the primary functional manipulation. This approach raises concerns about
potential developmental compensation and indirect network effects. The authors could
strengthen their conclusions by incorporating more temporally precise, reversible silencing
strategies, such as recently developed optogenetic- or chemogenetic-based methods.

In addition, the study relies on the trans-Tango system to identify downstream synaptic
partners, which has several inherent limitations. Trans-Tango detects only chemical synapses
and cannot reveal electrical coupling. The system may also yield false negatives due to
reporter sensitivity, and anatomical labeling alone does not establish functional connectivity
in the context of the specific behavior examined.

https://doi.org/10.7554/eLife.110557.1.sa1

Reviewer #3 (Public review):
Summary:

Yang et al sought to describe central brain circuits that underlie nociception-induced escape
in Drosophila using a combination of neurogenetic tools to silence subsets of neurons and to
trace their postsynaptic connections. They present interesting data that identify subsets of
DANs and MBONSs that are required for a jumping response to an aversive stimulus, but not
for baseline locomotion, and present a model for linking peripheral nociception to MB-
dependent escape behavior.

Strengths:
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They use an innovative avoidance assay to elicit a robust behavioral response and use trans-
tango to identify downstream targets of painless and TrpA1l-expressing neurons.

Weaknesses:

This reviewer's enthusiasm for the study is lowered due to an incomplete description of
methods, methods section, appropriate behavioral controls, immunohistochemistry data, and
a complete behavioral screen of DANs and MBONS. Below I list my suggestions, questions,
and criticisms.

(1) Behavioral studies are interesting. The assay is simple, yet innovative. However, there is
no power analysis or explanation of how sample sizes were selected. I commend the authors
for including a positive control; however, although UAS-controls are present, there are no
GAL4-controls included in the study. Given that many of the lines used for behavior are split-
GAL4's, it's unclear if the additional transgene influenced behavior. This should be addressed.

(2) It is also not clear from the methods how the behavior was run and how it was analyzed.
Was baseline locomotion recorded before the laser was introduced? I assume this is the case;
however, more importantly, how long after the flies were introduced to the arena were
baseline recordings collected? How much data was used to calculate velocity? Were the
experimenters blind to the conditions they were assessing? More detail in the methods is
essential for understanding the data and providing an opportunity to replicate results.

(3) At times, the authors describe "locomotion velocity" as baseline locomotion, but other
times, they describe it as escape velocity (see reference to Figure 1F). The authors should
clarify whether escape velocity was calculated.

(4) Immunohistochemistry: There is a lack of detail regarding a description of the flies used
for trans-tango experiments. How many brains were evaluated? Was there variability across
brains? Were the flies males or females? This is an important detail as sex could impact the
level of expression of the ligand and therefore the results. It is also not clear at what age these
flies were dissected and at what temperature they were raised. This can also significantly
affect the post-synaptic signal that is measured (see Talay et al 2017).

(5) Figure 2 shows the overlap of trans-tango and dopamine signal, but there is no signal for
the GAL4-line to evaluate the overlap between presynaptic signal and postsynaptic signal.
This expression is an important consideration and should be included.

(6) Expression of the GAL4 lines in the central brain is also important to show because the
authors suggest that, because painless and TrpA1l expression does not fully overlap in
peripheral tissue, it might converge in the central brain. Does that central brain expression of
painless and TrpA1l overlap?

(7) Further, although the authors clearly label the different dopamine subsets (PPL1, PAL, and
PAM), some orientation with regard to where these images were taken would be helpful. I
recommend a stack showing the location of the cell bodies and then a zoom in to see the
overlap.

(8) Behavioral data for DANs and MBONSs: I recommend that the authors discuss the results
by the neurons that are targeted and not the driver lines. For instance, the authors suggest
they get the largest effects for 433B, 434B, and 298B, but all of these lines target very similar
neuronal subsets y4>y1y2. It's also not clear why different split-lines were selected. Several of
the lines have overlapping expression, and other compartments were not included at all. In
order to determine which MBONs and DANSs are required for escape behavior, all MBONs and
DANs should be included. See Aso et al for a list of recommended lines for behavior based on
specificity and intensity.
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(9) Based on trans-tango data, it is not clear why the authors focus exclusively on PPL1 and
PAM when PAL, PPM1, 2, 3, and PPL2 also overlap with painless and trpA1l. Certainly, PPL1
and PAM DANs innervate the MB, but so do some of the other DANs identified.

(10) For Figure 5, the titles of A and B are DANs and MBONS, but it is really showing the
average jumping response when neurons that innervate MB compartments are silenced.
Many DANs and MBONSs innervate multiple compartments (PPL1-a2a2, etc.); thus, if the
intention is to identify neural circuits that modulate escape response, the analysis should
focus on the neurons, not the MB compartments. I recommend reorganizing this data so it
highlights the DANs and MBONSs instead of the MB compartments. I also recommend showing
error bars for averages and/or raw data and organizing the x-axes so DAN and MBON
compartments can be easily compared.

(11) Lastly, nuance is lost here in the Behavioral Potency Level, given that some of these
compartments are over-represented and not adjusted for the strength of expression in
different split-GAL4 lines. Aso et al. (2014) recommended specific split-GAL4 lines based on
specificity and intensity. Some of the lines that are included in the average Behavioral
Potency are not recommended for behavior based on the intensity of expression, which could
significantly influence the potency score.

https://doi.org/10.7554/eLife.110557.1.sa0

Author Response:

We sincerely thank the reviewers for their insightful and constructive suggestions on our
manuscript. We are encouraged by the positive recognition of our study’s conceptual
significance, particularly the involvement of the mushroom body (MB) in nociceptive escape
behavior and the utility of our ALTOMS behavioral platform.

We fully agree with the reviewers’ assessments and have initiated several key revisions,
additional experiments, and analytical refinements to strengthen the study.

Below is a summary of our planned improvements:
1. Experimental Revisions and Scope Expansion

To address concerns regarding potential developmental compensation (Reviewers 1 and 2),
we are performing new experiments using temporally precise manipulation tools to confirm
the acute necessity of the identified circuits. Additionally, responding to Reviewer 3, we are
conducting further behavioral assays to include necessary genetic controls (e.g., split-GAL4-
only lines) and expanding our screen to cover all major MBON and DAN compartments using
standardized lines to ensure a comprehensive functional map.

2. Analytical Refinements and Methodological Transparency

We are revising our quantitative and anatomical reporting to address several technical
suggestions from all three reviewers. Specifically, we will implement a weighted “Behavioral
Potency Level” that accounts for driver-specific expression intensity and specificity.
Anatomical clarity will be enhanced by providing presynaptic expression patterns alongside
trans-Tango signals and a neuron-centric data model for Figure 5. Furthermore, the Materials
and Methods will be updated to explicitly detail habituation protocols, stimulation timing,
sample sizes, while incorporating a more nuanced discussion on the limitations of the tracing
systems.

We believe these revisions will significantly enhance the rigor and clarity of our manuscript.
We look forward to submitting the revised version upon completion of these supplementary
tasks.
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