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Abstract

Action sequences are a common phenomenon in the animal kingdom. They encompass
daily activities like feeding and less frequent but critical behaviors, such as escape behaviors.
Operating an action sequence in the correct order enables animals to survive and thrive. Despite
the variability of the actions in the action sequences, they share common features such as selection
at transition and overall stereotyped sequencing. With these shared features, it is plausible that
most action sequences share general encoding principles to coordinate the different actions in a
certain order. Currently, there are several popular theories explaining the encoding principles, but
the issue of how nervous systems generate action sequences remains unsolved. In this thesis, |
focused on Drosophila larval escape behavior to investigate the encoding mechanism and examine
several different theories for action sequences.

The larval escape behavior displays a stereotyped action sequence: larvae curl up and slide
perpendicularly, termed as rolling, and subsequently crawl at a pace faster than their normal
locomotion. In addition, the larval brain connectome has been reported, including the core circuit
of this action sequence, allowing a more in-depth study of its circuit mechanism. Combining the
strength of behavior tests and circuit examination, I identified a pair of descending neurons —
SeIN128 — in the subesophageal zone (SEZ) that inhibits rolling through feedback on Basin-2, a
key neuron in the rolling circuit, which also shortened the delay of the first crawling event after
the initial rolling. Due to the proximity of their output to Basin-2 to Basin-2 outputs, SeIN128
might modulate the information flow from Basin-2 to shorten the overall duration of rolling and
promote the subsequent fast crawling.

To further explore how action sequences may be altered by small variations of the neural

circuit, we can alternatively approach the problem from the perspective of evolutionary



developmental biology, focusing on closely related species. Indeed, nuances in behaviors can be
traced back to the differences in connectomes during evolution. Therefore, comparative studies at
both layers can facilitate the research of neural mechanisms underlying behaviors. Chapter 3 of
this thesis discusses the conservation of the escape rolling in 12 Drosophilid species. As a result,
D. santomea has been targeted because of its hypersensitive rolling responses, and this has resulted
in the improvement of our understanding of several connections in the circuitry, elucidating their
significance in encoding escape rolling.

Through exploring the circuit of Drosophila larval escape behavior, I identified a feedback
inhibitory motif to facilitate the termination of rolling and thus enable the execution of fast
crawling, as well as the motifs that enhance the escape rolling response. These findings not only
offer insights into the encoding mechanism of this specific escape sequence but also provide shreds

of evidence to examine the varied theories in action sequences.



Résumé

Les séquences d'action sont un phénomene courant dans le régne animal. Elles englobent
a la fois des activités quotidiennes, telles que l'alimentation, et des comportements moins fréquents
mais essentiels, tels que les comportements de fuite. L'exécution d'une séquence d'actions dans le
bon ordre permet aux animaux de survivre et de prospérer. Malgré la grande variabilité des
comportements impliqués dans les séquences d'action, celles-ci partagent des caractéristiques
communes, telles que la sélection lors de la transition et 1'enchainement stéréotypé global. Compte
tenu de ces caractéristiques communes, il est plausible que la plupart des séquences d'action
partagent des principes d'encodage généraux permettant de coordonner les différentes actions dans
un certain ordre. I existe actuellement plusieurs théories expliquant les principes d'encodage, mais
la fagon dont les systémes nerveux générent des séquences d'action n'est toujours pas élucidée.
Dans cette thése, je me concentre sur le comportement de fuite des larves de drosophile pour
étudier les mécanismes d'encodage, examinant la plausibilité de plusieurs théories différentes au
sein de ces séquences d'action.

Le comportement de fuite des larves présente une séquence d'action stéréotypée : les larves
se recroquevillent et glissent perpendiculairement a leur axe longitudinal, un comportement
dénommé “roulade”, puis rampent a un rythme plus rapide que leur locomotion normale. De plus,
le connectome du circuit neural qui permettent les comportements de fuite chez la larve a été décrit,
permettant une étude plus approfondie de son mécanisme. En combinant la force des expériences
comportementales et I'examen du circuit, j'ai identifi¢ une paire de neurones descendants -
SeIN128 - dans la zone sous-cesophagienne (SEZ) qui inhibe la roulade par rétro-inhibition sur
Basin-2, un neurone clé dans le circuit de roulade, ce qui a également raccourci le délai du premier

événement de reptation apres la roulade initiale. En raison de la proximité de leur sortie avec les



sorties de Basin-2, SeIN128 pourrait moduler le flux d'informations provenant de Basin-2 afin de
raccourcir la durée globale du roulement et de favoriser la rapidité de la reptation qui s'ensuit.

Pour approfondir 1’étude de la maniére dont les séquences d'action peuvent étre modifiées
par de petites variations du circuit neuronal, nous pouvons €¢galement aborder le probléme sous
I'angle de la biologie évolutive, en nous concentrant sur des especes étroitement apparentées. En
effet, sous cet angle, les nuances dans les comportements peuvent étre attribuées aux différences
dans les connectomes au cours de 1'évolution. Par conséquent, les études comparatives au niveau
du comportement et du connectome peuvent faciliter la recherche des mécanismes neuronaux qui
sous-tendent les séquences d’actions. Le chapitre 3 de cette thése traite de la préservation de la
roulade chez 12 especes de drosophiles. En conséquence, D. santomea a été ciblé en raison de ses
réponses hypersensibles aux stimuli nocifs qui induisent a la roulade, ce qui a entrainé
I'amélioration de notre compréhension de plusieurs connexions dans le circuit, élucidant leur
importance dans I'encodage de la roulade de fuite.

En explorant le circuit du comportement de fuite des larves de drosophile, j'ai identifié¢ un
motif de rétro-inhibition qui facilite la fin de la roulade et permet ainsi I'exécution d'une reptation
rapide, ainsi que les motifs qui renforcent la réponse de roulade de fuite. Ces résultats permettent
non seulement de mieux comprendre le mécanisme d'encodage de cette séquence d'évasion
spécifique, mais fournissent également des éléments de preuve permettant d'examiner les diverses

théories relatives aux séquences d'action.
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CHAPTER 1 Introduction
1. Action sequences
1.1.  Action sequences are crucial in all aspects of animal survival

An action sequence refers to a set of movements that occur in a particular order. They are
prevalent in every aspect of any animal’s life cycle, including but not limited to behavioral
sequences seen in feeding, fighting, escaping, and mating (Herberholz et al., 2001; Liu et al., 2023;
Manning, 1960; Ohyama et al., 2015; Seeds et al., 2014). The actions involved can be distinct,
ranging from tail-flip responses in crayfish to keystrokes made by a human on a keyboard
(Herberholz et al., 2001; Houghton & Hartley, 1995; Lashley, 1951). Regardless of the differences
in animal models, sensory stimuli, and behaviors, action sequences are similar in how they are
organized in the central nervous system (CNS). Given the variety of action sequences throughout
the animal kingdom, each sequence is unlikely to require a distinct set of rules to encode the
behaviors. Instead, many action sequences likely share a similar logic of encoding. Given the
possibility that the underlying neural mechanisms of action sequences may be consistent, a wide
range of techniques in different animal models have been used to explore the action sequence
encoding principles (Averbeck et al., 2002; Herberholz et al., 2001; Kaplan et al., 2020; Liu et al.,
2023; Seeds et al., 2014). Efforts have also been made to examine these principles in humans in a
non-invasive manner to circumvent the technical and ethical difficulties of directly studying human
neural circuits (Adams, 1984; Kachergis et al., 2014).
1.2.  Theories of action sequences

Over more than 70 years of dedicated study, researchers have hypothesized several theories
to explain action sequences (Abeles, 1991; Dawkins, 1976; Lashley, 1951; Manning, 1960;

Mazzucato, 2022). To test these theories, numerous research groups around the world have
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examined them in many animal models. Here, I discuss three well-studied hypotheses—synfire
chain, ramp-to-threshold, and hierarchical suppression hypotheses—and the lines of evidence
supporting each.

1.2.1. Synfire chain model

Synfire chain theory is one of the most popular hypotheses for action sequences. The
premise for this theory is that the initiation and prosecution of the action responses require the
firing of the corresponding neurons sequentially. In other words, neurons responsible for actions
early in an action sequence will activate neurons responsible for actions later in an action sequence.
Neurons are activated sequentially to result in a reflex chain of behaviors. The chains of neurons
activating one another result in the chains of relevant behaviors.

This theory, also known as the reflex chain hypothesis, originated in the early 20" century,
and the term ‘synfire chain’ was first introduced in 1982 (Abeles, 1982; Abeles, 1991; Sherrington,
1906). To understand neural circuits of the central nervous system, monkey cerebral cortical neural
activities were recorded. Analysis of the activities not only discovered the synchronous spiking
pattern of the cortical neurons but also revealed the temporal propagation of such synchronous
firing activities (Abeles, 1982). This temporal propagation of synchronous spiking was then
termed synfire chains. A strong association was driven between synfire chains and specific
behaviors, leading to the official birth of synfire chain theory. Following this study, more evidence
has been reported in other animal models, such as the birdsong sequence in zebra finches and
spatial navigation behavior in rats (Ikegaya et al., 2004; Long et al., 2010; Pastalkova et al., 2008).
An in vivo study showed that disrupting the correlations of neural activities in a synfire chain
caused an interruption of the corresponding action sequence, further supporting the synfire chain

theory (Ikegaya et al., 2004).
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1.2.2. Ramp-to-threshold theory

The ramp-to-threshold theory is a general neural encoding principle found in various
behaviors, positing that membrane depolarization accumulate over time and neurons fire when the
accumulation reaches the threshold (Murakami & Mainen, 2015). In action selections, the ramp-
to-threshold model means that the integrating neuron accumulates the evidence to make the
corresponding decisions (Manning, 1960; Vijayan et al., 2023). Regarding action sequences where
several actions occur in order, these actions are triggered at different thresholds by the same
integrating neuron. The lower the threshold is, the earlier the action is shown in the sequence.
Although this model is less explored in action sequences, a recent study of Drosophila adult
courtship behavior provided solid evidence of such an integrating neuron controlling three
consecutive behaviors (McKellar et al., 2019). Adding this to the evidence in action selection, the
ramp-to-threshold model might attract more attention and provide another perspective for
explaining the encoding of action sequences.
1.2.3. Hierarchical suppression theory

In a study of human typing behavior, Lashley and his colleagues reported the hierarchical
suppression hypothesis in 1951 (Lashley, 1951). It posits that in an action sequence, the sensory
stimuli activate all of the actions, and these actions suppress each other in competition. The
suppression hierarchy translates into an action sequence. In this pioneering work, analysis of the
spontaneous typos showed that these typos were usually letters that closely followed the correct
letter, such as ‘aplhabet’ instead of ‘alphabet’. This pattern raised the possibility that these typos
were not random. Instead, because typists preprocessed the letters that were to be typed next, the
action modules for typing the subsequent letters were already preactivated, increasing their

probabilities of being mistakenly sequenced. This finding refuted the domino-like synfire chain
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theory and suggested that mutual inhibition is involved in this behavior to ensure accuracy in
typing.

Following this pioneering work, more reports support hierarchical organization over the
chain-like organization of behaviors. For example, advanced planning in sequential behaviors was
observed. This planning explains why the delay in the start of action sequences varies based on the
complexity of the sequences, which further supports the preactivation of the action modules
instead of the sequential activation suggested by the synfire chain theory (Henry & Rogers, 1960;
Rosenbaum, 1988; Sternberg et al., 1978). In addition, features of preceding behaviors enable the
prediction of the subsequent behavior, implying that the actions are planned and preactivated, and
they do not wait until all of the preceding actions are executed to be activated (Averbeck et al.,
2002; Cohen & Rosenbaum, 2004; Kent, 1983; Rosenbaum et al., 2007; van der Wel & Rosenbaum,
2007).

Through years of collaborative hard work, hierarchical suppression model has been
examined in various organisms and behaviors (Geddes et al., 2018; Houghton & Hartley, 1995;
Kaplan et al., 2020; Seeds et al., 2014). For instance, swimming and body shortening in leeches
mutually inhibit each other (Brian & William, 1997). Similarly, in Pleurobranchaea, feeding and
withdrawal behavior compete (Jing & Gillette, 1995). Hierarchical organization has also been
reported in learned behavior sequences in mouse basal ganglia pathways (Geddes et al., 2018).
Recently, adult Drosophila was observed to perform a strict grooming sequence. The activation of
specific grooming behaviors inhibited other behaviors in the action sequence (Seeds et al., 2014).
Moreover, researchers reported the neural circuit underlying such mutual inhibition of grooming
actions, providing strengthened evidence for hierarchical suppression model in this animal model

(Guo et al., 2022).
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These three theories above have all been examined in various animal models. They could
be supported by evidence at both behavior and neural circuit levels, suggesting that these coding
principles are conserved throughout evolution. We can generate valuable insights into the neural
mechanisms encoding action sequences by studying them in laboratory settings.

1.3.  Stereotyped and learned action sequences

Action sequences can be divided into two general categories. Some action sequences are
stereotyped, such as the well-known egg-retrieval behavior of the gray goose and the mating
behavior of the stickleback (Lorenz & Tinbergen, 1938; Tinbergen, 1952). These so-called fixed
action patterns are innate and are not acquired through learning. Such behavioral sequences
continue until complete, even if the stimuli that trigger the sequences are prematurely removed
(Lorenz & Tinbergen, 1938; Tinbergen, 1952). In contrast to fixed action patterns, whose lengths
tend to be modifiable, learned action sequences, such as birdsong, are more flexible and modifiable
at the beginning and are consolidated only later (Anthony & Fernando, 2000; Marler, 1970).

Both categories of action sequences are investigated intensively. They are likely encoded
by similar principles (e.g., the hierarchical order of a learned mouse action sequence and a
stereotyped Drosophila grooming sequence) (Geddes et al., 2018; Seeds et al., 2014). Learned
action sequences provide a comparatively more complex animal model involving action sequences
and learning. When dealt with improperly, the learning process can become a confounding factor
in studying the action sequences. However, stereotyped action sequences are generally more
straightforward to isolate from other behaviors. More importantly, they are more consistent
without the involvement of a learning process. For example, in stickleback mating, females
complete their genetically pre-determined rigid courtship behavior similarly without learning

(Tinbergen, 1952).
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In short, the simplicity of stereotyped action sequences allows researchers to control for
external cues, internal cues, and neural responses to explore their roles in action sequences. Due
to the neat isolation from other behaviors and brain processes, the roles of these factors in
stereotyped action sequences are independent of other neural mechanisms (e.g., cognitive
processing). Taking advantage of the relative simplicity of stereotyped action sequences, this thesis
will focus on one such action sequence—the Drosophila larval rolling-crawling sequence.

2. Drosophila larval escape behavior
2.1.  Drosophila is an advantageous animal model in neuroscience

Since the first white-eyed Drosophila was observed, D. melanogaster has been one of the
most significant animal models in genetics due to its ease of rearing and maintenance, short
lifespan, and well-studied genetic background. Numerous tools have been developed in
Drosophila, especially binary systems (i.e., the gal4/UAS system, lexA/lexAop system, and the
QF/QUAS system), which enable the manipulation of genetic expression with high spatial-
temporal specificity (Brand & Perrimon, 1993; Lai & Lee, 2006; Potter et al., 2010).

With a relatively small central nervous system (~10,000 neurons in larvae and ~100,000
neurons in adults), Drosophila is also frequently used as an experimental model in neuroscience.
The holistic gal4 strains expressed in CNS neurons allowed bottom-up investigation, while recent
progress in tomics, such as the whole CNS connectome and transcriptome in Drosophila, made
top-down studies possible (Eichler et al., 2017; Gerhard et al., 2017; Karaiskos et al., 2017; Luan
et al., 2006; Pfeiffer et al., 2010; Winding et al., 2023). In addition, the second generation of gal4
provides more precise spatial control in smaller subsets of neurons, and the recent development in
genetic tools enables various specific manipulations or examinations in Drosophila simultaneously

(Cao et al., 2013; Klapoetke et al., 2014; Luan et al., 2020; Nakai et al., 2001; Siegel & Isacoff,
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1997). With the progress in both the genetic handles to target neurons and the tools to manipulate
or monitor these neurons to investigate their functions combined, it has become much easier and
more straightforward to study the central nervous system (CNS) of Drosophila, encouraging the
expansion of Drosophila neuroscience studies.

2.1.1. Neurogenetic tools in Drosophila

The genetic tools in Drosophila help manipulate and monitor neural activities, allowing
the in-depth study of the CNS. Neuronal manipulation consists of both activation and suppression
of neural activities. On the one hand, to activate neurons, cation channels gated by heat (e.g.,
TrpAl), chemicals (e.g., ATP for P2X5), and light (e.g., channelrhodopsins) were discovered and
developed (Khakh et al., 2003; Neely et al., 2011; Sineshchekov et al., 2002). The recent progress
of optogenetics has further broadened its future. In addition to the original blue light-elicited ChR2,
other light-sensitive channels activated by a spectrum of light wavelengths were found or
engineered (Klapoetke et al., 2014). For example, we utilized CsChrimson, a red-light-shifted
channelrhodopsin, in this thesis. On the other hand, innate inhibitors (e.g., inwardly rectifying
potassium [Kir] channels and tetanus toxin), heat-sensitive inhibitors (e.g., Shibire®!), and light-
gated anion channels can inhibit neurons (e.g., Halorhodopsins, GtACR) (Dolan et al., 2017;
Doring et al., 2002; Govorunova et al., 2016; Li et al., 2005; Sweeney et al., 1995; van de Goor et
al., 1995).

Aside from manipulating neural activities, monitoring how neurons respond to stimuli is
equally essential. In mammalian studies, electrophysiology recordings such as patch clamps are
helpful methods to monitor neural activities. Still, such recordings are much more challenging to
conduct in Drosophila due to the size of its CNS. Instead, in Drosophila studies, fluorescent

proteins are engineered to visualize neural activities, including calcium signals (e.g., GCaMP),
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voltage signals (e.g., genetically encoded fluorescent voltage indicator proteins [GEVIs]), and
neurotransmitter releases (e.g., R-iGluSnFR1) (Cao et al., 2013; Nakai et al., 2001; Siegel &
Isacoff, 1997; Wu et al., 2018).

2.1.2. The whole-CNS connectome promotes circuit studies

Despite the technical difficulty in electrophysiological recording that originates in the small
size of the Drosophila CNS, the relevant smaller CNS size makes it possible to map all connectivity.
A thorough understanding of connectivity could offer valuable insights into neural functions and
cross-correlations among groups of neurons. Therefore, since the first publication of a connectome
study in Drosophila larvae in 2015, partial CNS connectomes have been reported to elucidate local
neural circuits (Berck et al., 2016; Eichler et al., 2017; Gerhard et al., 2017; Huckesfeld et al., 2021;
Ohyama et al., 2015; Scheffer et al., 2020; Winding et al., 2023; Zheng et al., 2018).

These studies provided insights into how the CNS is wired to some extent and enhanced
research on specific behaviors or brain regions. For example, the larval mushroom body has
recurrent feedback and feed-across compartment motifs that could play a role in memory
reinforcement or conflicting memory formation (Eichler et al., 2017). Additionally, the comparison
of the nociceptive circuit connectivity of first-instar larvae and third-instar larvae showed that
while the lengths of neurites and the numbers of synapses increased fivefold during development,
the morphology and connectivity profiles remained the same (Gerhard et al., 2017). This finding
suggests that during development, the sensation of danger rooted in nociception remains consistent,
and similar comparative studies could unveil rewiring and conservation in CNS development. The
connectome dataset was consulted in discovering several integrating neurons in the escape circuit
that this thesis focuses on to confirm their synaptic connections with the core circuitry (Burgos et

al., 2018; Hu et al., 2017; Takagi et al., 2017). In 2023, the whole-brain connectome was reported,
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enabling more in-depth research into local circuits and connections across different brain regions
to illustrate how these regions wire together to function in harmony (Winding et al., 2023). The
ongoing progress in the Drosophila connectome encourages computational analysis and functional
study of CNS circuits.

2.2.  Drosophila larvae deploy various defense mechanisms when triggered by parasitic wasps,
including escape behaviors

With all of the strengths of Drosophila larvae as an animal model, the specific escape
behaviors they exhibit make them the focus of this thesis. All animals are faced with dangers in
the wild. To survive, they have developed various strategies to escape such threats.

One of the major threats to Drosophila larvae is their predator, parasitoid wasps (Hwang
et al., 2007). Female wasps lay eggs in Drosophila larvae after penetrating their cuticles with
ovipositors. The eggs feed on Drosophila larvae to grow, leading to the death of Drosophila larvae.
To avoid this, Drosophila larvae have evolved with several solutions. They exhibit several immune
responses through various signaling pathways (e.g., Toll and immune deficiency signaling
pathways and JAK/STAT signaling pathways) to kill or inhibit the growth of the parasitoid after
infection (Bertet et al., 2009; Louradour et al., 2017; Rizki & Rizki, 1992; Yang & Hultmark, 2017).
Their other effort aims at infection prevention. During attempts of wasps to pierce through
Drosophila larval cuticles, Drosophila larvae display several escape responses to reduce the
possibility of being parasitized, which are categorized as nocifensive behaviors (i.e., the
nociceptive responses to defend against injury) and other behaviors (Hwang et al., 2007). The
nocifensive responses include escape rolling, the perpendicular movement driven by rotations
around the rostrocaudal axis, and writhing, featuring head and tail waving (Hwang et al., 2007;

Tracey et al., 2003). Both nocifensive responses effectively remove the ovipositor and block wasps
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from parasitizing. Drosophila larvae also display less intense responses, such as turning, stopping,
and hunching (i.e., head withdrawal).
2.3.  The escape behaviors are displayed in sequences

Given this repertoire of escape behaviors, Drosophila larvae select the most appropriate
responses based on several factors. One of these factors is the exact location of the stimulation
(Takagi et al., 2017). When larvae are attacked from the posterior end, they tend to crawl forward
with their regular locomotion pattern and then turn. When the attacks approach from the anterior
side, larvae hunch, writhe, and turn. However, if they are attacked on the middle part of their body,
their decision on escape responses also depends on the timing. Upon attack, they mostly curl their
bodies in a C-shape and slide perpendicularly to the body axis to perform escape rolling (Figure 1)
(Ohyama et al., 2015). Subsequently, they crawl faster than the regular locomotion speed to outrun
the predators (Figure 1).

This escape sequence is an outstanding model for investigating the encoding mechanism
of the action sequence. First, escape rolling behavior is unique from other escape behaviors
because it does not initiate without nociceptive stimuli. Perpendicular sliding and rapid locomotion
are both easy to detect among escape behaviors. Most importantly, the combination of rolling
followed by fast crawling is a rigid action sequence. In other words, this response order is always

conserved whenever nocifensive escape behavior is observed.
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Figure 1. The Drosophila larval escape sequence.
3. The mechanism of Drosophila larval escape behavior
3.1.  Various sensory modalities are involved in the escape sequence

To study the neural mechanism of this action sequence, the underlying circuit and the
sensory stimuli activating the circuit are targeted. As mentioned before, escape rolling can only be
activated with nociceptive stimuli. Since intense heat, coldness, chemicals, and mechanosensory
stimulations all trigger nociception, these various modalities of nociception have all been
examined to determine their ability to trigger escape rolling (Himmel et al., 2019; Hwang et al.,
2007; Im & Galko, 2012; Tracey et al., 2003).

In the seminal work on rolling behavior, noxious heat (above 38°C) elicited this sideways
roll in a corkscrew-like motion (Tracey et al., 2003). However, the other form of thermal
nociception, noxious cold (below 15°C), was later found to trigger the contraction of larvae as well
as head and tail lifting behaviors but not escape rolling (Himmel et al., 2021). In addition, both
mechanical (i.e., von Frey filament stimuli) and chemical (e.g., acids and menthol) nociception
activate escape rolling responses, indicating that rolling is not bound to any modality but is evoked

by nociceptive signals (Himmel et al., 2019; Im & Galko, 2012; Tracey et al., 2003). In particular,
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moderate mechanical stimuli (i.e., vibration) cannot initiate escape rolling but facilitate it when
delivered with nociceptive stimuli, suggesting that different modalities might accumulate sensory
inputs for the Drosophila CNS to integrate and command the motor system to conduct rolling
(Ohyama et al., 2015).
3.2.  The core circuitry of rolling has been mapped out

Examining various nociceptive stimuli was accompanied by investigating the sensory
neurons encoding the response. Multidendritic class IV (mdIV) neurons are activated by all
nociceptive modalities, and their activation triggers rolling (Tracey et al., 2003). In addition,
mechanosensory neurons (e.g., chordotonal, mdIIl, and mdII neurons) facilitate escape rolling by
encoding mechanical vibration (Hu et al., 2017; Ohyama et al., 2015).

All of these sensory inputs are integrated at the second-order sensory neurons (i.e., Basin,
A08n, Dp-ilp7, DnB, mCSI, Wave, prl neurons) (Burgos et al., 2018; Dason et al., 2020; Hu et al.,
2017; Hu et al., 2020; Imambocus et al., 2022; Ohyama et al., 2015; Takagi et al., 2017; Yoshino
et al., 2017). These neurons are all postsynaptic to mdIV, and except for AO8n, they all receive
inputs from mechanosensory neurons. Activating most of these second-order sensory neurons
triggers rolling except the Dp-ilp7 neuron, which facilitates rolling. The information these second-
order sensory neurons integrate is processed locally or delivered to the higher-order processing

centers. Then, it converges at motor motifs in the ventral nerve cord (VNC) to execute rolling.
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Figure 2. Drosophila larval nociceptive circuit. (Adapted) (Boivin et al., 2023)

(A) A detailed diagram of local excitatory pathways in the Drosophila larval nociceptive circuit.

Mechanosensory and nociceptive neurons are shown in green and orange, respectively. Local

interneurons are shown in gray, and second-layer local interneurons (e.g., A23g, A05q, A02g, TO5u,
Swallowtail, and A090) are represented collectively by a gray bracket. The command-like neuron

Goro, the premotor neuron A03a5, and the motor neuron SNa are shown in purple; these neurons

comprise a motor module. (B) A diagram showing critical neurons comprising the ascending,

descending, and inhibitory/modulatory pathways of the Drosophila larval nocifensive rolling

circuit. Ascending neurons are shown in yellow; neurons in the brain and subesophageal zone (SEZ)
are in pink; descending neurons are in cyan, and inhibitory neurons are in blue. In both (A, B), bi-

colored neurons (e.g., Wave, A0O8n) send projections locally within the ventral nerve cord (VNC)

as well as ascending projections to the brain or SEZ. (Whether ABLK neurons are local
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interneurons or part of the motor module remains unclear.) Solid and dotted lines indicate direct
and indirect connections, respectively. A line terminating in an arrowhead, open circle, or filled
square denotes a connection with an excitatory, modulatory, or inhibitory influence, respectively,
on the target neuron. In (B), smaller neurons represent those identified morphologically from EM
reconstruction data but whose biological functions remain unclear. The modulatory influence of
serotonergic neurons (light green) has thus far only been reported in experience-dependent
plasticity during development.

Puzzles remain partially unsolved at the motor layer of this circuit. One command-like
neuron for rolling has been reported as Goro (Ohyama et al., 2015). Goro elicits rolling only but
not fast crawling, while second-order sensory neurons such as Basin trigger other escape responses,
such as fast crawling, tying Goro to solely rolling. Regardless of its role in rolling, Goro is
downstream of most of the second-order sensory neurons (i.e., Basin, AO8n, Dp-ilp7, Wave, DnB)
in the rolling circuit but not all of them, implying that parallel motor circuits might exist for rolling
(Burgos et al., 2018; Kaneko et al., 2017; Ohyama et al., 2015; Takagi et al., 2017). For example,
as a second-order sensory neuron that elicits rolling responses, mCSI is not upstream of Goro but
instead activates the motor neuron SNa to encode rolling (Yoshino et al., 2017). Although their
direct postsynaptic partner remains unclear, mCSI is expected to excite an unknown motif
independent of Goro to initiate rolling. Shortly, the premotor neurons downstream of Goro and
mSCI will be further investigated to illustrate how they coordinate the motor neurons and the
corresponding muscles to conduct rolling.

3.3.  Inhibitory mechanisms play an essential role in the escape circuitry
Aside from excitatory neural pathways, inhibitory motifs are also significant in various

neural circuits to modulate outputs, inhibit competing motifs, and gate baseline activities (Hu et
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al., 2020; Jovanic et al., 2016; Oikawa et al., 2023). In this larval escape circuit, inhibition
mechanisms are also reported to play several roles, including conversion from linear signals to
categorical signals, competition between action motifs, and developmental modulation (Hu et al.,
2020; Jovanic et al., 2016; Nakamizo-Dojo et al., 2023; Oikawa et al., 2023).
3.3.1. Linear sensory inputs transform into a categorical go-no-go signal through inhibitory
thresholding

In the seminal work on escape-rolling behavior, nociceptive inputs are reported to be
perceived in a graded manner (Tracey et al., 2003). The higher the temperature is, the more
frequent the mdIV spikes are. Such a graded trend of nociceptive input encoding was also observed
in other modalities, such as mechano-nociceptive von Frey stimuli and HCI concentrations (Im &
Galko, 2012; Tracey et al., 2003). A whole CNS imaging study revealed the regions encoding
nociceptive information and those integrating sensory inputs (Hu et al., 2020). The neural activities
in the sensory region were linear, while the signals in the integrating region were binary. This
linear-to-binary conversion is carried out by GABA signaling onto the ABLK neurons in the
integration region. This GABA signal inhibits ABLK neural activities at the subthreshold sensory
stimulation, enabling the categorical coding for escape rolling. This GABAergic inhibition
prevents escape rolling in response to subthreshold stimulation and ensures precise decision-
making with a clear threshold.
3.3.2. Basin-1 and Basin-2, the second-order sensory neurons in the core circuitry, are shown to
inhibit each other

While Basin neurons are second-order sensory neurons sharing similar morphologies, the
four pairs of Basin neurons recurrent in each abdominal segment trigger different escape patterns

(Ohyama et al., 2015). For example, when given mechanosensory input, Basin-1 promotes
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hunching, and Basin-2 promotes bending, both of which are nonnocifensive escape responses
(Jovanic et al., 2016). Since the same mechanosensory stimuli (e.g., air puff) activate both Basin-
1 and Basin-2, and their corresponding behaviors (i.e., hunching and bending) are mutually
exclusive, the larval CNS has to avoid the ambiguity between the encoding of hunching and
bending. This clarifying neural mechanism is dependent on various layers and motifs of inhibition.
In addition to the intuitive mutual inhibition and feedforward inhibition between the two parallel
pathways, there is also lateral disinhibition to facilitate transitions and feedback disinhibition to
assist in the maintenance of actions. The multiple layers and structures of inhibition enable
behavioral competition, maintenance, and transition.
3.3.3. Inhibition mediates the competition between feeding and escape behaviors

Aside from the mutual inhibition between hunching and turning, a recent report discussed
inhibition at a higher level of behavior (Nakamizo-Dojo et al., 2023). Instead of deciding which
escape responses to exhibit, inhibition encrypts whether to escape in this scenario. When larvae
are exposed to food deprivation, sugar intake promotes their secretion of insulin-like peptide 2,
which excites GABAergic descending neurons to inhibit mdIV neurons, targeting their presynaptic
regions. With this pathway, feeding signals after starvation do not reduce the sensation of
nociceptive inputs but modulate the transmission of the sensory inputs to neurons in the integrating
layer to shift the behavior choice. This delicate mechanism showcases the integration of external
and internal cues through inhibition to encode the appropriate responses under the given context.
3.3.4. Developmental desensitization involves 5-HT inhibition

Experience shapes behavior. In the animal kingdom, long-term activation could cause
feedback-inhibition-induced desensitization, such as the accumulation of neurotransmitters in rod

cells in the retina due to overexcitation inhibiting the activity of rhodopsins (Kang Derwent et al.,
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2002; Pepperberg, 2003). This feedback mechanism is also proper in Drosophila larval escape
behavior. When given chronic nociceptive stimuli (e.g., AITC, optogenetic activation of mdIV
neurons) during development, Drosophila larvae display desensitization phenotypes (i.e., a
decreased level of rolling) (Kaneko et al., 2017). The decreased rolling response resulted from the
reduced level of nociception integration into the second-order sensory neurons (e.g., Basin, A08n)
but not from downregulated nociception. The signals from mdIV neurons to second-order sensory
neurons are tempered by feedback inhibition from second-order sensory neurons via 5-HT. Here,
the inhibition motif contributes to plasticity and prevents overexcitation of the escape circuit.

These inhibition motifs reported in the escape circuit in Drosophila larvae suggest the
significance of inhibition in encoding escape behaviors. Thus, studying inhibition motifs offers
potential insights into the escape sequence of interest. Additionally, among the three theories of
action sequences discussed previously, hierarchical suppression model is emphasizes the role of
inhibition the most, hinting that it might explain this escape sequence better than the other theories.
4. Evolution of the Drosophila behaviors
4.1.  Evolution of behaviors and circuits in metazoans

Evolutionary development is a field that strives to understand the origins of evolutionary
differences through the development of species. Conversely, the study of evolution also contributes
to developmental studies. Historically, most research on evolutionary development has been
conducted in genetics and morphology since these are the significant features applied in taxonomy.
The most well-known example is the fetal development of Homo sapiens, which involves the
development of gill slits that develop into gills in fish embryos, providing solid evidence of

common ancestry (Cartmill et al., 1987).
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Similar to general morphologies, CNS are also conservatively evolved, enabling them to
be studied in evolutionary development. For instance, vertebrates all similarly have a forebrain, a
midbrain, and a hindbrain. The similarities in closely related species allow detailed exploration in
the CNS to target the neural or motif modulations for their corresponding behaviors (Tosches et
al., 2018). With species slightly distant from each other from the perspective of evolution, the
emergence of simple yet crucial motifs, neurons, or molecules would be conveniently isolated
(Auer et al., 2020; Prieto-Godino et al., 2017).

Behavior evolution is trickier to research due to the complexity of any given behavior. In
addition, different evolution pathways complicate the situation. They may diverge from common
primitive behaviors, converge from distinct origins, or parallelly develop. However, such evolution
is still successfully isolated in some animal models to examine how different species encode and
perform similar behaviors with minor deviations (Katz, 2011; Katz & Harris-Warrick, 1999).
These studies involving, but not limited to, sea slugs, crickets, and songbirds demonstrate
numerous behavioral models to study the behavioral differences and their mechanisms in closely
related species (Colquitt et al., 2021; Hoy et al., 1977; Sakurai & Katz, 2017). For example, cross-
comparing the swimming patterns in various sea slug species demonstrated categorizations of the
motor patterns and led to a detailed comparison of relevant neural circuits (Newcomb et al., 2012).

Typical mechanisms driving such behavior evolution could be the enhancement or loss of
sensory structures, variabilities in the information processing in the CNS, or motor systems
decoding the command differently (Auer et al., 2020; Lim et al., 2004; Newcomb et al., 2012).
These studies not only elucidated the evolution of the specific behavior but also facilitated the

research of those behaviors by providing a naturally controlled scenario where small amounts of
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variables were altered. Therefore, comparative studies have been conducted in neuroscience more

frequently to shed light on neural circuits and behaviors.

4.2.  Comparative studies in Drosophilid species reveal the neural mechanisms underlying
conserved behaviors

Drosophilid species have been studied in detail thanks to their relatively smaller genome
and CNS and less complex behaviors. The Drosophila genus has eight subgenera, and the species
mainly come from these two subgenera: the Drosophila subgenus and the Sophophora subgenus.
Drosophila melanogaster is a member of the Sophophora subgenus, along with D. simulans, D.
sechelia, and several other well-known species. Comparative studies using these species have
offered valuable insights into the circuit structure and the varied functions of neurons (Ding et al.,
2019; Himmel et al., 2021; Manning, 1960).

Various aspects of evolution in Drosophila have been explored and investigated. Most
straightforwardly, the genomes for several Drosophilid species are sequenced and reported,
allowing comparison at the molecular level (Drosophila 12 Genomes et al., 2007; Lin et al., 2007;
Stark et al., 2007). Similarly, behaviors such as escape, feeding, and courtship are contrasted
among species (Ding et al., 2019; Himmel et al., 2021; Kim et al., 2017). For instance, in a recent
report, larval nociceptive behaviors stimulated by cold plates (0-10°C) were studied in 11
Drosophilid species (Himmel et al., 2021). They all exhibited bilateral contraction behavior, where
larvae lifted their anterior and posterior ends toward the midline, perhaps to avoid coldness.
Interestingly, the repleta group shared a distinct subsequent nociceptive behavior where their rear
end was raised, and the posterior spiracles expanded when exposed to coldness, which was not

observed in other Drosophilid species. Further investigation into such variations in cold
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nociceptive behaviors could lead to the discovery of neural circuits underlying this unique spiracle
expansion.

Comparative studies focused on stereotyped Drosophilid behaviors similar to this cold
nociceptive behavior could contribute to the knowledge of evolution and enhance the
understanding of circuits and behaviors. The phenotypic differences could be traced back to the
connectomes, thus drawing an association or even a causal relationship between circuits and
behaviors. Although the precise neural mechanism for the abovementioned cold nociceptive
behavior is still unknown, the behavior difference might have originated in circuit-level
variabilities or differential genetic expression, which would be intriguing to investigate.

In addition, the power of comparative study in circuit research has been showcased in
courtship behavior in Drosophila, where circuit research and evolution comparison assisted each
other (Ding et al., 2019). As one of the most investigated behaviors among the Drosophilid species,
courtship consists of chasing the female, dancing, singing, waving wings, licking, and so on.
Singing is conserved in Drosophila species among these courtship behaviors since they all vibrate
their wings to signal the females. However, the details differ for each species. For example, out of
the two basic song types, sine-form and pulse-form song, most species have pulse-form songs
executed by unilateral wing vibration. Nevertheless, not all species exhibit sine-form songs,
indicating that this unilateral pulse-form song is an ancestral behavior. D. melanogaster, for
instance, displays a unilateral pulse-form song and a sine-form song. However, D. yakuba and D.
santomea perform an additional bilateral wing vibration termed as a clack song.

pIP10 neurons in D. yakuba activated this clack song. They also evoked a unilateral pulse
song in both D. yakuba and D. melanogaster, suggesting the fundamental role of pIP10 neurons

in courtship singing circuits. Further investigation showed that activating pIP10 in D.
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melanogaster with very low intensity triggered a less-reported song pattern resembling the clack
song, implying that D. melanogaster has primitive wiring for the clack song. Even though both D.
melanogaster and D. yakuba could sing clack songs, the shift in the threshold to trigger clack songs
accounted for the differential courtship behaviors. This threshold change was not caused by the
morphologies or the electrophysiological properties of pIP10 neurons in these species. Still, it was
possibly attributed to different connectome diagrams in Drosophilid species, supporting the idea
that evolutionary comparison studies in closely related species can promote neural circuit research.
4.3.  Evolution in Drosophila larval escape strategies

Ecologically, Drosophila species survive in various geographical regions and thus consume
varied food, endure different climates, and encounter distinct predator wasps, which could result
in the evolution of their escape responses while confronting wasps. Aside from D. melanogaster,
other species have developed various versions of escape strategies. D. sechellia, for example, lacks
the immune responses that D. melanogaster and D. simulans display to inhibit the growth of wasp
eggs (Salazar-Jaramillo & Wertheim, 2021). This absence of specific immune strategies originated
from food choices. Due to their specific niche on the Seychelles Islands, D. sechellia feed on the
fruit Morinda citrifolia (noni), which might be harmful to parasitic wasps, reducing their selective
pressure from parasitoid wasps and the necessity of immune responses specific to wasp
parasitization (Salazar-Jaramillo & Wertheim, 2021). In addition, Drosophila species escape when
given aversive odors (e.g., geosmin, DEET [N, N-diethyl-meta-toluamide]). A comparative study
showed that D. melanogaster and D. suzukii larvae both escape from aversive odors, but D. suzukii
displayed a more intense escape behavior, which is absent in D. melanogaster (Fleury et al., 2004).
Even though the underlying mechanism remains unclear, combining this with other studies

reporting how genetic variances contribute to varied levels of susceptibility, it is plausible that
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Drosophilid species exhibit deviation in their larval escape rolling behaviors, enabling a more
detailed dissection of the escape rolling circuits as well as the mechanisms of their escape

sequences.
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CHAPTER 2 Feedback inhibition by a descending GABAergic neuron regulates timing of
escape behavior in Drosophila larvae

This manuscript discussed how a feedback inhibition motif facilitates rolling termination
and fast crawling initiation. With the behavior and circuit level evidence, we identified a pair of
descending neurons, SeIN128, that received excitatory inputs from Basin-2 and sent inhibitory
outputs to Basin-2 to inhibit rolling and allow fast crawling execution. This finding supports the
hierarchical suppression model in encoding this escape sequence and rejects ramp-to-threshold or

synfire chain theories in this scenario.
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Abstract

Escape behaviors help animals avoid harm from predators and other threats in the environment.

Successful escape relies on integrating information from multiple stimulus modalities (of external

or internal origin) to compute trajectories toward safe locations, choose between actions that
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satisfy competing motivations, and execute other strategies that ensure survival. To this end, escape
behaviors must be adaptive. When a Drosophila melanogaster larva encounters a noxious stimulus,
such as the focal pressure a parasitic wasp applies to the larval cuticle via its ovipositor, it initiates
a characteristic escape response. The escape sequence consists of an initial abrupt bending, a
corkscrew-like rolling, and finally rapid crawling. Previous work has shown that the detection of
noxious stimuli primarily relies on class IV multi dendritic arborization neurons (Class IV
neurons ) located beneath the body wall, and more recent studies have identified several important
components in the nociceptive neural circuitry involved in rolling. However, the neural
mechanisms that underlie the rolling-escape sequence remain unclear. Here we present both
functional and anatomical evidence suggesting that bilateral descending neurons within the
subesophageal zone of D. melanogaster larva play a crucial role in regulating the termination of
rolling and subsequent transition to escape crawling. We demonstrate that these descending
neurons (designated SeIN128) are inhibitory and receive inputs from a second-order interneuron
upstream (Basin-2) and an ascending neuron downstream of Basin-2 (A00Oc). Together with
optogenetic experiments showing that joint stimulation of SeIN128 neurons and Basin-2 influence
the temporal dynamics of rolling, our findings collectively suggest that the ensemble of SeIN128,
Basin-2, and AOOc neurons forms a GABAergic feedback loop onto Basin-2, which inhibits rolling

and thereby facilitates the shift to escape crawling.

Introduction

Virtually all organisms on earth face the threat of being maimed or killed by one or more predatory

organisms. Not surprisingly, when organisms encounter threat-associated stimuli, they exhibit a
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wide variety of escape responses appropriate to their biological construction and the specific
predators within their ecological niche (Burrell, 2017; Campagner et al., 2023; Chin & Tracey,
2017; Im & Galko, 2012; Peirs & Seal, 2016). Typically, these escape responses consist of a
sequence of simple actions. The roundworm C. elegans, for example, in response to a touch to its
head, exhibits rapid backward locomotion coupled with a suppression of head movements,
followed by a deep ventral bend (omega turn) and a 180-degree reversal in the direction of
locomotion. This sequence allows the roundworm to escape from nematophagal fungi that
cohabitate with it in organic debris (Chalfie & Sulston, 1981; Chalfie et al., 1985).

When Drosophila melanogaster larvae encounter noxious stimuli, such as the stimulation that
accompanies an attempt by a parasitic wasp to penetrate the larval cuticle with its ovipositor, they
exhibit an escape response consisting of an initial abrupt bending, followed by corkscrew-like
rolling, and finally, rapid crawling (Hwang et al., 2007; Ohyama et al., 2015; Onodera et al., 2017;
Tracey et al., 2003). Previous work has shown that noxious stimuli are primarily detected by class
IV dendritic arborization neurons (Class IV neurons) located beneath the body wall (Tracey et al.,
2003). More recent studies have identified several important components in the downstream
nociceptive neural circuitry, particularly those involved rolling (Burgos et al., 2018; Dason et al.,
2020; Hu et al., 2017; Hu et al., 2020; Imambocus et al., 2022; Kaneko et al., 2017; Ohyama et al.,
2015; Takagi et al., 2017; Yoshino et al., 2017). To date, however, the neural mechanisms that
underlie the rolling-escape sequence, notably, the transition from rolling to crawling, have
remained unclear.

In this study, we provide both functional and anatomical evidence that, bilateral descending
neurons in the subesophageal zone (SEZ) of D. melanogaster larva, which comprise part of a

neural circuit underlying rolling, a characteristic nocifensive escape response, potentially regulates
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the termination of rolling and subsequent transition to escape crawling. We show that these
descending neurons, which we designate as SeIN128, are identical to those denoted previously as
SS04185 (Ohyama et al., 2015), are inhibitory neurons that receive inputs from Basin-2 (a second-
order interneuron upstream) and AOOc (an ascending neuron downstream of Basin-2), and provide
GABAergic feedback onto Basin-2. Together with behavioral analyses of rolling during systematic
optogenetic manipulation of SeIN128 and Basin-2 activity, our findings suggest that an ensemble
of neurons—SeIN128, Basin-2, and AOOc—forms an inhibitory feedback circuit that inhibits

rolling, which in turn facilitates the shift to escape crawling.

SS0418S facilitates rolling termination and shortens the latency of crawling behavior in the
escape responses

In a previous study, we showed that activation of all Basin neurons (Basin-1, -2, -3, and -4) induced
rolling followed by fast crawling (Figure 1A) (Ohyama et al., 2015). Here, we first examined
whether optogenetic activation of all four Basins expressing the red-shifted opsin CsChrimson
(using Basin-1-4 Gal4, i.e., R72F11-Gal4) could elicit the same behavior. Upon activation of all
Basins, we observed rolling mostly within the first 5 s, followed by crawling (Figure 1B (top panel),
C and D). Crawling speed during the activation of all Basins following rolling was ~1.5 times that
of the crawling speed at baseline (Figure 1D) (Ohyama et al., 2015).

To identify the neurons responsible for escape behavior (rolling and/or fast crawling), we
conducted a behavioral screening of ~250 split Gal4 lines that were labeled in the central nervous
system (CNS) when co-activated with all Basins. With respect to rolling, we found that activation

of the split-Gal4 line, SS04185 (i.e., w/!’8; R54B01-Gal4'P; R46E07-Gal4P?P), significantly
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reduced the probability of rolling when compared to activating only the Basins however does not
affect the crawling speed (Figure 1B—E, supplementary video 1-2).

The likelihood of rolling upon joint activation of SS04185 neurons and Basins might decrease
because activation of SS04185 neurons trigger other actions, such as crawling, head casting,
hunching, or stopping, and not because they solely inhibit rolling evoked by Basins. To investigate
this possibility, we examined the effect of SS04185 activation in isolation and found that this did
not induce any extra actions such as turning, hunching, or stopping (Figure 1—figure supplement
1A-D). These data suggest that joint activation of Basins and SS04185 neurons reduces rolling
because SS04185 activation inhibits the Basin circuit.

Next, we explored how the quality of rolling changed during joint activation of SS04185 and Basin
neurons. First, we examined the amount of time animals spent rolling during Basin activation. The
average time spent rolling (percentage of the 30-s stimulation period) was 23.9% (7.2 s out of 30
s) following activation of Basins alone, whereas it was only 5.9% following joint activation of
Basins with SS04185 (1.8 s out of 30 s) (Figure 1-figure supplement 1E). Additionally, the
duration of each rolling bout was significantly shorter when SS04185 neurons were co-activated
with Basins (Mann-Whitney U test, p < 0.001; Figure 1F).

The duration of a rolling bouts could decrease because of changes in the latency to initiate rolling,
latency to terminate rolling, or both. To investigate how SS04185 activation affects these temporal
parameters of rolling, we analyzed the latencies for the initiation and termination of the first rolling
bout. Compared to activating Basins alone, co-activating the Basins and SS04185-expressing
neurons only marginally increased latency to onset of the first rolling bout (Figure 1G), whereas it

markedly reduced the latency for the termination of rolling (Mann-Whitney U test, p < 0.001,
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Figure 1H). These data strongly suggest that SS04185-expressing neurons are involved in
terminating rolling.

If the rolling module inhibits crawling, then premature termination of rolling might allow crawling
to commence sooner than normal. Joint activation of SS04185 and Basins resulted in the initiation
of the first crawling bout occurring earlier than when only Basins were activated (Mann Whitney
U test, p < 0.001; Figure 11, Figure 1-figure supplement 1F). The time from the end of rolling to
the start of crawling remained similar between the groups in which the Basins were activated alone
and in which the Basins and SS04185 were co-activated (Figure 1-figure supplement 1G). This is
consistent with the higher probability of crawling during activation of SS04185 and Basin neurons
(Figure 1-figure supplement 1H). Lastly, activation of SS04185 neurons in conjunction with
Basins did not change the crawling speed compared to activation of Basins alone (Figure 1-figure
supplement 11). These results collectively indicate that SS04185 activation terminates rolling and

facilitates the shift to fast crawling.

A pair of descending neurons in SS04185 contributes to termination of rolling

To identify the neurons that express SS04185 upon CsChrimson activation, we examined the
localization of SS04185-labeled neurons. We found that SS04185 split-Gal4 strongly labeled a
pair of descending neurons located within the subesophageal zone (SEZ) and mushroom body
(MB) neurons within the brain (Figure 2A). To pinpoint which of these neurons are involved in
reducing the probability of rolling (Figure 1B,C and E), we varied the level of SS04185 expression
among the pair of SS04185-expressing descending neurons (SS04185-DN) and the SS04185-
expressing MB (SS04185-MB) neurons (jointly with the Basins as in Figure 1). These

manipulations allowed us to assess the resultant behavioral outcomes.
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If SS04185-MB neurons are involved in the modulation of rolling, then reducing SS04185-MB
expression should reduce the extent to which activation of both SS04185-DN neurons and
SS04185-MB neurons decreases the probability of rolling. To test this conjecture, we expressed
Killer Zipper (KZip*"), which interferes with the binding of Gal4P and Gal4P5P in SS04185-MB
neurons with MB LexA line (R13F02-LexA), consequently leading to a significant reduction in
CsChrimson expression in SS04185-MB neurons (Figure 2B, Figure 2—figure supplement 1A)
(Dolan et al., 2017; Vogt et al., 2016). When compared to KZip" controls, which do not express
SS04185 (Figure 2C, black bars), however, activation of SS04185 neurons with reduced SS04185-
MB expression (Figure 2C, red bars on the right; Figure 2—figure supplement 1B) still reduced
rolling probability (as well as the total duration of rolling [Figure 2—figure supplement 1C]) to a
level no different from that of KZip~ controls expressing SS04185 fully in both SS04185-MB and
SS04185-DN neurons (Figure 2C, dark red bars in the middle). Additionally, co-activation of MB
Gal4 lines (MB247-Gal4) with Basins (without activation of SS04185-DN neurons) did not reduce
the probability of rolling (Figure 2—figure supplement 1D-E) (Pauls et al., 2010). These data
indicate that SS04185-DN neurons inhibit rolling.

To further test the role of SS04185-DN neurons, we investigated whether these neurons were
involved in reducing the duration of each rolling bout (Figure 1A, D, F). However, knockdown of
SS04185-MB neurons did not increase the duration of rolling bouts (Figure 2D). Furthermore, the
earlier onset of crawling triggered by the activation of SS04185 neurons remained the same with
knockdown of SS04185-MB neurons (Figure 2E). Collectively, these results strongly suggest that
the behavioral effects on both rolling and crawling, as illustrated in figure 1, are primarily mediated

by SS04185-DN neurons.
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To further ascertain the role of SS04185-DN neurons in the regulation of rolling, we employed the
heat shock FlpOut mosaic expression approach. This technique allowed for controlled and sporadic
expression of CsChrimson in SS04185 neurons thorough random induction of Flippase by
manipulating the timing and duration of heat shock (Golic and Lindquist, 1989; Nern et al., 2015).
We compared larvae subjected to activation of both SS04185-MB and SS04185-DN neurons (red,
Figure 2—figure supplement 1F) with those subjected only to activation of SS04185-MB neurons
(black, Figure 2—figure supplement 1G), to assess the degree to which the former showed
behavioral effects. Remarkably, activation of both SS04185-MB and SS04185-DN neurons
resulted in a reduction in both the probability and duration of rolling when compared to activation
of SS04185-MB neurons alone (Figure 2F and G, Figure 2—figure supplement 1H-I). Furthermore,
activation of both SS04185-MB and SS04185-DN neurons reduced the latency to the end of the
first rolling bout and the initiation of the first crawling bout (Figure 2H, Figure 2—figure
supplement 1J). These findings provide compelling evidence that SS04185-DN neurons, but not
SS04185-MB neurons, play an important role in the termination of rolling.

In addition, the off response of turning caused by SS04185 stimulation was recapitulated by
SS04185-MB neurons activation alone (Figure 1B, Figure 2—figure supplement 1K). This indicates
that this off response is independent of the rolling inhibition triggered by SS04185-DN and is not

further explored here.

Descending neurons identified by SS04185 correspond to SeIN128 neurons
In a previous EM study, we identified a set of neurons designated as SeIN128, whose cell bodies
in the SEZ send axonal projections throughout the thoracic and abdominal segments (Figure 3A)

(Ohyama et al., 2015). Our immunostaining data also showed that the cell bodies of SS04185-DN
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neurons are located in the SEZ, with axons bilaterally innervating the medial regions of the ventral
nerve cord (VNC) from the thoracic to abdominal segments A8/9 (Figure 2A), suggesting that
SS04185-DN and SeIN128 neurons are one and the same.

To verify this possibility, we examined the detailed anatomy of SS04185-DN neurons by
immunostaining them with several markers and compared our immunostaining images with the
corresponding images obtained via EM reconstruction of the entire CNS of a 1% instar Drosophila
larva (Ohyama et al., 2015; Winding et al., 2023). We confirmed that the projections of SeIN128
neurons are distributed within the ventromedial neural tract (one of the six major neural tracts) in
Drosophila larvae (Figure 3A, B, and C) in EM reconstruction data. We also confirmed that the
cell bodies of SS04185-DN neurons were again located in the SEZ region, where the most anterior
of the three neuropils in the thoracic region was marked by N-cadherin (Figure 3D). Viewed from
the side (i.e., in the longitudinal or sagittal plane), both the cell bodies and axonal arbor were
located ventrally (Figure 3D, far right). Immunostaining with Fasciclin2 (Fas2), which labels
various neural tracts in the VNC (Grenningloh et al., 1991; Santos et al., 2007), showed
colocalization of the axonal projections of SS04185-DN neurons and the Fas2-labeled
ventromedial tract (Figure 3C and E). The similarity of the locations of their cell bodies and the
distributions of their axonal processes suggests the identity of the SS04185-DN and SeIN128
neurons.

A previous EM study showed that SeIN128 neurons were located downstream of Basin neurons
(Ohyama et al., 2015). To further confirm the identity of SS04185-DN and SeIN128 neurons, we
compared the distributions of the axonal projections of SS04185-DN neurons in relation to those
of several key neurons within the rolling circuit: the Basins, AOOc neurons (a group of ascending

neurons downstream of the Basins, and which facilitate rolling), and mdIV neurons (nociceptive

55



sensory neurons upstream of the Basins). Immunostaining revealed that Basin projections
colocalize with those of SS04185-DN neurons in both the horizontal and transverse planes (Figure
3F, top and lower panels, respectively), with the horizontal view showing that SS04185-DN
projections are distributed slightly medial to those of Basins within the ventromedial tract (Figure
3F, top panels), which resembles their colocalization pattern reported in EM (Figure 3B, C and G).
Similarly, we compared the distributions of SS04185-DN projections with those of AOOc or mdIV
projections. We found that the projections of AOOc colocalize with those of SS04185-DN in a
similar fashion along the rostrocaudal axis within the ventromedial tract (Figure 3H and I), with
A00c projections distributed more medially than SS04185-DN projections, consistent with the
distribution patterns of SeIN128 projections and A0Oc projections in the EM reconstruction dataset
(Figure 3B, H and I). In contrast, the distributions of mdIV projections did not colocalize with
those of SS04185-DN projections, as the mdIV projections were displaced more laterally relative
to the SS04185-DN projections in the horizontal and transverse planes (Figure 3J, top and lower
panels, respectively), consistent with the distribution patterns of SeIN128 and mdIV projections in
the EM reconstruction dataset (Figure 3K). In the transverse plane, the projections of SS04185-
DN neurons were also distributed dorsomedial to those of mdIV (Figure 3J, lower panel),
consistent with the corresponding distribution patterns in the EM reconstruction dataset (Figure
3B, C and K).

We conclude that the morphological findings for SS04185-DN neurons, together with data on the
distribution of their axonal projections in relation to that of Basin, A0Oc, and mdIV neurons,

strongly suggest the identity of SS04185-DN and SeIN128 neurons.
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Connectome and functional connectivity analyses: SeIN128 neurons receive inputs from
Basin-2 and A00c

A previous study that reconstructed larval neurons involved in the rolling circuit showed that
Basin-2 and A0Oc neurons (in the VNC) make excitatory synaptic contacts onto SeIN128 neurons
(in the CNS), which in turn make reciprocal inhibitory synaptic contacts onto Basin-2 and A0Oc
neurons (Figure 4A, Figure 4—figure supplement 1A) (Ohyama et al., 2015). These data suggest
that SeIN128 neurons are directly activated by Basin-2 and A0Oc (which also receives inputs from
Basin-1, Basin-2, and Basin-4).

To assess the functional significance of these synaptic connections between SeIN128 neurons and
Basins or AOOc, we activated either Basins or AOOc neurons and examined the resultant GCaMP
signaling in SeIN128 neurons. Specifically, after expressing CsChrimson in Basins and A0Oc
neurons and GCaMP in SeIN128 neurons, we used a two-photon microscope (920-nm laser) and
monitored GCaMP signaling in SeIN128 neurons during illumination of a specimen with a 620-
nm LED for 1 s (0.04-1.4 uW/mm?), which activated either Basins or AOOc neurons. GCaMP
signals in SeIN128 neurons increased in an intensity-dependent manner when either Basins and
A00c were activated (Figure 4B and C). Peak activity occurred at around 3 s after the onset of
LED stimulation, which was similar to the results when Basins or AOOc neurons were stimulated
(Figure 4B and C). Finally, both Basin and AOOc stimulation resulted in linear dose-dependent
increases in SeIN128 firing (Figure 4—figure supplement 1B). These results are consistent with the
notion that SeIN128 neurons are downstream of Basins or AOOc neurons.

To compare the neural responses between Basins and SeIN128 or AOOc neurons, we recorded
neural activity in AOOc neurons with GCaMP while stimulating Basin neurons in the same

experimental setting. Although A0Oc neurons displayed a similar dose-dependent increase in peak
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axonal firing as the intensity of optogenetic stimulation of Basin neurons increased, unlike
SeIN128 neurons they showed no delay in peak firing activity (Figure 4D and E, Figure 4—figure
supplement 1B), suggesting that AOOc and SeIN128 neurons function differently in the rolling
circuit.

We then investigated the anatomical locations of the synaptic outputs and inputs of SeIN128
neurons, and found that, whereas their outgoing projections primarily make synaptic contacts
along the anterior-posterior nerve axis, the inputs coming from other neurons are mainly located
in the SEZ (Figure 3A). These data suggest that the main synaptic inputs onto SeIN128 neurons in
the SEZ mediate the slow responses upon activation of Basins or AOOc neurons. On the other hand,
SeIN128 neurons make axo-axonal contacts onto Basin-2 neurons (Figure 4—figure supplement
2A-G): that is, their axons make synaptic contacts with the dorsal and medial processes of Basin-
2, which correspond to their axonal compartments (Figure 4—figure supplement 2E-G). These data

suggest that the multiple synaptic inputs onto SeIN128 neurons mediate their neural responses. .

SeIN128 neurons are GABAergic and inhibitory

The results thus far indicate that activation of SeIN128 neurons inhibits rolling (Figure 1A—C) and
that SeIN128 neurons provide inputs onto Basin-2 and A0Oc (Figure 4A). These findings suggest
that SeIN128 neurons might be inhibitory. To test this possibility, we performed immunostaining
experiments and found that SeIN128 neurons colocalized with glutamic acid decarboxylase (Gad)-
positive neurons but not with acetylcholine- or glutamate-positive neurons, suggesting that
SeIN128 neurons are GABAergic inhibitory neurons (Figure 5A, Figure 5—figure supplement 1A,

and B).
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We reasoned that if GABA in SeIN128 neurons is necessary for inhibiting rolling, then selectively
knocking down GABA secretion in SeIN128 neurons should enhance rolling. When we expressed
RNAi1 HMS02355 in SeIN128 neurons to knock down vesicular GABA transporter (VGAT)
expression and suppress the release of GABA, the population-level rolling probability increased
from 23.6% to 45.2% (Figure 5B and C) (Kallman et al., 2015; Zhao et al., 2019). We confirmed
HMS02355 expression by immunostaining: pan neural HMS02355 expression decreased the
GABA and VGAT expression in the neuropil (Figure 5—figure supplement 1C, and D). Although
the control (only Basins neurons expressed CsChrimson with RNAi1 HMS02355) showed lower
probability of rolling probability (23.6%) comparing to similar genotype without RNAi
HMS02355 such as Figure 2C or 2F. This indicate that RNA1 HMS02355 background reduces the
probability of rolling. Furthermore, the duration of each bout of rolling increased from 0.8 s to 1.4
s (Figure 5D). These data support the idea that SeIN128 neurons inhibit rolling via GABAergic

transmission.

Inhibition of SeIN128 increases probability and duration of rolling

To further test whether the release of GABA upon activating SeIN128 neurons is necessary for
inhibiting rolling, we expressed tetanus toxin (TNT) in SeIN128 neurons to block synaptic
transmission. Silencing SeIN128 neurons via TNT while triggering rolling by optogenetically
activating Basin neurons via R72F1I-LexA>LexAop-CsChrimson significantly increased the
probability of rolling compared to controls (Figure 6A and B). Silencing SeIN128 neurons via
TNT extended the duration of each rolling bout, as well as the total rolling duration, in each larva

(Figure 6C and D). We also examined the rolling-escape crawling sequence upon silencing
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SeIN128 neurons, and found that the time to offset of rolling and the time onset of crawling were
both delayed relative to controls (Figure 6E and F).

Given that TNT is expressed constitutively during development, long-term compensatory changes
in the nervous system could have contributed to alterations in the parameters of rolling and
crawling. To test whether similar results could be replicated with the use of a temporally specific
intervention, we expressed shibire®s' (shi®") in SeIN128 neurons to block synaptic transmission at
temperatures above 30°C (van de Goor et al., 1995; Kitamoto, 2001). Silencing SeIN128 neurons
via shibire"! increased the probability of rolling from 60.4% to 79.7% (Figure 6—figure supplement
1A and B). The total duration of rolling per animal during stimulation increased from 10 to 12 s
(Figure 6—figure supplement 1C). Although the duration of each rolling bout, the time to onset of
the first rolling bout and time to onset of the first crawling bout did not differ from those of controls
(Figure 6-figure supplement 1D, E and G), the time to offset of the first rolling bout delayed
relative to controls (p = 0.013 for Figure 6—figure supplement 1F). Together with the results
showing that activation of SeIN128 neurons inhibits rolling, these findings suggest that the activity

of SeIN128 neurons is important in controlling the duration of rolling and the shift to crawling.

Basins receive GABAergic inputs that inhibit rolling

Given that Basins receive axo-axonal inputs from SeIN128 neurons and GABA signaling in
SeIN128 neurons inhibits rolling, we next used RNA interference (RNA1) to test whether Basins
receive GABAergic signals from SeIN128. We hypothesized that knockdown of GABA receptors
in Basin neurons would increase the probability and duration of rolling at the population level. To
knock down ionotropic GABA-A receptors (GABA-A-R) and G-protein-coupled GABA-B

receptors (GABA-B-R1 and GABA-B-R2), we tested Basin neurons with GABA-A-R, GABA-B-
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R1, and GABA-B-R2 RNAI lines (i.e., HMC03643 for GABA-A-R, HMC03388 for GABA-B-
R1!, JF02989 for GABA-B-R1? and HMC02975 for GABA-B-R2, respectively). For all RNAi
lines, the rolling probability at the population level increased from 80% to 90% or even higher
(Figure 7A), while the total rolling duration at the individual level increased for each larva
throughout the stimulation window (Figure 7-figure supplement 1A). All GABA receptor
knockdown groups showed significant increases in rolling duration across multiple bouts (Figure
7B); all groups except for GABA-B-R1' showed a reduced time to onset of the first rolling bout
(Figure 7-figure supplement 1B); and only the GABA-B-R2 and GABA-A-R groups showed a
delayed offset of the first rolling bout (Figure 7—figure supplement 1C). None of the groups
differed from controls in the time to onset of the first crawling bout (Figure 7—figure supplement
1D). The greatest increase in the probability and duration of rolling was seen during knockdown
of ionotropic GABA-A-R (Rdl), suggesting that Rdl contributes most to the inhibition of Basin
neurons (Figure 7A and B).

To investigate whether SeIN128 neurons actually inhibit Basins, we recorded the activity of all
Basins during activation of SeIN128 neurons. We compared GCaMP signaling in the Basins when
they were co-activated with SeIN128 neurons (experimental treatment) or when they were
activated alone (control treatment), with the intensity of optogenetic stimulation varied from 0.04
to 1.4 uW/mm?. We found that Basins in the experimental group showed reductions in GCaMP
signaling by 11% to 36% compared to those in the control group (Figure 7C, Figure 7—figure
supplement 1E and F). The reductions were observed at all stimulation intensities when contrasting
peak GCaMP responses, and statistically significant at intensities of 0.3 and 0.5 uW/mm? (Figure
7C, Figure 7-figure supplement 1E and F). Collectively, these data support the idea that SeIN128

neurons directly inhibit the activity of Basins via GABA.
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Effects of SeIN128 activation on rolling elicited by activating individual Basins

In the studies above, we measured the activity of all Basins while manipulating the activity of
SeIN128 neurons. Connectome and behavioral analyses indicate, however, that of the four types
of Basins, only Basin-2 and Basin-4 receive nociceptive input from mdIV and trigger rolling
(Ohyama et al., 2015). Moreover, as noted above, an examination of the larval connectome
(Ohyama et al., 2015; Winding et al., 2023) revealed that Basin-2 both receives axo-axonal inputs
from SeIN128 neurons and sends excitatory projections to the same SeIN128 neurons, whereas a
similar examination revealed that Basin-4 neither receives inputs from, nor sends any outputs to,
SeiN128 neurons. Therefore, we hypothesized that activation of SeIN128 neurons would inhibit
rolling elicited by Basin-2 activation and modify the temporal parameters of rolling, but not affect
rolling elicited by Basin-4 activation.

We first examined the pattern of rolling evoked by optogenetically activating Basin-2. Basin-2
activation induced multiple bouts of rolling throughout the stimulation window (Figure8—figure
supplement 1A). Furthermore, the rolling elicited by Basin-2 activation tended to be sustained
(Figure8—figure supplement 1A). Next, to determine how SeIN128 activation affects the pattern
of rolling elicited by Basin-2 activation, we optogenetically activated SeIN128 neurons and Basin-
2 simultaneously. As expected, compared to the probability of rolling in control animals in which
only Basin-2 was activated, the probability of rolling in experimental animals in which Basin-2
and SeIN128 neurons were simultaneously activated was significantly lower (66.7% vs 24.4%;
Figure 8A, Figure 8—figure supplement 1D). We also examined other parameters of rolling,
including the time from the start (onset) of stimulation to the onset of the first rolling bout,

termination (offset) of the first rolling bout, and onset of the first crawling bout, as well as the
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duration of the rolling bout (i.e., the time from its onset to its offset). Consistent with the hypothesis
that SeIN128 activation inhibits Basin-2 activity, the duration of the rolling bout significantly
decreased (Figure 8B, Mann-Whitney test, p = 0.0034, Cohens d = 0.351) and the time to onset
of the first rolling bout significantly increased in experimental animals compared to controls
(Figure 8—figure supplement 1E; Mann-Whitney test, p < 0.001). In addition, as expected, the time
to offset of the first rolling bout (Figure 8C; Mann-Whitney test, p = 0.0047, Cohens d = 0.607)
and time to onset of the first crawling bout (Figure 8D; Mann-Whitney test, p =0.0074, Cohen's d
= 0.548) both significantly decreased in experimental animals compared to controls. Collectively,
these findings suggest that Basin-2 neurons play a major role in mediating the effects of SeIN128
activation on rolling induced by optogenetic activation of all Basin neurons.

To ascertain our expectation that SeIN128 activation would have little if any effect on the pattern
of rolling elicited by Basin-4 activation, given the absence of any identifiable synaptic contacts
between Basin-4 neurons and SeIN128 neurons based on available information on the larval
connectome, we also carried out the same analyses as those described above for rolling elicited by
Basin-2 activation. We examined the pattern of rolling evoked by optogenetically activating Basin-
4, and found that this manipulation induced rolling mostly within the first 5 s of stimulation (Figure
8—figure supplement 1B and F). Consequently, at the population level, rolling elicited by Basin-4
activation was transient compared to the rolling elicited by Basin-2 activation (compare Figure 8—
figure supplement 1A vs 1B) (Figure 8—figure supplement 1C).

We then assessed whether SeIN128 activation would affect rolling elicited by Basin-4 activation.
Surprisingly, compared to control animals, the probability of rolling in experimental animals was
significantly lower (66.7% vs 26.8%; Figure 8E), much as was the case for rolling elicited by

Basin-2 activation. We also examined the other rolling parameters, and found that the duration of
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the rolling bouts (Figure 8F; Mann-Whitney test, p =0.032, Cohen'’s d = 0.248), time to offset of
the first rolling bout (Figure 8G; Mann-Whitney test, p <0.0047, Cohen's d = 0.427), and time to
onset of the first crawling bout (Figure 8H; Mann-Whitney test, p < 0.001, Cohen'’s d = 1.039) all
significantly decreased in experimental animals compared to controls, although the effect sizes
were smaller compared to those observed for rolling elicited by Basin-2 activation. The time to
onset of the first rolling bout, however, did not significantly differ between experimental animals
and controls (Figure 8—figure supplement 1G). These findings suggest the possibility that sites
further downstream of Basin-4 neurons may be involved in inhibitory processes that affect rolling

elicited by Basin-4 activation.

Discussion

In this study, we provide both anatomical and functional evidence that, bilateral descending
neurons in the brain of D. melanogaster larva, which comprise part of a neural circuit underlying
a characteristic rolling response that larvae exhibit when evading parasitization by wasps,
potentially regulates the termination of rolling and the subsequent transition to escape crawling.
We showed that these descending neurons, which we designated as SeIN128, were identical to
those previously identified as a component of the nociceptive circuit; were inhibitory neurons that
receive excitatory inputs from Basin-2, a second-order interneuron upstream, and A0Oc, an
ascending neuron downstream of Basin-2; and provided GABAergic feedback onto Basin-2,
presumably via the axo-axonal synaptic contacts made by the axon terminal endings of SeIN128
neurons onto the axons of Basin-2. Optogenetic activation studies further showed that joint
stimulation of SeIN128 and Basin-2 neurons systematically altered the temporal dynamics of

rolling and subsequent escape crawling. Collectively, the evidence suggests that the ensemble of
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SeIN128, Basin-2, and A0Oc neurons constitutes a novel inhibitory feedback circuit that provides
reduces Basin-2 activity, which in turn, here influence the activity of a key interneuron of the
rolling circuit via a novel inhibitory mechanism.

Feedback inhibition in a nociceptive circuit

Feedback inhibition occurs when an excitatory neuron sends projections to an inhibitory neuron,
which in turn sends projections back onto the same excitatory neuron, often at its presynaptic
terminals (Isaacson & Scanziani, 2011; Kapfer et al., 2007; Ray et al., 2020; Stokes & Isaacson,
2010; Yoshimura & Callaway, 2005). The hallmark of feedback inhibition lies in its ability to
modulate the duration and magnitude of incoming excitatory signals, thereby fine-tuning neural
responses and maintaining homeostasis (Kapfer et al., 2007; Papadopoulou et al., 2011; Stokes &
Isaacson, 2010; Yoshimura & Callaway, 2005). Compared to the fast temporal dynamics of
feedforward inhibition, in which an inhibitory neuron directly inhibits an excitatory neuron
downstream of it, the temporal dynamics of feedback inhibition are slower, primarily due to the
added synaptic delays (two or more) following activation of an excitatory neuron (Papadopoulou
et al., 2011; Ray et al., 2020; Stokes & Isaacson, 2010). The slow temporal dynamics serve to
inhibit the sustained neural activity and magnitude of incoming excitatory signals (Papadopoulou
et al., 2011; Ray et al., 2020; Stokes & Isaacson, 2010).

In this study, we showed that SeIN128 neurons are descending neurons whose main inputs arrive
in the brain and SEZ regions, and whose outputs target the VNC. We also found that SeIN128
neurons receive excitatory inputs from Basin-2 as well as its downstream neuron A0Oc, and in turn
send inhibitory projections back to these neurons in the VNC, potentially establishing a feedback
inhibition motif that modulates the nociceptive rolling circuit. The interplay we observed among

SeIN128 neurons, Basin-2, and AOOc are consistent with this view. Our findings revealed that
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activation of SeIN128 neurons has a suppressive effect on Basin-2 activity and, notably, on the
duration of rolling. These observations support the idea that feedback inhibition is critical in
regulating the temporal aspects of nociceptive responses.

Inhibition of Basin-2 by SeIN128 neurons is mediated by axo-axonal synapses

Neurons form a wide variety of neural networks that perform various computations in the brain.
Typically, a neuron receives inputs via axo-dendritic synapses (i.e., contacts made by the axon
terminals of an upstream neuron with its dendrites), which play a role in the spatial and temporal
computations that lead to the firing of action potentials. Less commonly, the axon terminals of an
upstream neuron may contact the soma (i.e., via axo-somatic synapses) or axon (i.e., via axo-
axonal synapses) of a downstream neuron (Palay, 1956; Pinault et al., 1997; Zheng et al., 2018).
Axo-axonal synapses have a subtle effect on neurotransmission at the network level because the
activity in presynaptic neurons does not alter the membrane potential (Cattaert & El Manira, 1999;
Guo & Hu, 2014; McGann, 2013). Axo-axonal synapses mainly affect the release probability of
neurotransmitter vesicles in response to an action potential triggered in the postsynaptic neuron
(McGann, 2013; Oleson et al., 2012).

Recent studies suggest that the activity of axo-axonal synapses can prevent the transmission of
action potentials. For example, it has been reported that, neurotransmission mediated by type-B
muscarinic receptors at lateral axo-axonal connections between Drosophila Kenyon Cells is
critical for stimulus specificity learning in Drosophila (Manoim et al., 2022); inhibitory axo-axonal
connections between Chandelier cells and CAl pyramidal cells are important for activity-
dependent plasticity (Pan-Vazquez et al., 2020; Schneider-Mizell et al., 2021); and GABAergic
axo-axonal interneurons in the amygdala are crucial for generating action potentials in the principal

output cells (Veres et al., 2023). Furthermore, EM connectome analyses of the entire larval brain
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reveal that ~70% of all synapses in Drosophila larvae are axo-dendritic whereas ~30% are axo-
axonal, suggesting that the latter may have considerable influence over network function (Winding
etal., 2023).

In this study, we found a feedback connection between SeIN128 and Basin-2 mediated by axon-
axonal synapses (Figure4 — supplementary 2E-G). The slow increase of SeIN128 activity in
response to Basin-2 or AOOc activation could potentially occur because of these axo-axonal
connections. This delayed activity may play an important role in the feedback inhibition of Basin-
2 activity, and in turn, the termination of rolling.

Roles of Basin-2 and Basin-4 in escape behavior

Previous studies have shown that, Basin-2 and Basin-4 receive both chordotonal sensory and
nociceptive sensory inputs, and in addition, play a critical role in escape behavior (Ohyama et al.,
2015). Here we investigated the differences between rolling induced by activation of Basin-2 or
Basin-4. We found that activation of Basin-2 induced rolling that was sustained. Furthermore,
activation of SeIN128 neurons reduced the duration of rolling induced by joint activation of Basin-
2, which resulted in a delay in the onset of rolling and an earlier termination of rolling. These data
indicate that activation of Basin-2 serves to maintain rolling. Connectome data indicate that
SeIN128 neurons provide inhibitory input onto Basin-2, which is consistent with the finding that
SeIN128 activation reduces the duration of rolling.

On the other hand, activation of Basin-4 induced rolling that was transient, which was then
followed by rapid crawling. Furthermore, activation of SeIN128 neurons reduced the probability
of rolling but did not affect the duration of rolling (Figure 8F). This suggests that activation of
Basin-4 is important for the induction of rolling, but not its maintenance. The behavioral effects of

coactivating SeIN128 and Basin-4, together with connectome data indicating the lack of any
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connections between SeIN128 neurons and Basin-4, suggest that these descending neurons target
neurons downstream of Basin-4 neurons.

Other inputs onto SeIN128 neurons modify escape behavior

The dendritic regions of SeIN128 neurons are located in the SEZ and brain, suggesting that
SeIN128 neurons receive other inputs from SEZ and brain neurons. In this study, we did not
examine these inputs. Connectome data indicate that MB output neurons project onto SeIN128
neurons (Ohyama et al., 2015). Given the well-established role of MB neurons in learning, this
finding suggests that SeIN128 neurons could play a role in experience-dependent modulation of
rolling. Two recent studies have shown that descending neurons inhibit nociceptive neurons
(Nakamizo-Dojo et al., 2023; Oikawa et al., 2023). Specifically, one study showed that insulin
signaling modulates escape behavior by activating GABAergic descending neurons that inhibit
nociceptive sensory neurons (Nakamizo-Dojo et al., 2023), whereas the other demonstrated an
inhibitory mechanism mediated by the neuropeptide Drosulfakinin, a homologue of
cholecystokinin in mammals (Oikawa et al., 2023). Whether SeIN128 neurons are also influenced
by insulin signaling or Drusulfakinin, however, remains to be seen.

In summary, our study delineates a neuronal ensemble consisting of a set of descending inhibitory
neurons, a first-order interneuron (Basin-2), and an ascending neuron (A0Oc) in fruit fly larvae,
which functions as an inhibitory feedback circuit that regulates the probability and duration of
rolling, and thereby facilitates the transition from rolling to crawling. This work represents another
example of how detailed analyses of connectomes and functional analyses of neural and behavioral
activity can identify mechanistic explanations of behavioral phenomena at the level of neural

circuits—in this case, how neuronal ensembles generate behavioral sequences.
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Materials and Methods:

Key resources table

Reagent or resource | Source or reference | Identifiers
Antibodies
Mouse anti-Brp monoclonal antibody, clone nc82 Developmental Studies | Cat# nc82,
Hybridoma Bank RRID:AB 2314866
Mouse 1D4 anti-fasciclin II antibody Developmental Studies | Cat# 1D4 anti-Fasciclin
Hybridoma Bank II, RRID:AB 528235
Rat anti-cadherin, DN- (extracellular domain) antibody Developmental Studies | Cat# DN-Ex #8,
Hybridoma Bank RRID:AB 528121
Chicken anti-GFP antibody Abcam Cat# ab13970,
RRID:AB 300798
Rabbit anti-GFP polyclonal antibody, unconjugated Thermo Fisher Scientific | Cat# A-6455,
RRID:AB 221570
Rabbit anti-DsRed polyclonal antibody Takara Bio Cat# 632496,
RRID:AB 10013483
Mouse  anti-Drosophila  choline  acetyltransferase | Developmental Studies | Cat# chat4bl,
monoclonal antibody, unconjugated Hybridoma Bank RRID:AB 528122
Rabbit anti-GABA antibody Millipore Sigma Cat # A2052
Rabbit anti-GLUT1 antibody Gift from Aberbe lab
Rabbit anti-VGAT antibody Gift from Krantz lab
Goat anti-chicken IgY (H+L) secondary antibody, Alexa | Thermo Fisher Cat# A-11039,
Fluor™ 488 Scientific RRID:AB 2534096
Goat anti-rabbit IgG (H+L) highly cross-adsorbed | Thermo Fisher Cat# A-11034,
secondary antibody, Alexa Fluor™ 488 Scientific RRID:AB 2576217
Goat anti-rabbit IgG (H+L) cross-adsorbed secondary | Thermo Fisher Cat# A-11011,
antibody, Alexa Fluor™ 568 Scientific RRID:AB 143157
Goat anti-mouse IgG (H+L) cross-adsorbed secondary | Thermo Fisher Cat# A-11004,
antibody, Alexa Fluor™ 568 Scientific RRID:AB 2534072
Goat anti-rat [gG (H+L) Alexa Fluor™ 568 Thermo Fisher Catt#t A-11077,
Scientific RRID:AB 2534121
Goat anti-rat [gG (H+L) Alexa Fluor™ 647 Thermo Fisher Catt#t A-21247,
Scientific RRID:AB 141778

Chemicals

PBS, Phosphate Buffered Saline, 10x solution

Fisher Scientific

Cat# BP399-1

Triton X-100

Millipore Sigma

Cat# X100-100ML

Paraformaldehyde 20% aqueous solution Electron Microscopy Cat# 15713
Sciences
Normal goat serum Gibco PCN5000

VECTASHIELD antifade mounting medium

Vector Laboratories

Cat# H-1000-10

Drosophila Agar Diamed Cat# GEN66-103

All Trans Retinal Toronto Research Cat# R24000
Chemicals Inc.

Poly-L-lysine Sigma-Aldrich Cat# P1524

Fly strains

R72F11-Gal4 (attp2)

Bloomington Drosophila
Stock Center

RRID: BDRC_39786

R71A10-Gal4 (attp2)

Bloomington Drosophila

RRID: BDRC 39562

Stock Center
w; R54B01-Gal4*P;R46E07-Gal4PEP (SS04185) Gift from Zlatic lab N/A
w; R72F11-Gal4*P;R38H09-Gal4PEP (SS00739) Gift from Zlatic lab N/A
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w; R72F11-Gal4P;R57F07-Gal4PBP (SS00740) Gift from Zlatic lab N/A

MB247-Gal4, mef2-Gal4 Bloomington Drosophila | RRID: BDRC 50742
Stock Center

R13F02-LexA (attp40) Bloomington Drosophila | RRID: BDRC 52460
Stock Center

R72F11-LexA (attp40) Bloomington Drosophila | RRID: BDRC 94661
Stock Center

R71A10-LexA (attp40) Gift from Zlatic lab N/A

Mi{Trojan-LexA-QFAD.2}Gadl Bloomington Drosophila | RRID: BDRC 60324
Stock Center

20xUAS-IVS-CsChrimson::mVenus (attp2) Bloomington Drosophila | RRID: BDRC 55134
Stock Center

20xUAS-IVS-CsChrimson::mVenus (attP18) Bloomington Drosophila | RRID: BDRC 55136
Stock Center

20xUAS-IVS-CsChrimson::mVenus (attP18);;R72F11- | Bloomington Drosophila | RRID: BDRC 79599

Gal4 (attp2) Stock Center

13xLexAop2-IVS-CsChrimson::mVenus (attP18) Bloomington Drosophila | RRID: BDRC 55137
Stock Center

13xLexAop2-1VS-CsChrimson::tdTomato (attP18) Gift from Rubin lab N/A

13xLexAop2-1VS-CsChrimson::tdTomato (vk000005) Bloomington Drosophila | RRID:
Stock Center BDRC 82183

20xUAS(FRT.stop)CsChrimson.mVenus(attP18), Gift from Rubin lab N/A

pBPhsFIp2::Pest (AttP3)

hs(KDRT.stop)FLP (attP18) Bloomington Drosophila | RRID: BDRC 67091
Stock Center

20xUAS(FRT.stop)-CsChrimson::mVenus Gift from Rubin lab N/A

UAS-TeTxLC.tnt Bloomington Drosophila | RRID: BDRC 28838
Stock Center

20xUAS-TTS-Shibire!-p10(vk00005) Bloomington Drosophila | PRID: BDRC 66600
Stock Center

10XxUAS-IVS-myr::GFP (attP18) Gift from Rubin lab N/A

13xLexAop-dsRed (attP2) Gift from Rubin lab N/A

20xUAS-IVS-GCaMP6s (vk00005) Bloomington Drosophila | RRID: BDRC 4279
Stock Center

20xLexAop-IVS-Syn21-GCaMP6s (su(HW)attP8) Gift from Rubin lab N/A

20xUAS-Syn21-opGCaMP6s (su(Hw)attP8) Gift from Rubin lab N/A

10xUAS-Syn21-CsChrimson88::tdTomato(attP18) Gift from Rubin lab N/A

HMS02355 Bloomington Drosophila | RRID: BDRC 41958
Stock Center

HMC03388 Bloomington Drosophila | RRID: BDRC 51817
Stock Center

JF02989 Bloomington Drosophila | RRID: BDRC 28353
Stock Center

HMCO02975 Bloomington Drosophila | RRID: BDRC 50608
Stock Center

HMCO03643 Bloomington Drosophila | RRID: BDRC 52903
Stock Center

Software and algorithms

FUJI https://fiji.sc/ RRID: SCR 002285

MATLAB MathWorks RRID: SCR 001622

CATMAID https://catmaid.readthe RRID: SCR_006278
docs.org/

Multi Worm Tracker http://sourceforge.net/pr | N/A

ojects/mwt
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ZEN Carl Zeiss Microscopy Version 2.1  (blue
edition)

Affinity Designer Affinity Version 1.10.5

Scanlmage MBF Bioscience N/A

Fly stocks and maintenance

All D. melanogaster stock lines used in this study were raised on Bloomington Drosophila Stock
Center cornmeal food. Flies were maintained in a humidity- and temperature-controlled chamber
kept at 18°C or 25°C, 40% humidity, and set to a 12-hour light/dark cycle. All crosses for
experiments were reared at 25°C and 40% humidity.

Fly genotypes used in experiments

-Main figures

Fig. Panel Labels Genotypes
1 B Basins>Chrimson 20xUAS-1VS-CsChrimson::mVenus/+;+; R72F11-Gal4/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/
1 B Basins + SS04185>Chrimson
R72F11-Gal4
C-D,
1 . control 20xUAS-1VS-CsChrimson: :mVenus/+; +; R72F11-Gal4/+
| C-D, SS04185 20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
F Gal4.DBD/R72F11-Gal4
1 E ctrl / attp2>Chrimson 20xUAS-1VS-CsChrimson::mVenus/+;;
1 E SS04185 / attp2>Chrimson 20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/+
1 E ctrl / Basins>Chrimson 20xUAS-1VS-CsChrimson: :mVenus/+; +; R72F11-Gal4/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
1 E SS04185 / Basins>Chrimson
Gal4.DBD/R72F11-Gal4
1 G-I ctrl 20xUAS-1VS-CsChrimson::mVenus/~+; +; R72F11-Gal4/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
1 G-1 SS04185
Gal4.DBD/R72F11-Gal4
2 A 10xUAS-1VS-myr::GFP/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
2 B control
Gal4.DBD/R72F11-Gal4
20xUAS-1VS-CsChrimson::mVenus/+; R13F02-LexA,LexAop-KZip*/R54B01-
2 B MB>KZip+
Gal4.AD; R72F11-Gal4/R46E07-Gal4.DBD
20xUAS-1VS-CsChrimson::mVenus/+; R13F02-LexA,LexAop-KZip*/+; R72F11-
2 C,E MB>KZip+ / ctrl
Gal4/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
2 C,E -/ SS04185
Gal4.DBD/R72F11-Gal4
20xUAS-1VS-CsChrimson::mVenus/+; R13F02-LexA,LexAop-KZip*/R54B01-
2 C,E MB>KZip+/ SS04185

Gal4.AD; R72F11-Gal4/R46E07-Gal4.DBD
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20xUAS-1VS-CsChrimson::mVenus/+; R13F02-LexA,LexAop-KZip*/+; R72F11-

D MB>KZip+
Gal4/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-

D SS04185
Gal4.DBD/R72F11-Gal4
20xUAS-1VS-CsChrimson::mVenus/+; R13F02-LexA,LexAop-KZip*/R54B01-

D MB>KZip+, SS04185
Gal4.AD; R72F11-Gal4/R46E07-Gal4.DBD

EH | w+, hs(KDRT.stop)FLP/13xLexAop2-1VS-CsChrimson::tdTomato; R54B01-

R ctr

Gal4.AD/72F 11-LexA;20xUAS-(FRT.stop)-CsChrimson::mVenus/R46 E07-Gal4.DBD
w+, hs(KDRT.stop)FLP/13xLexAop2-1VS-CsChrimson::tdTomato; R54B01-

F, H SS04185-DN
Gal4.AD/72F 11-LexA;20xUAS-(FRT.stop)-CsChrimson::mVenus/R46E07-Gal4.DBD

G | w+, hs(KDRT.stop)FLP/13xLexAop2-1VS-CsChrimson::tdTomato; R54B01-

contro

Gal4.AD/72F 11-LexA;20xUAS-(FRT.stop)-CsChrimson::mVenus/R46E07-Gal4.DBD
w+, hs(KDRT.stop)FLP/13xLexAop2-1VS-CsChrimson::tdTomato; R54B01-

G SS04185-DN
Gal4.AD/72F11-LexA,;20xUAS-(FRT.stop)-CsChrimson::mVenus/R46E07-Gal4.DBD

D,E 10xUAS-1VS-myr::GFP/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/+

. w; R54B01-Gal4.AD/R72F11-LexA; R46E07-Gal4.DBD/13xLexAop2-1VS-
CsChrimson::tdTomata, 20xUAS-IVS-GCaMP6s

- w; R54B01-Gal4.AD/R71A410-LexA; R46E07-Gal4.DBD/13xLexAop2-1VS-
CsChrimson::tdTomata, 20xUAS-IVS-GCaMP6s

: w; R54B01-Gal4.AD/ppkl.9-LexA; R46E07-Gal4.DBD/13xLexAop2-1VS-
CsChrimson::tdTomata, 20xUAS-IVS-GCaMP6s

B w; R72F11-LexA/R54B01-Gal4.AD; 13xLexAop-CsChrimson, 20xUAS-1VS-UAS-
GCaMP6s/R46E07-Gal4.DBD

c w; R71410-LexA/R54B01-Gal4.AD, 13xLexAop-CsChrimson, 20xUAS-1VS-UAS-
GCaMP6s/R46E07-Gal4.DBD

D w; R72F11-LexA/+; 13xLexAop2-1VS -CsChrimson: :tdTomato, 20xUAS-1VS-UAS-
GCaMP6s/R71410-Gal4

E A00 w; R72F11-LexA/+; 13xLexAop2-1VS -CsChrimson::tdTomato, 20xUAS-1VS-UAS-

c

GCaMP6s/R71410-Gal4

E SS04185 w; R72F11-LexA/R54B01-Gal4.AD; 13xLexAop2-1VS -CsChrimson::tdTomato,
20xUAS-1VS-UAS-GCaMP6s/R46 E07-Gal4.DBD

A 10xUAS-myr::GFP; R54B01-Gal4.AD/13x-LexAop-dsRed; R46E07-Gal4.DBD/
Mi{Trojan-LexA-QFAD.2}Gadl

B,D control 13xLexAop2-1VS-CsChrimson::mVenus;R72F11-lexA/+; HMS02355/+
13xLexAop2-1VS-CsChrimson::mVenus; R72F11-lexA/R54B01-Gal4.AD;

B,D SS04185
HMS02355/R46E07-Gal4.DBD

C ctrl 13xLexAop2-1VS-CsChrimson::mVenus,R72F11-lexA/+; HMS02355/+

c SS04185 13xLexAop2-1VS-CsChrimson::mVenus; R72F11-lexA/R54B01-Gal4.AD;
HMS02355/R46E07-Gal4.DBD

A control>TNT 13xLexAop2-1VS-CsChrimson::mVenus; R72F11-LexA/+; UAS-TeTxLC.tnt /+
13xLexAop2-1VS-CsChrimson::mVenus; R72F11-LexA/R54B01-Gal4.AD; UAS-

A SS04185>TNT
TeTxLC.tnt/R46E07-Gal4.DBD

B, D-

. ctrl 13xLexAop2-1VS-CsChrimson::mVenus; R72F11-LexA/+; UAS-TeTxLC.tnt /+

B, D- SS04185 13xLexAop2-1VS-CsChrimson::mVenus; R72F11-LexA/R54B01-Gal4.AD; UAS-

F TeTxLC.tnt/R46E07-Gal4.DBD
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6 C control 13xLexAop2-1VS-CsChrimson::mVenus; R72F11-LexA/+; UAS-TeTxLC.tnt /+
6 c SS04185 13xLexAop2-1VS-CsChrimson::mVenus, R72F11-LexA/R54B01-Gal4.AD; UAS-
TeTxLC.tnt/R46E07-Gal4.DBD
7 A, B control 20xUAS-1VS-CsChrimson: :mVenus/+, ; R72F11-Gal4/+
7 A, B GABA-B-R1! 20xUAS-1VS-CsChrimson::mVenus/+; ; R72F11-Gal4/UAS-HMC03388
7 A, B GABA-B-R1? 20xUAS-1VS-CsChrimson::mVenus/~+; ; R72F11-Gal4/UAS-JF02989
7 A, B GABA-B-R2 20xUAS-1VS-CsChrimson::mVenus/+; ; R72F11-Gal4/UAS-HMC02975
7 A, B GABA-A-R 20xUAS-1VS-CsChrimson::mVenus/+, ; R72F11-Gal4/UAS-HMC03643
; c control 20xUAS-Syn21-opGCaMP6s,10XUAS-Syn21-
CsChrimson88::tdTomato/+,;CyO/+;TM6/R72F 11-Gal4
20xUAS-Syn21-opGCaMP6s,10XUAS-Syn21-
7 C SS04185 CsChrimson88: :tdTomato/+,;CyO/R54B01-Gal4.AD;R72F11-Gal4/R46E07-
Gal4.DBD
A, C-
8 D ctrl 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/+; R38H09-Gal4.DBD/+
g A, C- SS04185 20xUAS-1VS-CsChrimson: :mVenus/+; R72F11-Gal4.AD/R54B01-Gal4.AD;
D R38H09-Gal4.DBD/R46E07-Gal4.DBD
8 control 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/+; R38H09-Gal4.DBD/+
20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/R54B01-Gal4.AD;
; 5 SS04183 R38H09-Gal4.DBD/R46E07-Gal4.DBD
E, G-
8 - ctrl 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/+; R57F07-Gal4.DBD/+
E, G- 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/R54B01-Gal4.AD;
8 H SS04183 R57F07-Gal4.DBD/R46E07-Gal4.DBD
8 F control 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/+; R57F07-Gal4.DBD/+
¢ . SS04185 20xUAS-1VS-CsChrimson: :mVenus/+; R72F11-Gal4.AD/R54B01-Gal4.AD;

R57F07-Gal4.DBD/R46E07-Gal4.DBD

-Supplementary figures

Fig. Panel Labels Genotypes
1-1 A-D ctrl 20xUAS-1VS-CsChrimson: :mVenus/~+;;
1-1 A-D SS04185 20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/+
E, G-
1-1 - ctrl 20xUAS-1VS-CsChrimson: :mVenus/+; +; R72F11-Gal4/+
1 E, G- SS04185 20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
H Gal4.DBD/R72F11-Gal4
1-1 F control 20xUAS-1VS-CsChrimson: :mVenus/+; +; R72F11-Gal4/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
1-1 F SS04185
Gal4.DBD/R72F11-Gal4
1-1 I ctrl / attp2>Chrimson 20xUAS-1VS-CsChrimson::mVenus/+,;
1-1 1 SS04185 / attp2>Chrimson 20xUAS-1VS-CsChrimson::mVenus/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/+
1-1 1 ctrl / Basins>Chrimson 20xUAS-1VS-CsChrimson::mVenus/+,; +; R72F11-Gal4/+
20xUAS-1VS-CsChrimson::mVenus/+; R54B01-Gal4.AD/+; R46E07-
1-1 1 SS04185 / Basins>Chrimson
Gal4.DBD/R72F11-Gal4
1-2 A-C control 20xUAS-1VS-CsChrimson: :mVenus/+,; R72F11-Gal4/+
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1-2 A-C 54B01-AD 20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R72F11-Gal4/+
1-2 A-C 46E07-DBD 20xUAS-1VS-CsChrimson: :mVenus/+; +; R72F11-Gal4/ R46E07-Gal4.DBD
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
1-2 A-C SS04185
Gal4.DBD/R72F11-Gal4
5 A 20xUAS-1VS-CsChrimson::mVenus/+; R13F02-LexA,LexAop-KZip*/R54B01-
Gal4.AD; R72F11-Gal4/R46E07-Gal4.DBD
20xUAS-1VS-CsChrimson::mVenus/+; R13F02-LexA,LexAop-Kzip*/+; R72F11-
2 B MB>Kzip+
Gal4/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
2 B SS04185
Gal4.DBD/R72F11-Gal4
20xUAS-1VS-CsChrimson::mVenus/+; R13F02-LexA,LexAop-Kzip*/R54B01-
2 B MB>Kzip+, SS04185
Gal4.AD; R72F11-Gal4/R46E07-Gal4.DBD
20xUAS-1VS-CsChrimson::mVenus/+; R13F02-LexA,LexAop-Kzip*/+; R72F11-
2 C MB>Kzip+ / ctrl
Gal4/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
2 C -/ SS04185
Gal4.DBD/R72F11-Gal4
20xUAS-1VS-CsChrimson::mVenus/+; R13F02-LexA,LexAop-Kzip*/R54B01-
2 C MB>Kzip+ / SS04185
Gal4.AD; R72F11-Gal4/R46E07-Gal4.DBD
2 D control 20xUAS-1VS-CsChrimson: :mVenus/+; +; R72F11-Gal4/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
2 D MB247
Gal4.DBD/R72F11-Gal4
2 E ctrl 20xUAS-1VS-CsChrimson: :mVenus/+; +; R72F11-Gal4/+
20xUAS-1VS-CsChrimson: :mVenus/+; R54B01-Gal4.AD/+; R46E07-
2 E MB247
Gal4.DBD/R72F11-Gal4
) EG w+, hs(KDRT.stop) FLP/13xLexAop-CsChrimson::.tdTomato; R54B01-
’ Gal4.AD/72F 11-LexA;20xUAS-(FRT.stop)-CsChrimson::mVenus/R46 E07-Gal4.DBD
w, hs(KDRT.stop)FLP/13xLexAop-CsChrimson::tdTomato; R54B01-
2 H control Gal4.AD/72F 11-LexA; 20xUAS-(FRT.stop)-CsChrimson::mVenus/R46E07-
Gal4.DBD
w+, hs(KDRT.stop)FLP/13xLexAop-CsChrimson::tdTomato; R54B01-
2 H SS04185-DN Gal4.AD/72F11-LexA; 20xUAS-(FRT.stop)-CsChrimson::mVenus/R46EQ7-
Gal4.DBD
w+, hs(KDRT.stop) FLP/13xLexAop-CsChrimson::tdTomato; R54B01-
2 1-J ctrl Gal4.AD/72F 11-LexA; 20xUAS-(FRT.stop)-CsChrimson::mVenus/R46E07-
Gal4.DBD
w+, hs(KDRT.stop)FLP/13xLexAop-CsChrimson::tdTomato; R54B01-
2 1-J SS04185-DN Gal4.AD/72F11-LexA; 20xUAS-(FRT.stop)-CsChrimson::mVenus/R46EQ7-
Gal4.DBD
w; R72F11-LexA/R54B01-Gal4.AD; 13xLexAop2-1VS -CsChrimson::tdTomato,
4 B Basins>Chrimson
20xUAS-1VS- GCaMP6s/R46E07-Gal4.DBD
w; R71410-LexA/R54B01-Gal4.AD; 13xLexAop2-1VS -CsChrimson: :tdTomato,
4 B A00c>Chrimson
20xUAS-1VS-GCaMP6s/R46E07-Gal4.DBD
w; R72F11-LexA/R54B01-Gal4.AD; 13xLexAop2-1VS -CsChrimson::tdTomato,
4 C SeIN128 (Basins>Chrimson)

20xUAS-1VS- GCaMP6s/R46E07-Gal4.DBD
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w; R71410-LexA/R54B01-Gal4.AD; 13xLexAop2-1VS -CsChrimson::tdTomato,

4 C SeIN128 (A00c>Chrimson)
20xUAS-1VS-GCaMP6s/R46E07-Gal4.DBD

4 c A0Oc (Basins>Chrimson) w; R72F11-LexA/+; 13xLexAop2-1VS -CsChrimson::tdTomato, 20xUAS-1VS-
GCaMP6s/R71410-Gal4

5 A, B 10xUAS-1VS-myr::GFP/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/+

5 C,D  ctrl w; ; R57C10-Gal4/+

5 C,D  VGAT-RNAi w; s R57C10-Gal4/UAS-HMS02355

6 A,D control 13xLexAop2-1VS-CsChrimson: :mVenus; R72F11-LexA/+; 20xUAS-TTS-Shibire!/+

6 AD SS04185 13xLexAop2-1VS-CsChrimson::mVenus; R72F11-LexA/R54B01-Gal4.AD; 20xUAS-
TTS-Shibire”!/R46E07-Gal4.DBD

6 Ef}, ctrl 13xLexAop2-1VS-CsChrimson: :mVenus; R72F11-LexA/+; 20xUAS-TTS-Shibire"!/+

6 B-C, SS04185 13xLexAop2-1VS-CsChrimson::mVenus; R72F11-LexA/R54B01-Gal4.AD; 20xUAS-

E-G TTS-Shibire"!/R46E07-Gal4.DBD

7 A-D control 20xUAS-1VS-CsChrimson::mVenus/+; ; R72F11-Gal4/+

7 A-D GABA-B-R1! 20xUAS-1VS-CsChrimson::mVenus/+; ; R72F11-Gal4/UAS-HMC03388

7 A-D GABA-B-R1? 20xUAS-1VS-CsChrimson::mVenus/~+; ; R72F11-Gal4/UAS-JF02989

7 A-D GABA-B-R2 20xUAS-1VS-CsChrimson::mVenus/+; ; R72F11-Gal4/UAS-HMC02975

7 A-D GABA-A-R 20xUAS-1VS-CsChrimson::mVenus/~+; ; R72F11-Gal4/UAS-HMC03643

; E Basins>Chrimson 20xUAS-Syn21-opGCaMP6s,10XUAS-Syn21-
CsChrimson88: :tdTomato/+,;CyO/+;TM6/R72F 11-Gal4
20xUAS-Syn21-opGCaMP6s,10XUAS-Syn21-

7 F Basins + SeIN128>Chrimson CsChrimson88: :tdTomato/+,;CyO/R54B01-Gal4.AD;R72F11-Gal4/R46E07-
Gal4.DBD

8 A Basin2>Chrimson 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/+; R38H09-Gal4.DBD/+

8 B Basind>Chrimson 20xUAS-1VS-CsChrimson: :mVenus/+; R72F11-Gal4.AD/+; R57F07-Gal4.DBD/+

8 C Basin-2 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/+; R38H09-Gal4.DBD/+

8 C Basin-4 20xUAS-1VS-CsChrimson: :mVenus/+; R72F11-Gal4.AD/+; R57F07-Gal4.DBD/+

8 D control 20xUAS-1VS-CsChrimson: :mVenus/+; R72F11-Gal4.AD/+; R38H09-Gal4.DBD/+
20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/R54B01-Gal4.AD;

8 P SS04183 R38H09-Gal4.DBD/R46E07-Gal4.DBD

8 E ctrl 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/+; R38H09-Gal4.DBD/+
20xUAS-1VS-CsChrimson: :mVenus/+; R72F11-Gal4.AD/R54B01-Gal4.AD;

’ . SS04183 R38H09-Gal4.DBD/R46E07-Gal4.DBD

8 F control 20xUAS-1VS-CsChrimson: :mVenus/+; R72F11-Gal4.AD/+; R57F07-Gal4.DBD/+

o . SS04185 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/R54B01-Gal4.AD;
R57F07-Gal4.DBD/R46E07-Gal4.DBD

8 G ctrl 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/+; R57F07-Gal4.DBD/+

¢ G SS04185 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/R54B01-Gal4.AD;

R57F07-Gal4.DBD/R46E07-Gal4.DBD

Behavior assay
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To optogenetically stimulate neurons, embryos were collected for 24 hours and larvae were raised
on fly food plates with 0.2 mM trans-retinal (Toronto Research Chemicals, R240000). The larvae
were kept in the dark at 25°C for four days to grow to the 3™ instar stage. Before the experiment,
food plates with larvae were rinsed with a 15% sucrose solution to separate the larvae from the
food. Larvae were then moved to a sieve, washed with water, dried, and placed evenly on 2% agar
plates. The agar plate with animals were placed under a camera in the arena of the behavior rig.

- Behavior apparatus
The behavior rig consisted of several apparatuses (see Ohyama et al., 2013 for details and modified
by following), including a C-MOS camera (Grasshopper Camera USB3, GS3-U3-41C6M-C,
FLIR), infrared 850 nm light-emitting diode (LED) illumination (Waveform Lighting Co.), a 624
nm (LED, Waveform Lighting Co.), for optogenetic manipulations, a computer, and a heating
panel. Both the camera and LED source were controlled by the computer. LED stimuli were
controlled by customized software while larval behaviors were recorded using the Multi-Worm
Tracker (MWT) software, a real-time image-analysis software (Swierczek et al., 2011). These two
pieces of software were synchronized in the behavior assay to precisely deliver the stimulation
during specified time windows.

- Optogenetic stimulation
Before delivering optogenetic stimulation, larvae were placed in the arena for 45 seconds.
Subsequently, two 30secons 624 nm LED stimuli were presented successively with a 30-s interval

between them. The LED intensity used in each experiment is shown below.

Figure number Optogenetic stimulation irradiance (WW/mm?)
Figure 1 0.84
Figure 1 — supplementary figure-1 0.84
Figure 1 — supplementary figure-2 0.48
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Figure 2C-E 59

Figure 2F-H 1.8
Figure 2 — supplementary figure-1B-C 5.9
Figure 2 — supplementary figure-1D-E 0.84
Figure 2 — supplementary figure-1H-J 1.8
Figure 5B-D 1.8
Figure 6 1.8
Figure 6 — supplementary figure-1 1.8
Figure 7A-B 0.84
Figure 7 — supplementary figure-1A-D 0.84
Figure 8A-D 3.9
Figure 8E-H 1.8
Figure 8 — supplementary figure-1A-C 1.8
Figure 8 — supplementary figure-1D-E 3.9
Figure 8 — supplementary figure-1F-G 1.8

Heat shock FlpOut mosaic expression

First instar Drosophila larvae were heat shocked in water bath at 37°C for 12 min as previously
reported (Nern et al., 2015). With the precise temporal and temperature control of heat shock,
larvae with the genotype of w+, hs(KDRT.stop)FLP/13xLexAop2-1VS-CsChrimson::tdTomato,
R54B01-Gal4.AD/72F11-LexA;20xUAS-(FRT.stop)-CsChrimson.:mVenus/R46E07-Gal4.DBD
had sporadic CsChrimson::mVenus expression driven by SS04185 split GAL4. As a result, the
ratio of the larvae with SS04185-DN and SS04185-MB expression to those with only SS04185-
MB expression was 1:1. Each individual larva was individually examined with optogenetic
stimulation and behavior analysis. After behavioral experiments, larval mVenus expression was

confirmed.
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Thermal stimulation

To provide heat stimulation, we built thermal control systems with a proportional-integral-
derivative (PID) temperature controller (ITC-106VH, Inkbird), a solid-state relay for temperature
controllers (SSR-25A, Inkbird), a K-Type thermocouple to detect temperature, and a heat panel.
The thermal control system was connected to a custom-built incubator designed to maintain a
steady temperature inside the behavior rig at 32°C and warm the agar plates. The temperature of
the agar plates was monitored by a thermometer gun (62 MAX+ Compact Infrared Thermometer,
Fluke) before and after the experiment to verify the appropriate temperature for shibire’’ to be
functional. Larvae were sealed in a plastic sieve and pre-heated in a water bath for 10 min to reach
32°C before the test. In order to maintain the temperature above 30°C during the test, a replica of
the thermal control system mentioned above was installed in the behavior rig, and the behavior rig
was pre-heated overnight before any thermal experiment.

For shibire"! experiments with heat stimulation, during the first 5 s of the test, larvae were left on
the agar plates without LED stimulation. Subsequently, the larvae were optogenetically stimulated
with a 624-nm LED for 30 s.

Behavior analysis

Larvae were tracked in real-time using MWT software (https://github.com/Ichoran/choreography).

Videos were not recorded. Instead, the contour, spine, and center of mass for each larva were
generated and recorded by MWT as a function of time. From these tracking data, the key
parameters of larval motion were computed using Choreography software (a component of the
MWT software package which measured the behavioral parameters offline) as described
previously (Ohyama et al., 2013; Ohyama et al., 2015). The behavioral parameters generated by

Choreography algorithm included speed, crabspeed (i.e., the speed perpendicular to the body axis),
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curve (i.e., body curvature), cast (i.e., head bending angle), midline (i.e., body length), morpwidth
(i.e., body width), area (i.e., area of larvae from the dorsal view), and bias (i.e., fractional excess
of time spent moving one way). In this offline process, objects that were tracked for less than 5 s
or moved less than one body length of a larva were rejected. We refer readers to the open-source
package for further details of the software implementations for the above calculations.
- Behavior detection

After extracting behavioral parameters from Choreography, we used an unsupervised machine
learning behavior classification algorithm to detect and quantify the following behaviors: hunching
(Hunch), head-bending (Turn), stopping (Stop), and peristaltic crawling (Crawl) as previously
reported (Masson et al., 2020). Escape rolling (Roll) was detected with a classifier developed with
Janelia Automatic Animal Behavior Annotator (JAABA) (Kabra et al., 2013; Ohyama et al., 2015).
JAABA transformed the MWT tracking data into a collection of ‘per-frame’ behavioral parameters
s and regenerated 2D dorsal-view videos of the tracked larvae. Behaviors were then labeled
manually frame-by-frame with these regenerated videos. In real-life, rolling is a rotation surround
larval body axis with a C-chape body curvature, resulting in a movement perpendicular to the body
axis. With these regenerated 2D dorsal-view videos, we defined roll as a movement perpendicular
to larval body axis while curling in C-shape (Supplementary video -1 and -2). Based on this
definition, we labeled roll, non-roll, and unknown frames in the randomly chosen ~10,000 frames
to train the algorithm to correctly classify larval rolling behavior. If a larva did not curl up in C-
shape or move sideways, they were labeled as non-rolling. This refusion of false positives
especially as the beginning and the end of each rolling bout enhanced accuracy. This algorithm
integrated these training labels and parameters generated with Choreography in a time series, such

as speed, crabspeed, and body curvature, to generate a score for rolling detection. Above a certain
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threshold, the classifier labeled the frame as rolling. This classifier, which has false negative and
false positive rates of 7.4% and 7.8%, respectively (n=102), was utilized to detect rolling in this
paper.

- Behavior quantification
The outputs of these behavior detection pipelines served as the input to a customized follow-up
MATLAB-based analysis. Only the larvae being tracked fully during the stimulation window were
selected for analysis. The percentages of animals performing given behaviors as well as their
crawling speed in time series at a frame rate of 10 fps were plotted to depict the behavioral
responses. To quantify the behavioral phenotype at the population level, the proportions of larvae
that performed given behaviors at least once in the first 5 s after the onset of the stimulation were
calculated in percentages. A collection of individual-level parameters (e.g., aggregated durations
of rolling throughout the stimulation window, starts and ends of the first rolling event after stimulus
onset, starts of the first crawling event after the first rolling event in the stimulation window) were
generated and analyzed to describe the effects of stimulation on escape behaviors. Specifically, the
starts of the first crawling events after the first rolling events were recorded as 30 s by default if
larvae rolled but never initiated crawling during the stimulation window. Furthermore, the
cumulative plots of the durations of each rolling event were contrasted to describe the event-level
differences.
Larval dissections and immunohistochemistry
Standard immunocytochemical procedures were followed (Patel, 1994) Briefly the CNSs of
Drosophila larvae were dissected in phosphate-buffered saline (PBS). After dissection, tissues
were fixed with 4% paraformaldehyde for 20 min, washed with PBS 3 times and then washed with

0.4% Triton X-100 in PBS (PBST) twice. Samples were incubated at room temperature with a
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blocking solution (5% normal goat serum [NGS]) for 1 h. Next, the samples were incubated with
the primary antibody solutions at 4°C overnight and washed 15 minutes for 6 times. Specially,
anti-VGAT was incubated for 48h to compensate for the permeability, The primary antibodies were
diluted at concentrations of 1:3000 for chicken anti-GFP; 1:1000 for rabbit anti-GFP, rabbit anti-
GABA and rabbit anti-dsRed; 1:200 for rabbit anti-VGAT; 1:50 for mouse nc82; and 1:20 for rat
anti-DN-Cadherin, mouse anti-Fas2, mouse anti-choline acetyltransferase (ChAT), and rabbit anti-
GLUTI in 5% NGS. CNS samples were then incubated with a secondary antibody solution at 4°C
overnight and washed 15 minutes for 6 times. The secondary antibodies, including anti-chicken
Alexa488, anti-rabbit Alexa488, anti-mouse Alexa568, anti-rabbit Alexa568, and anti-rat
Alexa568, were all diluted at the concentration of 1:500. These samples were mounted in
VECTASHIELD antifade mounting medium and imaged by a Zeiss LSM 710 confocal microscope
with a 20x/NA0.8 objective lens (Zeiss) and Zen digital imaging software (Zeiss). All images were

processed using Fiji software (https://imagej.new/Fiji, ImageJ, NIH Bethesda).

Immunohistochemistry image analysis

Larval CNS image stacks were processed with FIJI. For figure 5-supplementary 1C and D, 4-6
slices on the z dimension were averaged. The neuropil at A4-A6 segments was manually selected
as ROLI. The intensity was measured per CNS and compared with student’s t test.

Two-photon calcium imaging assay

The CNSs of third instar larvae were dissected out in cold Baines external physiological saline
(135 mM NaCl, 5 mM KCI, 5 mM TES, 36 mM sucrose, 2 mM CaCl,-2H,0, 4 mM MgCl».6H>O,
pH 7.15), and secured on a poly-L-lysine coated cover glass placed in a small Sylgard plate.
Functional calcium imaging experiments were performed on a customized two-photon microscope

equipped with a Galvo-Resonant Scanner (Cambridge) controlled by Scanimage software (mbf
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BIOSCIENCE) using a 40x/0.80NA water immersion objective (LUMPlanFL, Olympus). A Mai
Tai®, Ti:Sapphire Ultrafast Laser (Spectra Physics) tuned to 925 nm was used for excitation of
GCaMP protein. Fluorescence signals were collected with photomultiplier tubes (Hamamatsu)
after bandpass filtering. Images were acquired by the Galvo-Resonant Scanner for a single plane
of the CNS.

Each larva was stimulated by a 620-nm LED (Thorlabs) through the objective three times with a
30-s interval between periods of stimulation. Every stimulus consisted of a 30-ms pulse given
every 100 ms for a total of 1 s. Light intensity was measured to be 0.8-1.4 mW/mm?2. Images were
acquired at a resolution of 512 x 512 pixels with a frame rate of 30 fps. Fluorescence intensities
were averaged to 6 fps and processed in F1JI, and analyzed in MATLAB with customized scripts.
Regions of interest (ROI) were determined by the standard deviation of the full recording. AF=(F-
Fo)/Fy. Fy is the average of images taken 10 frames (i.e., 1.7 s) before stimulation. F is the mean
value of the fluorescence in the ROI averaged every 5 frames from the start of the 5-s period before
stimulation to end of the 15-s period after the onset of each stimulation. For each larva, 4F is
obtained through averaging the AF during the three stimulation periods. The peak AFs were the
maximal values selected from the onset of stimulation to 15 s after stimulus onset.

Statistics

The probabilities for each response were analyzed by Chi-square tests. For the other parameters,
when multiple groups were tested, their normality was examined first. If the normality assumption
was rejected, Kruskal-Wallis tests were performed for multiple group variance comparisons,
followed by multiple-comparison-corrected Wilcoxon—-Mann—Whitney tests as post hoc pairwise
comparisons. If normality was met, analysis of variance (ANOVA) was performed for variance

comparisons and multiple-comparison-corrected student’s t-tests were utilized for pairwise
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comparisons. For two group comparisons, the Wilcoxon—-Mann—Whitney test was conducted if the
normality assumption was offended, and the student’s t-test was applied if normality was met. All

analyses were conducted with MATLAB.
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Figure 1. Activation of SS04185 inhibits rolling evoked by activation of Basin neurons

(A) Cartoon of Drosophila larval escape sequence.

(B) Ethograms of Basin activation (top panel) and co-activation of SS04185 and Basins (bottom
panel). Each row represents an individual larva. Pink, blue, green, orange, and purple lines

represent bouts of rolling, turning, crawling, backward crawling, and hunching. The red bar and
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dashed lines indicate the time window during which neural activation was present. Genotypes:
20xUAS-1VS-CsChrimson::mVenus/~+;+; R72F11-Gal4/+ (top); 20xUAS-1VS-
CsChrimson::mVenus/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/ R72F11-Gal4 (bottom).
Genotypes in (C-D, F-I) are the same as those mentioned here.

(C) Time series of larval crawling speed during co-activation of SS04185 and Basins (red) and
activation of Basins alone (black). Shaded areas represent the standard error. The red bar and
dashed lines denote the optogenetic stimulation window.

(D) Time series of rolling probabilities of larvae during co-activation of SS04185 and Basins (red)
and activation of Basins alone (black). Shaded areas represent 95% confidential intervals for
rolling probabilities. The red bar and dashed lines denote the optogenetic stimulation window.

(E) Rolling probabilities of larvae with activation of different neurons. Error bars represent the
95% confidence interval. Genotypes from left to right: 1) 20xUAS-1VS-CsChrimson.::mVenus/+, ;,
2)  20xUAS-1VS-CsChrimson::mVenus/+; R54B01-Gal4.AD/+; R46FE07-Gal4.DBD/+, 3)
20xUAS-1VS-CsChrimson: :mVenus/~+; ; R72F11-Gal4/+, 4) 20xUAS-1VS-
CsChrimson::mVenus/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/ R72F11-Gal4. n = 120, 118,
231, 155 from left to right. Statistics: Chi-square test, ¥ = 0, p > 0.05 for the first two groups; >
=83.85, p < 0.001 for the last two groups; and x~ =365.51, p < 0.001 for the comparison between
the first two groups and the last two groups.

(F) Cumulative plot of rolling duration. Statistics: Mann-Whitney test, p < 0.001, n = 652, 120.
(G) A violin plot showing start of first rolling bout for each larva during stimulation. Statistics:
Mann-Whitney test, p = 0.027, n = 225, §9.

(H) A violin plot displaying end of first rolling bout for each larva during stimulation. Statistics:

Mann-Whitney test, p < 0.001, n =225, §9.
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(I) A violin plot presenting start of first crawling bout for each larva during stimulation. Statistics:
Mann-Whitney test, p < 0.001, n= 214, 70.

©kp < 0.01, **% < 0.001.
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Figure 2. SS04185-DN, but not SS04185-MB, inhibits rolling when co-activated with Basins
(A) Morphology of SS04185 neurons. GFP, grey (left), green (right); nc82, magenta. Anterior, up;

dorsal view; scale bar, 100 um. Genotype: 10xUAS-IVS-myr::GFP/+; R54B01-Gal4.AD/+;
R46E07-Gal4.DBD/+.
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(B) Kenyon cells are less labeled in SS04185 with MB>Killer Zipper. CsChrimson::mVenus
expression in Kenyon cells of SS04185 in Control and SS04185 with Killer Zipper in mushroom
body (MB). mVenus, grey (left), green (right); nc82, magenta. Anterior, up; dorsal view; scale bar,
20 um. Genotype: 20xUAS-1VS-CsChrimson::mVenus/+; R54B01-Gal4.AD/+; R46E07-
Gal4.DBD/+ (control); 20xUAS-1VS-CsChrimson. :mVenus/~+; RI13F02-LexA,LexAop-
KZip"/R54B01-Gal4.AD; R72F11-Gal4/R46E07-Gal4. DBD (MB>KZip").

(C) Rolling probabilities of larvae with activation of SS04185 reduce the expression of
CsChrimson in mushroom body (MB) neurons. Error bars, 95% confidence interval. n = 78, 55,
100 from left to right. Statistics: Chi-square test, y*> = 2.32, p > 0.05 for the two groups with
SS04185 expression; x° =37.50, p < 0.001 for the comparison between the two groups on the left;
v* =70.45, p < 0.001 for the comparison between the groups with MB>KZip" expression which
reduce expression of CsChrimson in MB. Genotypes: 20xUAS-IVS-CsChrimson::mVenus/+;
RI13F02-LexA,LexAop-KZip™/+; R72F11-Gal4/+ (black); 20xUAS-1V'S-
CsChrimson: :mVenusR54B01-Gal4.AD/+; R46E07-Gal4.DBD/R72F11-Gal4 (orange); 20xUAS-
1VS-CsChrimson::mVenus/~+; RI13F02-LexA,LexAop-KZip*/R54B01-Gal4.AD; R72F11-
Gal4/R46E07-Gal4.DBD (red). Genotypes in (D-E) are the same as mentioned here.

(D) Cumulative plot of rolling duration. Statistics: Kruskal-Wallis test: H = 8.28, p = 0.016;
Bonferroni-corrected Mann-Whitney test, p > 0.05 for all pairwise post-hoc tests, n = 103, 20, 27
from left to right.

(E) A violin plot of start of first crawling bout for each larva during stimulation. Statistics: Kruskal-
Wallis test: H=15.02, p < 0.001; Bonferroni-corrected Mann-Whitney test, p > 0.05 for the two
groups with SS04185 expression; p < 0.001 for the comparison between the group without

SS04185 expression and the groups with full SS04185 expression, n = 65, 20, 7 from left to right.
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(F) The probabilities of larval rolling during first 5 s of stimulation. Error bars, 95% confidence
interval. n = 101, 126. Statistics: Chi-square test, y> = 4.27, p = 0.039. Genotype: /3xLexAop2-
1VS-CsChrimson: :tdTomato/w”, hs-FLP; R54B01-Gal4.AD/72F11-LexA; 20xUAS-(FRT.stop)-
CsChrimson::mVenus/R46E07-Gal4.DBD. Genotypes in (G-H) are the same as mentioned here.
(G) Cumulative plot of rolling duration. Statistics: Mann-Whitney test, p < 0.001, n =350, 473.
(H) A violin plot of start of first crawling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p < 0.001, n =97, 120.

%y < 0.01, ***p < 0.001.
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Figure 3. SS04185-DN is identical to SeIN128

(A) TEM neuron reconstruction of SeIN128 neurons. Left panel: anterior, up; dorsal view. Right
panel: anterior, up; dorsal, right; lateral view. Red dots, presynaptic sites. Cyan dots, postsynaptic
sites.

(B) A transverse section of larval CNS from EM reconstruction data. SeIN128 (green), Basins
(blue), and A0Oc (orange) are located in ventromedial tract (VM). mdIV, red; magenta, neural
tracts. DM, dorsomedial tract; VM, ventromedial tract. Dorsal, up; anterior view; scale bar, 1 pm.
(C) Cartoon generated based on transverse section of SeIN128, Basin-1 to Basin-4, A0Oc, and
mdIV from EM neuron reconstruction data and (D). Nerve tracts are shown in magenta. Dorsal,
up; posterior view. DM, dorsomedial tract; VM, ventromedial tract; CI, central-intermediate tract;
CL, central-lateral tract; DL, dorsolateral tract; VL, ventrolateral tract. SeIN128, green; Basin-1 to
Basin-4, blue; A0Oc, orange; mdlIV, red.

(D) SS04185-expressing neurons co-stained with N-Cadherin. A cell body of SS04185-
Descending neuron located in ventral part of the subesophageal zone (SEZ). SS04185, Green; N-
Cadherin, magenta. Anterior, up; left, dorsal view; right, longitudinal section; scale bar, 100 um.
Genotype: [10xUAS-IVS-myr::GFP/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/+. SS04185,
Green; Cadherin, magenta. Anterior, left, dorsal, up; lateral view; scale bar, 100 um.

(E) Transverse section of SS04185-DN co-stained with Fas2. SS04185-DN located at
ventromedial tract (VM). SS04185, Green; Fas2, magenta. Dorsal, up; posterior view; scale bar,
20 um. DM, dorsomedial tract; VM, ventromedial tract; CI, central-intermediate tract; CL, central-
lateral tract; DL, dorsolateral tract; VL, ventrolateral tract. Genotype: 10xUAS-1VS-myr::GFP/~+;

R54B01-Gal4.AD/+; R46E07-Gal4. DBD/+.
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(F, H, J) SS04185-DN co-localized with Basins or AOOC neuron tract but not MdIV. SS04185,
Green; Basins (F), A0Oc (H) or mdIV (J), magenta;. Genotype: w, R54B01-Gal4.AD/R72F11-
LexA(F) 71410-LexA(H)  or  ppkl.9-LexA(J);  R46E07-Gal4.DBD/13xLexAop2-1VS-
CsChrimson: :tdTomato,20xUAS-1VS-GCaMP6s. Top panel: anterior, up; dorsal view; scale bar,
10 um. Bottom panel: dorsal, up; posterior view; scale bar, 5 um.

(G, I, K) SeIN128, Basin-2, A0Oc or mdIV morphologies from the TEM neural reconstruction.

Anterior, up; dorsal view. SS04185, green; Basin-2, blue; AOOC, orange; mdIV, red.
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Figure 4. SeIN128 receives input from Basin and A0Oc neurons

(A) Summary of the connectivity between SeIN128 and the escape circuit. SeIN128 receives
inputs from Basin-2 and A0Oc and provide feedback to Basin-2 and AOOc. Synapse number shown
next to connection arrows, where line width is proportional to synapse number. All connections in
the ventral nerve cord are shown except unilateral synapses, <5 synapses, between neurons. Each
polygon represents a pair of the indicated neuron and segment (segment number is shown under
the neuron name). SeIN128, green; Basin-2, blue; AOOc, orange; mdlV, red.

(B, C) SeIN128 is functionally downstream of Basins (B) or AOOc (C). Calcium transients, AF/Fy
traces of GCaMP6s in SeIN128 axons (black line, mean; gray line, single larva) during 610-nm
optogenetic activation of Basins at various intensities. Vertical gray line represents optogenetic
activation. Genotype: w; R72F11-LexA (B) or R71410-LexA (C) /R54B01-Gal4.AD; 13xLexAop2-
1VS—CsChrimson::tdTomato, 20xUAS-1VS-GCaMP6s/R46E07-Gal4.DBD.

(D) A0Oc responses are faster and stronger than SeIN128 responses during activation of Basins.
Calcium transients (black line, mean; gray line, single larva) represented by AF/Fy in AOOc by of
610-nm optogenetic activation of Basins at various intensities. Genotype: w; R72F11-LexA/+;
13xLexAop2-1VS-CsChrimson: :tdTomato, 20xUAS-1VS-GCaMP6s/R71410-Gal4.

For (B) to (D), irradiances from left to right are 0.04, 0.1, 0.3, 0.5, and 1.4 pW/mm?. For each
irradiance (n = 6), individual traces are shown with gray lines whereas the average of individuals
is shown in black. The shaded gray area indicates the period of optogenetic activation (0 to 1 s).
(E) The timing of the peak AF/Fy correlated with the identity of the neurons but not the peak AF/F)

value. SeIN128 neurons are shown as orange dots, whereas AOOc is shown as a green dot.
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Figure S. SeIN128 is GABAergic and negatively controls rolling

(A) Immunostaining of SeIN128 cell body (green) and GABAergic neuron (magenta). Genotype:
10xUAS-1VS-myr::GFP; R54B01-Gal4.AD/13xLexAop-dsRed; R46E07-Gal4.DBD/Trojan-GAD-
T2A4-LexA. White triangles indicate locations of SeIN128 cell bodies. Anterior, up; dorsal view;
scale bar, 10 um.

(B) Time series of rolling probabilities of larvae with Basin activation (black), or VGAT RNAI in
SS04185 and Basin activation (red). The red bar and dashed lines display the window of
optogenetic stimulation eliciting larval escape responses. Shaded areas show 95% confidential
intervals of rolling probabilities. Genotypes: [3xLexAop2-1VS-CsChrimson::mVenus;, R72F11-
LexA/+; HMS02355/+ (black); 13xLexAop2-1VS-CsChrimson::mVenus; R72F11-LexA/R54B01-

Gal4.AD; HMS02355/R46E07-Gal4.DBD (red). Genotypes in (C, D) are the same as mentioned

here.
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(C) Binned larval rolling probabilities during first 5 s of stimulation in (A). Error bars, 95%
confidence interval. n = 110, 73. Statistics: Chi-square test, x> = 9.34, p < 0.001.
(D) Cumulative plot of rolling duration. Statistics: Mann-Whitney test, p = 0.015, n =55, 73.

*#p < 0.01, ***p < 0.001.
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Figure 6. Inhibition of SeIN128 prolongs rolling and delays initiation of crawling

(A) Time series of rolling probabilities of larvae with Basin activation (black), or SS04185
inhibition and Basin activation (red). Shaded regions show 95% confidential intervals of rolling
probabilities. Genotypes: [13xLexAop2-1VS-CsChrimson::mVenus, R72F11-LexA/+; UAS-
TeTxLC.tnt/+ (black); 13xLexAop2-1VS-CsChrimson::mVenus, R72F11-LexA/R54B01-Gal4.AD;
UAS-TeTxLC.tnt/R46E07-Gal4.DBD (red). Genotypes in (B-F) are the same as mentioned here.
(B) Rolling probabilities during first 5 s of stimulation in (A). Error bars, 95% confidence interval.
n =241, 164. Statistics: Chi-square test, > = 44.02, p < 0.001.

(C) A violin plot of total time spent rolling for each individual larva during stimulation. Statistics:
Mann-Whitney test, p < 0.001, n =221, 258.

(D) Cumulative plot of rolling duration. Statistics: Mann-Whitney test, p < 0.001, n =160, 154.
(E) A violin plot of end of first rolling bout for each larva during stimulation. Statistics: Mann-

Whitney test, p < 0.001, n =160, 154.
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(F) A violin plot of start of first crawling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p < 0.001, n= 65, 105.

*#p < 0.01, ***p < 0.001.
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Figure 7. SeIN128 sends feedback inhibition to Basins

(A) Rolling probabilities for larvae with GABAR-RNALI in their Basin neurons. From left to right,
the genotypes are 20xUAS-1VS-CsChrimson::mVenus/+, ; R72F11-Gal4/+ (black), 20xUAS—IVS-
CsChrimson::mVenus/~+, K R72F11-Gal4/UAS-HMC03388 (blue), 20xUAS-1VS-
CsChrimson::mVenus/~+, K R72F11-Gal4/UAS-JF02989 (green), 20xUAS-1VS-
CsChrimson::mVenus/+; ; R72F11-Gal4/UAS-HMC02975 (yellow), and 20xUAS-1VS-
CsChrimson::mVenus/+; ; R72F11-Gal4/UAS-HMC03643 (orange). Genotypes in (B) are the
same as mentioned here. N = 320, 205, 159, 183, 182 from left to right. Statistics: Chi-square test,

Bonferroni correction. GABA-B-R1! group: > =8.76, p = 0.012. GABA-B-R 12 group: ¥* = 24.70,

p <0.001. GABA-B-R2 group: > =25.77, p < 0.001. GABA-A-R group: > = 16.29, p < 0.001.
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(B) Cumulative plot of rolling duration. Statistics: Kruskal-Wallis test: H = 69.52, p < 0.001;
Bonferroni-corrected Mann-Whitney test, p < 0.001 for GABA-B-R1%, GABA-B-R2, and GABA-
A-R RNAI groups, n = 520, 488, 387, 582, 306 from left to right.

(C) Summary of peak AF/Fpin Basin axons with or without SeIN128 activation under various
irradiances. Control groups shown in black are without SeIN128 activation while experimental
groups shown in red are with SeIN128 activation. Statistics: Mann-Whitney test, p > 0.05 for
irradiances of 0.04, 0.1, 1.4 pW/mm?; p = 0.016 for irradiance of 0.3 pW/mm?; p = 0.032 for
irradiance of 0.5 uW/mm?  Genotype: 20xUAS-Syn21-opGCaMP6s, 10xUAS-Syn21-
CsChrimson88::tdTomato/+; CyO/+;R72F11-Gal4/TM6 (black); 20xUAS-Syn21-
opGCaMP6s, 10xUAS-Syn2 1-CsChrimson88: :tdTomato/+,;CyO/R54B01-Gal4.AD;R72F11-
Gal4/R46E07-Gal4.DBD (red).

%y < 0.01, ***p < 0.001.
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Figure 8. SeIN128 inhibits rolling elicited by both Basin-2 and Basin-4 activation

(A) Binned larval rolling probabilities during the first 5 s of stimulation. Error bars, 95%

confidence interval. n = 81, 119. Statistics: Chi-square test, x> = 35.51, p < 0.001. Genotypes:

20xUAS-1VS-CsChrimson: :mVenus/+;

20xUAS-1VS-CsChrimson: :mVenus/~+;

R72F11-Gal4.AD/+;

R72F11-Gal4.AD/R54B01-Gal4.AD;

R38H09-Gal4.DBD/+  (black);

R38H09-

Gal4.DBD/R46E07-Gal4.DBD (red). Genotypes in (B-D) are the same as mentioned here.

(B) Cumulative plot of rolling duration. Statistics: Mann-Whitney test, p = 0.0034, n =206, 83.

(C) A violin plot of end of first rolling bout for each larva during stimulation. Statistics: Mann-

Whitney test, p = 0.0047, n =57, 38.
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(D) A violin plot of start of first crawling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p = 0.045, n =107, 38.

(E) Binned larval rolling probabilities during first 5 s of stimulation. Error bars, 95% confidence
interval. n =192, 213. Statistics: Chi-square test, ¥~ = 64.81, p < 0.001. Genotypes: 20xUAS-1V'S-
CsChrimson: :mVenus/+; R72F11-Gal4.AD/+; R57F07-Gal4.DBD/+ (black); 20xUAS-1VS-
CsChrimson::mVenus/+;  R72F11-Gal4.AD/R54B01-Gal4.AD; R57F07-Gal4.DBD/R46E07-
Gal4.DBD (red). Genotypes in (F-H) are the same as mentioned here.

(F) Cumulative plot of rolling duration. Statistics: Mann-Whitney test, p = 0.032, n =231, 71.
(G) A violin plot of end of first rolling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p = 0.0047, n =129, 61.

(H) A violin plot of start of first crawling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p < 0.001, n =159, 71.

(I) A summarizing illustration. Basin-2 activates rolling and supresses fast crawling, while
SeIN128 decreases Basin-2 activities to inhibit rolling and disinhibit fast crawling. Arrows show
activation and blunt ends represent inhibition.

*xp < 0.01, ***p < 0.001.
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Figure S1-1. SS0418S inhibits rolling

(A) Crawling probabilities of larvae with the activation of SS04185-expressing neurons. Error bars,
95% confidence interval. Genotypes: 20xUAS-1VS-CsChrimson::mVenus/+;,; (black); 20xUAS-
1VS-CsChrimson::mVenus/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/+ (red). Genotypes in (B-

D) are the same as shown here. n = 308, 172. Statistics: Chi-square test, > =2.32, p > 0.05.
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(B) Turning probabilities of larvae with activation of SS04185-expressing neurons. Error bars,
95% confidence interval. n = 308, 172. Statistics: Chi-square test, y*> = 1.77, p > 0.05.

(C) Hunching probabilities of larvae with activation of SS04185-expressing neurons. Error bars,
95% confidence interval. n = 308, 172. Statistics: Chi-square test, > = 0.35, p > 0.05.

(D) Stopping probabilities of larvae with activation of SS04185-expressing neurons. Error bars,
95% confidence interval. n = 308, 172. Statistics: Chi-square test, y° = 3.97, p = 0.046.

(E) A violin plot of total time spent rolling for each individual larva during stimulation. Statistics:
Mann-Whitney test, p < 0.001, n = 225, 89.

(F) Time series of crawling probabilities of SS04185 and Basin coactivation larvae (green) and
Basin activation only larvae (black). Shaded areas show 95% confidential intervals of the crawling
probabilities. Dashed lines display the window of optogenetic stimulation. Genotypes: 20xUAS-
1VS-CsChrimson::mVenus/+; +; R72F11-Gal4/+ (control); 20xUAS-1VS-
CsChrimson::mVenus/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/R72F11-Gal4 (SS04185).
Genotypes in (G-H) are the same as mentioned here. n = 228, 124.

(G) A violin plot of interval between first roll and next crawl. Statistics: Mann-Whitney test, p >
0.05,n=151, 74.

(H) Crawling probabilities of SS04185 and Basin coactivation larvae (red) and Basin activation
only larvae (black). Error bars, 95% confidence interval. n = 228, 124. Statistics: Chi-square test,
v*=28.36, p < 0.001.

(I) A violin plot of crawling speed ratio of larvae with null, SS04185 neuron, Basin, SS04185
neuron and Basin activation (from left to right). Crawling speed ratio = crawling speed 5 to 10 s
after stimulation onset / crawling speed 0 to 5 s before stimulation onset. Statistics: Kruskal-Wallis

test: H= 144, p <0.001; Bonferroni corrected Mann-Whitney test: p > 0.05 for two groups on the
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left and two groups on the right. n =308, 172, 227, 124. Genotypes from left to right: 1) 20xUAS-
1VS-CsChrimson::mVenus/+;; ; 2) 20xUAS-1VS-CsChrimson.::mVenus/+; R54B01-Gal4.AD/+;
R46E07-Gal4.DBD/+; 3) 20xUAS-1VS-CsChrimson::mVenus/+,;; R72F11-Gal4/+; 4) 20xUAS-

1VS-CsChrimson::mVenus/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/R72F11-Gal4.

*#p < 0.01, ***p < 0.001.
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Figure S1-2. SS0418S inhibits rolling

(A) Time series of rolling probabilities of larvae during co-activation of SS04185 and Basins (red)
and activation of Basins alone (black). Shaded areas represent 95% confidential intervals for
rolling probabilities. The red bar and vertical dashed lines denote the optogenetic stimulation
window. Genotypes: 1) 20xUAS-1VS-CsChrimson::mVenus/+; ; R72F11-Gal4/+ (control), 2)
20xUAS-1VS-CsChrimson::mVenus/+; R54B01-Gal4.AD/+; R72FI11-Gal4/+ (54B01-AD), 3)
20xUAS-1VS-CsChrimson::mVenus/+,; ; R72F11-Gal4/ R46E07-Gal4.DBD (46E07-DBD), 4)
20xUAS-1VS-CsChrimson: :mVenus/+,; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/ R72F11-Gal4
(SS04185). Genotypes in (B)-(C) are the same as mentioned here. n = 162, 209, 103, 153.

(B) Rolling probabilities of larvae plotted in (A) in the first 5s of stimulation. Error bars represent

the 95% confidence interval. n = 162, 209, 103, 153 from left to right. Statistics: Chi-square test,
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¥? = 6.66, p > 0.05 for the left three groups and ¥* = 72.52, p < 0.001 for the comparison between

the left three groups and the SS04185 group.

(C) A violin plot of total time spent rolling for each individual larva during stimulation. Statistics:
Kruskal-Wallis test: H=105.99, p < 0.001; Bonferroni-corrected Mann-Whitney test, p > 0.05 for
the comparison between control and 54B01-AD; p < 0.001 for all other pair-wise comparisons, n
=151, 172, 100, 86.

%y < 0.01, ***p < 0.001.
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Figure S2. SS04185-DN inhibits rolling
(A) Morphology of SS04185 neurons with split Gal4 inhibition in mushroom body (MB). GFP,

Green. Anterior, up; dorsal view; scale bar, 100 pm. Genotype: 20xUAS-1VS-
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CsChrimson::mVenus/~+; RI3F02-LexA,LexAop-KZip " /R54B01-Gal4.AD; R72F11-
Gal4/R46E07-Gal4.DBD.

(B) Time series of rolling probabilities of larvae with split Gal4 inhibition in MB (black), SS04185
activation (orange), and both SS04185 activation and split Gal4 inhibition in MB (red). Shaded
areas show 95% confidential intervals of rolling probabilities. The red bar and dashed lines display
the window of optogenetic stimulation. Genotypes: 20xUAS-1VS-CsChrimson::mVenus/+,
RI13F02-LexA,LexAop-KZip*/+; R72F11-Gal4/+ (black); 20xUAS-1VS-CsChrimson::mVenus/+;
R54B01-Gal4.AD/+; R46E07-Gal4.DBD/R72F11-Gal4 (orange); 20xUAS-1VS-
CsChrimson.::mVenus/+; RI3F02-LexA,LexAop-KZip*/R54B01-Gal4.AD; R72F11-
Gal4/R46E07-Gal4.DBD (red). Genotypes in (C) are the same as mentioned here.

(C) A violin plot of total time spent rolling for each individual larva during stimulation. Statistics:
Kruskal-Wallis test: H=21.05, p < 0.001; Bonferroni-corrected Mann-Whitney test, p > 0.05 for
the two groups with SS04185 expression; p < 0.001 for the comparison between the group without
SS04185 expression and the two groups with SS04185 expression, n =66, 17,21 from left to right.
(D) Time series of rolling probabilities of larvae with Basin activation (black), or Basin and MB
coactivation (red). The red bar and dashed lines display the window of optogenetic stimulation
eliciting larval escape responses. Shaded areas show 95% confidential intervals of rolling
probabilities. n = 150, 143. Genotype: 20xUAS-1VS-CsChrimson::mVenus/+; +; R72F11-Gal4/+
(control);  20xUAS-1VS-CsChrimson::mVenus/+;+;, ~ MB247-Gal4/R72F11-Gal4 (MB247).
Genotypes in (E) are the same as mentioned here.

(E) Binned larval rolling probabilities during the first 5 s of stimulation in (D). Error bars, 95%

confidence interval. n = 150, 143. Statistics: Chi-square test, %> = 3.80, p > 0.05.
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(F) and (G) show immunostaining of SS04185-expressing neurons. SS04185, Green. Anterior, up;
dorsal view; scale bar, 100 pum Genotype: w+, hs(KDRT.stop)FLP/13xLexAop2-1VS-
CsChrimson: :tdTomato; R54B01-Gal4.AD/72F11-LexA; 20xUAS-FRT(stop)-
CsChrimson::mVenus/R46E07-Gal4.DB. Genotypes in (H-K) are the same as mentioned here. (F)
has both SS04185-DN and SS04185-MB expression only, and (G) has SS04185-MB expression.
(H) Time series of rolling probabilities of larvae with SS04185-MB activation (black), or
SS04185-MB and SS04185-DN coactivation (red). The red bar and dashed lines display the
window of optogenetic stimulation eliciting larval escape responses. Shaded areas show 95%
confidential intervals of rolling probabilities.

(D) A violin plot of total time spent rolling for each individual larva during stimulation. Statistics:
Mann-Whitney test, p < 0.001, n =99, 124.

(J) A violin plot of end of first rolling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p < 0.001, n =99, 124.

(K) Time series of turning probabilities of larvae with SS04185-MB activation (black), or
SS04185-MB and SS04185-DN coactivation (red). The red bar and dashed lines display the
window of optogenetic stimulation eliciting larval escape responses. Shaded areas show 95%
confidential intervals of turning probabilities.

*xp < 0.01, ***p < 0.001.
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Figure S4-1. SeIN128 is downstream of Basin and A0Oc neurons

(A) Connectivity among Basin, A0Oc, and SeIN128. Each line represents synaptic connections
from the pre-synaptic neurons (left) to the post-synaptic neurons (right). Line widths are
proportional to the counts of the synapses.

(B) SeIN128 does not respond to light stimulation when all-trans retinal is not fed. Calcium
transients, AF/F traces of GCaMP6s in SeIN128 axons (black line, mean; gray line, single larva)
during 610-nm optogenetic activation of Basins at various intensities. Vertical gray line represents
optogenetic activation. The shaded gray area indicates the period of optogenetic activation (0 to 1
s). Irradiance, 1.4 pW/mm?. n=4. Genotype: w; R72F11-LexA (lefi panel) or R71410-LexA (right
panel) /R54B01-Gal4.AD; 13xLexAop2-1VS-CsChrimson: :tdTomato, 20xUAS-1VS-

GCaMP6s/R46E07-Gal4.DBD.
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(C) Peak AF/Fy increased with increasing irradiance in both SeIN128 and A0Oc neurons. The
orange line corresponds with Figure 4B; yellow line corresponds with Figure 4C; and green line

corresponds with Figure 4D.
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Figure S4-2. Synapses from SeIN128 to Basin-2 are located near Basin-2 outputs

(A) Basin-2 morphology and cell body location reported in EM reconstruction dataset (A1, left
hemi-segment). Dorsal view. Red lines, presynaptic sites; cyan lines, postsynaptic sites.

(B) A zoomed-in view of the square in (A).

(C) SeIN128 morphology and cell body location reported in EM reconstruction dataset (right).
Dorsal view. Red lines, presynaptic sites; cyan lines, postsynaptic sites.

(D) A zoomed-in view of the square in (C).

(E) Connections between SeIN128 and Basin-2. Dorsal view. Red lines, presynaptic sites of
SeIN128; cyan lines, postsynaptic sites of Basin-2; brown lines, presynaptic sites of Basin-2.

(F) Zoomed-in views of squares in (E).

(G) EM view of left top panel in (F). Green, SeIN128. Blue, Basin-2. White arrows show SeIN128

presynaptic sites adjacent to Basin-2. Yellow arrows are two presynaptic sites of Basin-2.
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Figure S5. SeIN128 is GABAergic

(A) Immunostaining of SeIN128 cell body (green) and glutamatergic neuron (magenta). Genotype:
10xUAS-1VS-myr::GFP/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/+.

(B) Immunostaining of SeIN128 cell body (green) and cholinergic neuron (magenta). Genotype:

10xUAS- IVS-myr::GFP/+; R54B01-Gal4.AD/+; R46E07-Gal4.DBD/+.
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In (A)-(B), white triangles indicate locations of SeIN128 cell bodies. Anterior, up; dorsal view;
scale bar, 10 pm.

(C) Anti-GABA fluorescence intensities in the neuropil in A4-A6 segments. A.U., arbitrary unit.
Genotype: w; ; R57C10-Gal4 /+ (black) and w, ; R57C10-Gal4 /UAS-HMS02355 (red). Statistics:
Student’s t test, p = 0.040, n =5, 4.

(D) Anti-VGAT fluorescence intensities in the neuropil in A4-A6 segments. A.U., arbitrary unit.
Genotype: w, ; R57C10-Gal4 /+ (black) and w, ; R57C10-Gal4 /UAS-HMS02355 (red). Statistics:
Student’s t test, p = 0.0031, n=16, 5.

%y < 0.01.
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Figure S6. SeIN128 inhibition enhances rolling

(A) Time series of rolling probabilities of larvae with Basin activation (black), or SS04185
inhibition and Basin activation (red). Larvae were incubated with heat to trigger the effect of
shibire®™!. The red bar and dashed lines display the window of optogenetic stimulation eliciting
larval escape responses. Shaded areas show 95% confidential intervals of rolling probabilities.
Genotypes:  I3xLexAop2-1VS-CsChrimson::mVenus;R72F11-LexA/+;  20xUAS-TTS-Shibire/+
(black); 13xLexAop2-1VS-CsChrimson::mVenus, R72F11-LexA/R54B01-Gal4.AD; 20xUAS-TTS-
Shibire/R46E07-Gal4.DBD (red). Genotypes in (B-G) are the same as mentioned here.

(B) Binned larval rolling probabilities during first 5 s of stimulation in (A). Error bars, 95%
confidence interval. n = 134, 143. Statistics: Chi-square test, %> = 12.33, p < 0.001.

(C) A violin plot of total time spent rolling for each individual larva during stimulation. Statistics:
Mann-Whitney test, p > 0.05, n =85, 115.

(D) Cumulative plot of rolling duration. Statistics: Mann-Whitney test, p > 0.05, n =219, 352.
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(E) A violin plot of start of first rolling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p > 0.05, n =85, 115.

(F) A violin plot of end of first rolling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p = 0.013, n= 85, 115.

(G) A violin plot of start of first crawling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p = 0.034, n =32, 22.

%y < 0.01, ***p < 0.001.
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Figure S7. SeIN128 sends feedback inhibition to Basins

(A) A violin plot of total time spent rolling for each individual larva with GABAR-RNAI in their
Basin neurons during stimulation. Statistics: Kruskal-Wallis test: H = 110.86, p < 0.001;
Bonferroni-corrected Mann-Whitney test, p < 0.001 for all RNAi groups, n =271, 194, 154, 178,
174 from left to right. The genotypes are 20xUAS-1VS-CsChrimson::mVenus/+; ; R72F11-Gal4/~+
(black),

20xUAS—IVS-CsChrimson::mVenus/+; ; R72F11-Gal4/UAS-HMC03388 (blue),
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20xUAS-1VS-CsChrimson::mVenus/+; ; R72F11-Gal4/UAS-JF02989 (green), 20xUAS-1VS-
CsChrimson::mVenus/+; ; R72F11-Gal4/UAS-HMC02975 (yellow), and 20xUAS-IVS-
CsChrimson::mVenus/+; ; R72F11-Gal4/UAS-HMC03643 (orange). Genotypes in (B-D) are the
same as mentioned here.

(B) A violin plot of start of first rolling bout for each larva during stimulation. Statistics: Kruskal-
Wallis test: H=286.50, p < 0.001; Bonferroni-corrected Mann-Whitney test, p < 0.001 for GABA-
B-R1%, GABA-B-R2, and GABA-A-R groups, n =271, 194, 154, 178, 174 from left to right.

(C) A violin plot of end of first rolling bout for each larva during stimulation. Statistics: Kruskal-
Wallis test: H=36.01, p < 0.001; Bonferroni-corrected Mann-Whitney test, p < 0.001 for GABA-
B-R2 and GABA-A-R groups, n =271, 194, 154, 178, 174 from left to right.

(D) A violin plot of start of first crawling bout for each larva during stimulation. Statistics: Kruskal-
Wallis test: H=53.07, p < 0.001; Bonferroni-corrected Mann-Whitney test, p < 0.001 for GABA-
B-R12 group, n = 89, 119, 139, 135, 137 from left to right.

(E) Calcium transients (mean + s.e.m.) represented by AF/Fy are evoked in Basin axons by
optogenetic activation of Basin neurons various intensities. N = 9. Genotype: 20xUAS-Syn21-
opGCaMP6s, 10XUAS-Syn21-CsChrimson88: :tdTomato/+,;CyO/+;TM6/R72F11-Gal4.

(F) Calcium transients (mean + s.e.m.) in Basin axons represented by AF/F¢ are decreased by
optogenetic activation of SeIN128 neurons at various intensities. N = 10. Genotype: 20xUAS-
Syn21-opGCaMP6s,10XUAS-Syn21-CsChrimson88: :tdTomato/+; CyO/R54B01-
Gal4.AD;R72F11-Gal4/R46E07-Gal4.DBD.

For (E) to (F), irradiances from left to right are 0.04, 0.1, 0.3, 0.5, and 1.4 pW/mm?. For each
irradiance, individual traces are shown with gray lines, whereas the average of individuals is shown

in black. Shaded gray area denotes period of optogenetic activation (0 to 1 s).
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%y < 0.01, ***p < 0.001.
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Figure S8. SeIN128 inhibits rolling elicited by both Basin-2 and Basin-4 activation.
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(A) and (B) show ethograms of Basin-2 activation (A) and Basin-4 activation (B). Each row
represents an individual larva. Pink, blue, green, orange, and purple lines represent bouts of rolling,
turning, crawling, backward crawling, and hunching. The red bar and dashed lines denote the time
window during the period of neural activation. Genotypes: 20xUAS-1VS-CsChrimson: :mVenus/+,
R72F11-Gal4.AD/+; R38H09-Gal4.DBD/+ (A); 20xUAS-1VS-CsChrimson: :mVenus/+; R72F11-
Gal4.AD/+; R57F07-Gal4.DBD/+ (B). Genotypes in (C) are the same as mentioned here.

(C) Cumulative plot of rolling duration. Statistics: Mann-Whitney test, p < 0.001, n = 681, 141.
(D) Time series of rolling probabilities of larvae with Basin-2 activation (black), or SS04185 and
Basin-2 coactivation (red). The red bar and dashed lines display the window of optogenetic
stimulation eliciting larval escape responses. Shaded areas show 95% confidential intervals of
rolling probabilities. Genotypes: 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/+;
R38H09-Gal4.DBD/+ (black); 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/R54B01-
Gal4.AD; R38H09-Gal4.DBD/R46E07-Gal4.DBD (red). Genotypes in (E) are the same as
mentioned here.

(E) A violin plot of start of first rolling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p < 0.001, n =57, 38.

(F) Time series of rolling probabilities of larvae with Basin-4 activation (black), or SS04185 and
Basin-4 coactivation (red). The red bar and dashed lines display the window of optogenetic
stimulation eliciting larval escape responses. Shaded areas show 95% confidential intervals of
rolling probabilities. Genotypes: 20xUAS-1VS-CsChrimson::mVenus/+; R72F11-Gal4.AD/+;
R57F07-Gal4.DBD/+ (black); 20xUAS-1VS-CsChrimson: :mVenus/+; R72F11-Gal4.AD/R54B01-
Gal4.AD; R57F07-Gal4.DBD/R46E07-Gal4.DBD (red). Genotypes in (G) are the same as

mentioned here.
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(G) A violin plot of start of first rolling bout for each larva during stimulation. Statistics: Mann-
Whitney test, p > 0.05, n =129, 61.

*#p < 0.01, ***p < 0.001.
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CHAPTER 3 Comparative connectomics and escape behavior in larvae of closely related
Drosophila species

Chapter 3 showcases how evolutionary comparative studies benefit behavioral
neuroscience research in the animal model, Drosophila larval escape behavior. This manuscript
investigated the escape rolling behavior in 12 drosophilid species. D. santomea was thus identified
with an increased rolling response compared to D. melanogaster. By comparing their connectomes,
this upregulated rolling might be attributed to enhanced nociceptive inputs projecting to Basin-1
and A27n. This phenotype was recapitulated with additional Basin-1 activation in D. melanogaster.
Moreover, the crawling speed increased with extra Basin-1 activation, suggesting that this
enhanced sensory input elevated the response level for both rolling and fast crawling in this rigid
action sequence. This finding indicates that increased sensory input influences the overall escape
sequence together, but it might not bias the balance between more specific escape responses (i.e.,

rolling vs. fast crawling).
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Evolution has generated an enormous variety of morphological, physiological, and
behavioral traits in animals. How do behaviors evolve in different directions in species equipped
with similar neurons and molecular components? Here we adopted a comparative approach to
investigate the similarities and differences of escape behaviors in response to noxious stimuli and
their underlying neural circuits between closely related drosophilid species. Drosophilids show a
wide range of escape behaviors in response to noxious cues, including escape crawling, stopping,
head casting, and rolling. Here we find that D. santomea, compared with its close relative D.
melanogaster, shows a higher probability of rolling in response to noxious stimulation. To assess
whether this behavioral difference could be attributed to differences in neural circuitry, we
generated focused ion beam—scanning electron microscope volumes of the ventral nerve cord of
D. santomea to reconstruct the downstream partners of mdIV, a nociceptive sensory neuron in D.
melanogaster. Along with partner interneurons of mdVI (including Basin-2, a multisensory
integration neuron necessary for rolling) previously identified in D. melanogaster, we identified
two additional partners of mdVI in D. santomea. Finally, we showed that joint activation of one of
the partners (Basin-1) and a common partner (Basin-2) in D. melanogaster increased rolling
probability, suggesting that the high rolling probability in D. santomea is mediated by the
additional activation of Basin-1 by mdIV. These results provide a plausible mechanistic
explanation for how closely related species exhibit quantitative differences in the likelihood of

expressing the same behavior.

Keywords

Drosophila larvae, comparative analysis, escape behavior, connectome, nociception, neural

circuits, evolution
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Introduction

Systems neuroscientists have made great strides toward understanding the mechanistic
basis of behavioral change in model organisms by identifying the neural circuits that underlie
specific behaviors and the mechanisms that allow for behavioral plasticity (e.g., alterations in cells
and neural circuits). Evolutionary and comparative biologists, on the other hand, in seeking to
understand how nervous systems evolve, have revealed the great diversity of neuroanatomy, brain
function, and behavior across a wide range of species, from invertebrates to mammals (including
humans) 6. Behavioral changes that occur ontogenetically (i.e., during the lifetime of an
individual organism) may be mediated by the same mechanisms as those that occur
phylogenetically (i.e., mediating the behavioral changes that occur across generations, for example,
via natural selection operating on behaviors that optimize survival, and in turn, on the neural
circuits that underlie them). However, testing this hypothesis remains a major challenge, given the
difficulty of identifying the core circuitry for any behavior because of the complexity of most
nervous systems.

Behaviors are produced by neural circuits, whose structural and functional properties are
determined during development by genetic and environmental factors. For behavioral outputs to
be adaptive, neurons and neural circuits must be able to select the proper outputs. Understanding
how a neural circuit functions to produce a particular behavior requires a relatively complete
knowledge of its connectome or wiring diagram. Recent advances in electron microscopy have led
to an explosion of large-scale and dense connectomics studies of the nervous systems of numerous
species, including, among others, adult ™ and larval Drosophila '°, zebrafish '!? the roundworm
C. elegans '3, tadpole larvae of the sea squirt Ciona ', Platynereis '°, and mice (e.g., retina ', taste

buds 7). More recently, comparative connectome studies have identified sex differences in C.
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18 as well as developmental differences in both Drosophila larvae ' and C. elegans at

elegans
different stages of development ?°. A recent connectome study comparing C. elegans and P
pacificus has also demonstrated that the positions of neuronal somata and processes, as well as
divergence in their fine structural morphology and synaptic connectivity, are generally conserved
21

Behaviors that help an organism escape from predators are essential for survival, and hence,
are likely to be under strong selective pressure. Drosophila larvae exhibit a characteristic rolling
response when attacked by a parasitic wasp 22. This nocifensive behavior relies on multi-dendritic
nociceptive neurons (MdIV) 2. Depending on the type of threat, larvae can respond to tactile

2324 or rolling perpendicularly to the

stimulation by accelerating forward, crawling backwards
body axis 2>2°°, Specifically, it is thought that rolling reduces the likelihood of penetration by the
wasp’s ovipositor 2. Neural activation and inactivation studies have revealed that activation of
MdIV is necessary and sufficient for rolling in D. melanogaster larvae *>*>%°, Subsequent studies,
by combining genetic modification of specific neurons with reconstruction of neural circuitry from
transmission electron microscopy (TEM) images, identified the core circuitry mediating this
nocifensive behavior %270, This work set the stage for detailed comparative analyses of neural
circuits and behavior in closely related species.

Here, we characterized the differences and similarities in an escape behavior commonly
seen in drosophilids, rolling, and its underlying circuitry between D. melanogaster and its close
relative, D. santomea. We found that while rolling occurs in both species, its likelihood of
occurrence differs markedly, with D. santomea showing a much higher rolling probability than D.

melanogaster. To determine whether differences in the rolling circuits might explain this

behavioral difference, we compared the connectomes between the two species by generating
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focused ion beam-—scanning electron microscope (FIB-SEM) images in D. santomea and
reconstructing the neural circuits downstream of the nociceptive sensory neurons. We identified a
distinct difference in a particular neural circuit motif, namely, an additional functional connection
(present only in D. santomea but not in D. melanogaster) between Basin-1 and Basin-2, two
downstream partner interneurons of mdIV (a key nociceptive sensory neuron critical for rolling).
An experimental test in D. melanogaster by jointly activating Basin-1 and Basin-2 increased
rolling, suggesting that the additional functional connection in D. santomea is a plausible

mechanism underlying the behavioral change.

Results
Diversity of escape behaviors in response to noxious heat

To investigate the diversity of larval escape behavior in drosophilids, we examined the
reactions of 12 species to application of noxious thermal stimulation (Figure 1A and Table S1):
eight species of the melanogaster group, including D. simulans, D. sechellia, D. melanogaster
(two independent lines, Canton-S and w1118), D. yakuba, D. santomea, D. erecta, D. biarmipes (a
member of the suzuki subgroup), and D. ananassae (a member of the ananassae subgroup); D.
persimilis and D. pseudoobscura, which form the obscura group; D. willistoni, a member of the
willistoni group; and D. virilis, a member of the virilis group, which diverged around 7—11 million
years ago (MYA) 3.

To compare the relationship between phylogenetic status and behavior, we first examined
the locomotion of each species. Prior to noxious heat stimulation, larval behavior generally
consisted of peristaltic crawling interrupted by exploratory head casts. To examine the baseline

level of locomotion, we quantified the average speed before stimulation (Figure S1A). D. willistoni
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showed the highest speed, whereas D. yakuba showed the lowest speed. We also calculated the
baseline level of body curvature from the average body spine angle (Figure S1B). Curvature was
highest for D. virilis and lowest for D. sechellia.

Next, to compare the responses of different species to noxious heat stimulation, we
computed the average normalized speed (the speed after stimulation normalized by that before
stimulation) and crabspeed (i.e., the speed of the body perpendicular to the body axis after
stimulation, a measure positively correlated with rolling) and body curvature (Figure 1B, and C,
respectively; Figure S1C). In a previous study of D. melanogaster, we showed that noxious heat
stimulation evoked head bending and rolling, followed by fast escape crawling '%¥2. We found that
heat stimulation increased the speed of escape crawling in most species, and most prominently in
D. melanogaster (w1118). In contrast, heat stimulation did not increase speed in D. virilis, D.
pseudoobscura, or D. sechellia. Interestingly, D. biarmipes showed the lowest normalized speed
(Figure 1B), which was even lower than that before heat stimulation. Instead, D. biarmipes
exhibited stopping and head casting after heat stimulation (Video S1). We also found that
crabspeed was lowest in D. biarmipes and highest in D. persimilis, being strongly correlated with
normalized speed after stimulation (Figure 1C). Third, body curvature in response to heat
stimulation was highest in D. virilis and lowest in D. yakuba (Figure S1C). These data show that
upon heat stimulation, D. virilis bends its body vigorously but does not exhibit rolling or escape
crawling (Figure 1C and S1C; Video S2). In contrast, post-stimulation crabspeed was higher in D.
persimilis than in D. melanogaster, indicating that D. persimilis rolls more than D. melanogaster

(Video S3).

D. santomea shows more rolling than D. melanogaster
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Parasitoid wasps are natural predators of drosophilids 3***. The adults inject eggs into the
body of Drosophila larvae, after which the hatched wasp larvae proceed to eat the fly larva from
the inside *°. As mentioned above, rolling is an escape response that Drosophila larvae exhibit

when they are attacked 2. This behavior is also evoked by other noxious cues, such as thermal %,
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mechanical ?°, and chemical stimuli *°. To address how such nocifensive rolling varies across

species, we analyzed the probability of rolling in response to noxious heat. Using a machine

10.37 " we found that

learning method previously developed to automatically detect larval behaviors
D. santomea showed significantly more rolling than either D. melanogaster or D. yakuba (which
is phylogenetically closest to D. santomea) (Figure 1D and E; Chi-square test: p < 0.05, D.
santomea vs D. melanogaster or D. yakuba; Video S4 and S5). To further confirm this behavioral
difference between D. santomea and D. melangaster, we used a heat probe to apply noxious heat
stimulation to 3 different lines of D. sanfomea and 3 members of the D. melanogaster group
(Canton-S, wl118, and an additional member, Oregon-R). All 3 lines of D. santomea exhibited
rolling upon heat stimulation (Figure 1F).

To test whether the high rolling probability of D. santomea was specific to noxious heat,
we applied other modes of stimulation to 3 different lines of D. santomea and 3 members of the D.
melanogaster group. All 3 lines of D. santomea responded earlier (Figure 1G) upon stimulation
with 9% HCI, and with greater rolling probability than members of the D. melanogaster group in
response to mechanical stimulation (Figure 1H).

Next, we varied the strength of noxious mechanical stimulation to examine whether the
difference in rolling probability between D. santomea and D. melanogaster was dependent on

stimulation intensity. At an intensity of 20 mN, we found a significant increase in rolling

probability compared to baseline in both species, indicating that the sensitivity of mechanical
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nociceptive stimulation between D. melanogaster and D. santomea is similar. At 40 mN, the
proportion of animals showing rolling increased in both species, but to a greater extent in D.
santomea (Figure 11). This difference was consistently maintained up to an intensity of 150 mN
(Figure 11). These data suggest that the difference in rolling probability is not merely a result of
differences in sensory processes, but possibly due to differences downstream of sensory neurons.

The results from population analyses of rolling in response to noxious thermal (Figure 1D-
F), chemical (Figure 1G), and mechanical stimulation (Figure H and I), which all show a higher
probability of rolling in D. santomea than in D. melanogaster, might be explained by differences
in the proportions of rollers and non-rollers within each population. Therefore, we also examined
rolling probability at the individual level by applying 5 bouts of noxious mechanical stimulation
every 30 seconds. On average, D. santomea rolled 3.1 out of 5 times, whereas D. melanogaster
rolled 2.3 out of 5 times (Figure 1J). These data indicate that even at the individual level, D.
santomea are more likely to roll than D. melanogaster in response to noxious stimulation.
Collectively, these results suggest a genuine species difference in the likelihood of a naturalistic

escape behavior.

D. santomea, D. persimilis, D. biarmipes, D. virilis and D. melanogaster have similar
peripheral nervous systems

Where does this difference in the likelihood of rolling come from? Drosophila larvae detect
noxious stimulation primarily when multi-dendritic Class IV (mdIV) neurons are activated 3%3°.
To examine the anatomy of peripheral sensory neurons in D. santomea, D. persimilis, D. biarmipes,

and D. virilis, which show high or low probabilities of rolling compared to D. melanogaster, we

utilized antibodies commonly employed to visualize the morphology of the corresponding sensory
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neurons in D. melanogaster: anti-Futch/22C10, which labels axons/dendrites 4%*!

, and anti-Elav,
which labels neuronal nucleoli **. In D. santomea, we found that anti-Futsch and anti-Elav also
stained sensory neurons (Figure 2A). When we counted cell numbers and identified the positions
of these neurons within the hemi-segments of 6 different animals, we found that their numbers and
positions were the same as those in D. melanogaster (Figure 2B and Table S2). Specifically, we
found that dorsal, lateral, ventral prime (v’), and ventral neurons clustered in the same peripheral
positions as those in D. melanogaster. Furthermore, we identified the same numbers of
chordotonal neurons Ich1-5, vchA, vchB, and v'ch in D. santomea (Figure 2A and B) based on the
position and shape of dendrites with cap cells. We could not confirm the identity of each type of
sensory neuron in this study. Nonetheless, the morphological data indicate that the overall structure
of the sensory system in D. santomea is similar to that in D. melanogaster. Similarly, in D.
persimilis (high rolling probability), D. biarmipes (low rolling probability), and D. virilis (low
rolling probability), we found comparable numbers of dorsal, lateral, v’, and ventral neurons
clustered in similar peripheral positions as those in D. melanogaster (Figure 2B-E, Table S2).
These data are consistent with previous comparative studies, which showed that the
peripheral nervous systems of most drosophilids exhibit the same structural pattern as that of D.
melanogaster **. To our knowledge, the only documented structural difference, the absence of a
specific external sensory organ, has been reported in the subgenus D. busckii, which diverged

about 40 MYA from D. melanogaster **. These data suggest that the observed differences in rolling

between drosophilids is not due to differences in the structural organization of sensory neurons.

Reconstruction of mdIV and chordotonal sensory neurons from volume electron microscope

images of D. santomea
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To characterize the connectivity of the nociceptive neural circuit in D. santomea, we
generated FIB—SEM images of L1-stage larvae between the second abdominal and second thoracic
segments (70 pm x 55 um % 105 um, 10-nm resolution; see Methods for details). FIB—SEM images,
which have isotropic resolution, make it possible to generate X-Y, Y-Z, and X-Z views **. By
uploading these 3 views into the CATMAID platform *°, we reconstructed neurons manually and
identified their synaptic partners.

A previous study in D. melanogaster showed that mdIV and chordotonal neurons are
important for the rolling exhibited by a larva when attacked by a parasitoid wasp %224 (Figure
3A). In D. melanogaster, each hemi-segment contains 3 mdIV neurons and 8 chordotonal neurons
with dendrites that tile the body wall 47 (Figure 3A). We first reconstructed the mdIV and
chordotonal neurons from the lateral and ventral sensory bundles in the second abdominal segment
of D. santomea. We identified mdIV neurons (ddaC, v'ada, and vdaB) and the chordotonal neurons
(Ich1-5, vchA/B, v’ch), based on the shape of their axon terminals in the FIB-SEM images of D.
santomea. We found that mdI'V neurons were located in the most medial and ventral regions of the
ventral nerve cord (VNC) and chordotonal neurons were positioned laterally to the mdIV neurons
(Figure 3B-E).

We then measured the cable length of each mdIV neuron using CATMAID tools, and found
that this was similar between each pair of corresponding neurons on the left and right sides and
was not very different from that of D. melanogaster ' (Figure 3F). We were also able to identify
synapses at the axon terminals of neurons in our FIB-SEM images from their thick, dense
terminals and vesicles (Figure 3G), although their T-bars were not as obvious as those observed in

TEM images of D. melanogaster synapses '°.
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Finally, we identified all synapses on mdIV neurons the total numbers of which are shown
in Figure 3H. For each mdIV neuron, the synapses were concentrated at the axon terminals,
forming a “rung of the ladder” within the VNC (Figure 3I). Insect neurons are polysynaptic,
meaning that one T-bar provides inputs to several partner neurons '°. The average number of targets
per synapse is 3; we observed 1 to 11 targets in D. santomea, which is similar to the range reported
for synapses in D. melanogaster '**%. These synapses were concentrated in the medial part of each
VNC segment (Figure 31 and J). Overall, we found highly stereotyped morphological features
similar to those in D. melanogaster, including anterior-posterior dendrite projection, dorso-ventral
10,48,49

position, and midline crossing of mdIV neurons in D. santomea FIB-SEM image data

(Figure 3B-)).

Identification of the main local target of mdIV sensory neurons in D. santomea, and
differences in connectivity between D. santomea and D. melanogaster

To compare the connectivity of mdIV neurons and first-order interneurons between D.
melanogaster and D. santomea, we reconstructed the synaptic partners of mdIV neurons (a total
of 352 neuronal arbors, Figure 4A) in our D. santomea FIB-SEM volumes. A previous D.
melanogaster reconstruction revealed that nociceptive neurons reproducibly make numerically
strong connections (i.e., >10 synapses) with homologous neurons in the left and right hemi-
segments, across different segments in the same individual, at different developmental stages in
the same individual, and in different individuals of the same species %%3%5! Furthermore, other
studies indicate that in contrast to numerically strong connections, numerically weak connections
are not conserved between the left and right sides of the same individual '%!**®. We therefore

focused our analysis on 36 strongly connected neurons (Figure 4B, Table S3; >10 synapses from
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all mdIV neurons), which we grouped into 20 local neurons (i.e., those within the same segment)
and 16 intersegmental neurons (i.e., ascending or descending neurons) (Figure 4B, Table S3).
Among the 20 local neurons, 16 were located in the second abdominal segment and 4 in the first
or third abdominal segment. Among the 16 intersegmental neurons, based on the shape of neuronal
arbors, we identified 6 neurons as candidate ascending or descending neurons (A08n, TePn19 and
SeIN138) and 4 as candidate A020 neurons (Table S3) *®. The remaining 6 could not be identified
because they exited the 3-segment EM volumes and their shapes were unclear.

We identified Down and Back 2**%, Chair-1 (A10a) *®, A02n and m *, Basin-2 '**  and

4 1948 a5 strongly preferred partners of mdIV neurons in D. santomea (Figure 4C) based on

Basin-
the shape of the neuronal arbor and the position of the cell body %%, These same neurons have
previously been identified as preferred partners of mdIV neurons in D. melanogaster **. In addition
to these partners, we identified two other preferred partners, Basin-1 and A27n, in our D. santomea
FIB—SEM volumes. Specifically, we found that Basin-1 broadened its dendritic coverage towards
more medial-ventral regions of the neuropil than in D. melanogaster (Figure 4D).

To compare the connectivity between nociceptive neurons and first-order interneurons in
the two species, we normalized synapse numbers by the total number of synaptic contacts between
the preferred interneurons and nociceptive sensory neurons (36 neurons [993 synapses in total]
receiving >10 synapses from mdlV in D. santomea, and 33 neurons [780 synapses in total]
receiving >10 synapses from mdIV in D. melanogaster; Figure 4E), using previously published D.
melanogaster connectome data . We examined 16 local interneurons (12 partners common to D.
santomea and D. melanogaster; 4 novel partners unique to D. santomea) and candidate

intersegmental neurons (AO8n, TePN19, SeIN138, and A020). Down and Back neurons and Basin-

4 received slightly fewer synaptic inputs from nociceptive neurons in D. santomea than in D.
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melanogaster (Figure 4D). Chair-1, Basin-2, and A02n/m neurons received similar levels of
synaptic input from mdIV in both species. In D. santomea, A27n received 2.8% and 2.1% of all
mdIV inputs from the left and right, respectively, with the corresponding percentages being 4.2%
and 3.8% for Basin-1. In D. melanogaster, A27n received 0.3% and 0.0% of all mdIV inputs from
the left and right, respectively, with the corresponding percentages being 0.1% and 0.0 % for
Basin-1 (Figure 1E). These data indicate that the preferred partners of mdIV are largely similar
between D. melanogaster and D. santomea, although mdIV neurons in the latter species have a

few additional partners.

Connectivity between sensory neurons and Basin cells

Basin neurons process multisensory information from mechanosensory and nociceptive
neurons '°. Specifically, in D. melanogaster, there are four independent Basin cells, with only
Basin-2 and Basin-4 receiving both mechanosensory and nociceptive inputs '°. A previous study
showed that integration of chordotonal and nociceptive sensory inputs mediated by Basin neurons
could facilitate rolling '°. To examine whether this integration motif was similar in D. santomea,
we reconstructed all Basin neurons and identified the synapses between them. We first looked the
synapses between the Basins and mdIV or chordotonal neurons and found that, as in D.
melanogaster, Basin-2 and Basin-4 receive inputs from both mdIV (nociceptive sensory) and
chordotonal (mechanosensory) neurons (Figure 5A, Table S4). However, in contrast to D.
melanogaster, in which Basin-1 receives inputs from chordotonal neurons but not from mdIV
neurons, we found that in D. santomea, Basin-1 receives inputs from both chordotonal and mdIV

neurons. These data suggest that the additional source of nociceptive input to Basin-1 in D.
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santomea, which is not available in D. melanogaster, might account for higher likelihood of
nociception-induced rolling in D. santomea.

To identify any other differences in connectivity that might underlie the differences in
rolling, we also analyzed the local circuitry between the mdIV and Basin neurons, and found that
in both species, Basin-1 makes synaptic contacts with Basin-2 and Basin-4, which are essential for
rolling and multisensory integration in D. melanogaster '° (Figure 5B). These results suggest that
local connections among the Basins are comparable between the two species, and that the lower
probability of rolling in D. melanogaster is due to the lack of Basin-1 activation.

To test this conjecture, we jointly activated Basin-1 and Basin-2 to see whether the
probability of rolling in D. melanogaster would increase. We found that whereas activation of
Basin-1 alone evoked little rolling, joint activation of Basin-1 and Basin-2 significantly increased
the probability of rolling compared to activation of Basin-2 alone (Figure 5C). Interestingly, joint
activation of Basin-1 and Basin-2 also significantly increased crawling speed compared to
activation of Basin-1 or Basin-2 alone (Mann-Whitney U test: p < 0.0] or p < 0.001 respectively,
with corresponding rank biserial correlations of r = -0.19 or r = -0.343) (Figure 5D). These data
demonstrate that activation of Basin-1 in D. melanogaster can modify rolling probability, and to a
lesser extent crawling speed after rolling. To further examine the effect of Basin-1 activation in
rolling, we activated neurons five consecutive times and counted the number of rolls. We found
that co-activation of Basin-1 and Basin-2 significantly increased the number of rolls compared to
activation of Basin-1 or Basin-2 alone (Figure 5E). These results are consistent with the view that,
the additional nociceptive inputs onto Basin-1 from mdIV neurons in D. santomea increases the

probability of rolling in this species relative to that of D. melanogaster.
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Discussion

A major unresolved question in evolutionary biology is how behavior evolves through the
alteration of genes, molecules, cells, and circuits. Here, taking advantage of larval Drosophila, a
model organism for studying behavioral neurogenetics, we adopted a comparative approach to
investigate the similarities and differences in rolling, a characteristic escape behavior whose core
circuitry has been identified in D. melanogaster, in several additional drosophilid species.
Although all showed rolling in response to noxious heat stimulation, they differed widely in their
probability of rolling (~6% to ~65%). In particular, D. santomea larvae were much more likely to
roll in response to noxious stimulation (thermal, chemical, and mechanical) than were D.
melanogaster larvae. To explore the biological basis of this difference, we reconstructed the
downstream partners of nociceptive sensory neurons in D. santomea using FIB-SEM volumes and
identified those previously identified as partners in D. melanogaster, as well as two additional
interneurons, Basin-1 and A27n, in D. santomea. In contrast to our previous work, which showed
that only Basins-2 and Basin-4 receive inputs from mdIV in D. melanogaster, here we discovered
that in D. santomea, Basin-1 also receives inputs from mdIV and chordotonal neurons, and in
addition, forms synaptic connections with Basin-2. Finally, joint activation of Basin-1 and Basin-
2 increased rolling probability in D. melanogaster, suggesting that the identified differences in
circuitry among the nociceptive sensory neurons and their downstream partner interneurons could
account for the difference in rolling between the two species.

In insects, neuronal morphology, such as the branching pattern of a neuron, is stereotyped
5153 Morphologically homologous neurons can be identified between segments within an animal,
between animals, and between species. For example, during development, stereotypic connectivity

between mdIV and interneurons is observed in both Drosophila larvae *® and C. elegans *°, as well
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as in different L1-stage Drosophila larvae '®*®. Similarly, in the present study, the overall
connectivity between mdIV neurons and interneurons was also similar between D. melanogaster
and D. santomea. These data support the idea that stereotypic morphology and connectivity are
conserved during evolution. Although such examples of conservation may indicate that these

neuronal branching patterns are functionally important °!

, particular branching morphologies
might also be shaped by influences that are not obviously adaptive, such as developmental or
physical constraints that limit the shape or organization of neurons >*. Thus, in determining the
functional significance of a particular branching morphology, examples in which a specific
alteration in branching is correlated with a novel function or behavior are more informative, such
as the differences in fine connectivity that have been demonstrated between species (i.e., C.
elegans and P. pacificus) *!, as well as within species depending on sex ' and developmental stage
(C. elegans) *°. In our study, the connectivity between nociceptive neurons and their downstream
partners, Basin-1, Basin-2, and Basin-4, slightly differed between D. melanogaster and D.
santomea, in that only Basins-2 and Basin-4 received nociceptive inputs in the former, whereas all
three Basins received nociceptive inputs in the latter. That this difference was of functional
significance is strongly suggested by our finding that joint activation of Basin-1 and Basin-2 in D.
melanogaster facilitated rolling.

Our findings build upon those of a previous study of D. melanogaster larvae, which showed
that integration of chordotonal and nociceptive inputs could enhance rolling in a supralinear
manner'®, In that study, we found that although activation of chordotonal neurons alone by a
mechanical stimulus did not trigger rolling, the same stimulus applied coincidently with
optogenetic activation of nociceptive sensory neurons triggered rolling more frequently than when

only nociceptive stimulation was applied '°. A previous study showed that Basin-2 and Basin-4
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integrate inputs from chordotonal and nociceptive neurons, and that this process likely plays a key
role in multisensory integration '°. The present study shows that Basin-1 also integrates inputs from
these sensory neurons in D. santomea. That Basin-2 was found to be a downstream partner of
Basin-1, not only in D. melanogaster but in D. santomea as well, prompted us to test whether joint
activation of Basin-1 and Basin-2 would enhance rolling in D. melanogaster, which was indeed
the case. It should be noted that nociceptive neurons in both species share other interneurons as
downstream partners, including Down & Back, A02m/n, and Chair-1 cells. Although the extent to
which these interneurons contribute to multisensory integration remains to be determined, it is
possible that a diverse population of multisensory neurons could contribute to the varying degrees
of rolling probabilities observed among the drosophilids tested here.

Our study has a number of potential limitations. First, the conclusions regarding the species
difference in rolling circuitry depend on EM reconstruction data from three D. melanogaster larvae
1048 and a single D. santomea larva. Admittedly, additional samples for D. santomea going forward
would strengthen our conclusions, although it is noteworthy that none of the three D. melanogaster
samples showed evidence of the additional functional partners of nociceptive neurons (i.e., Basin-
1 and A27n) seen in our D. santomea sample. Second, it may be argued that the differences in
rolling probability between the drosophilids we tested merely reflect differences in motor
thresholds (e.g., due to differences in cuticle thickness, body size, body weight). We consider this
unlikely, however, as shown by the lack of a strong correlation between body size and rolling
probability (Figure S1D). In addition, although the dose-response curves obtained using noxious
mechanical stimulation (Figure 1I) suggest that the sensory thresholds for D. santomea and D.
melanogaster are comparable, the possibility that the consistent differences in rolling probability

observed are mediated by differences at the level of sensory neuron cannot be ruled out, unless the
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activity of nociceptive sensory neurons in response to different noxious cues is directly measured.
Third, as we only examined local feedforward excitatory circuits and did not investigate the
inhibitory neurons between the Basins and chordotonal microcircuits, the functional roles of such
neurons in circuit dynamics and behavior remain to be investigated. Inhibitory inputs have been
proposed to contribute importantly to the sequencing of behaviors *. In this context, we have
observed that heat-induced noxious stimulation can also trigger the rolling—escape crawling
sequence *2. Our experimental preparation, which identified various behaviors evoked by noxious
stimulation, could reveal how inhibitory neurons contribute to such behavioral sequences .
Finally, our study does not address the issue of how the differences in rolling probability relate to
evolutionary fitness. Field studies will be required to answer, for example, whether the differences
indicate that species with low rolling probabilities live in areas with low levels of parasitization by
wasps, or that species differ in terms of their most successful escape behavior in evading
parasitzation.

Previous comparative studies have provided insight into the ultimate causes of, and
constraints on, behavioral diversity >, To date, however, few studies have illuminated the
mechanisms by which behavior evolves, in part due to the polygenetic nature of behavior, as well
as the lack of tools to identify the circuits that underlie behaviors and to manipulate individual
genes, neurons, and circuits to test specific hypotheses regarding the mechanisms involved at
different levels of analysis (e.g., changes in neural circuits, molecules within neurons [e.g., sensory
receptors, neuromodulators], number of neurons, muscle physiology >°). In recent years, the
emergence of new tools has revitalized studies on the evolution of neuronal circuits underlying

56,62

species-specific behaviors, such as feeding ' and courtship in fruit flies, swimming in sea

slugs ®, and escape behavior in zebrafish *’. Our findings add to this work, demonstrating the
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utility of high-throughput EM imaging technology in advancing comparative neuroscience. We
identified a difference in circuit motif between the rolling circuits of closely related fruit fly larvae
(D. melanogaster and D. santomea), which was associated with a marked difference in the
likelihood of larvae rolling in response to noxious heat stimulation. We then showed that by
“equating” the motifs via optogenetic activation of a specific multisensory interneuron (Basin-1)
we could reduce the difference in rolling probability. These results demonstrate the potential of
our approach in systematically identifying the mechanisms that contribute to the evolution of an

escape behavior and its underlying brain circuit.

Acknowledgements

We thank A. Cardona and C. Michel for suggestions on neuron tracing methodology; T. Kazimiers
for CATMAID server maintenance; M. Zlatic for constructive inputs on the project; R. Tabano and
undergraduate students for their assistance in neuron tracing; and D. Stern for sharing drosophid
stocks. Confocal images were collected at the McGill University Advanced Bio Imaging Facility
(ABIF), RRID:SCR_017697. This work was funded by McGill University, the National Sciences
and Engineering Research Council (NSERC, RGPIN/04781-2017), the Canadian Institute of
Health Research (CIHR, PTJ-376836), the Fonds de recherche du Quebéc - Nature et technologies
(FRQNT, 2019-N-25523), the Canada Foundation for Innovation (CFI, CFI365333), and the
Janelia Research Campus Visiting Program. J-C.B was supported by Fonds de recherche du

Quebéc-Santé (FRQS) graduate training award.

Author contributions

151



Conceptualization, J.Z., J-C.B., and T.O. Writing — Original Draft, J.Z. and T.O, Writing — Review
& Editing, J.Z., J-C.B., S.P., Z.L, C.S.X., and H.F.H. Formal Analysis, J.Z., J-C.B., and T.O.

Methodology, H.F.H., C.S.X, S.P and Z.L., Resources, H.F.H., C.S.X and S.P. Supervision, T.O.

Declaration of Interests

Portions of the technology described here are covered by U.S. Patent 10,600,615 titled ‘Enhanced
FIB-SEM systems for large-volume 3D imaging’, which was issued to C.S.X., K.J.H. and H.F.H.
and assigned to Howard Hughes Medical Institute on 24 March 2020. The other authors declare
no competing interests.

Inclusion and Diversity

One or more of authors of this paper self-identifies as a member of the LGBTYQ+ community.

152



1TMyr

o0 00O O
& W@ P P D o @
\s\"’{\x\é\\ ':,"’\e’.gk-"0 <§°ei \?“} & &
é‘@ ,,zf‘ QDQ-’ y ,b(“' @
o &

&

& @
& ea’ X0,

)
&
)
R
060 B

&
LS

D

iroll

0 turn [ run [ back WM stop
D. melanogaster

Normalized speed

Animal Index

Time (s)

Animal Index

Time (s)

®
L

100 100
< 9
S~ <
80 - ~ 80
3 2
e I S
‘5 60 “g 60
E 5
S 40 =, 40
B & canton-S =
o] # oregon-R e
T 20 -8 santomea 148 © 20

-® santomea 151 '8
-# santomea 157 =
0 R o

20
Time (s)

9 roll
] C-bend

- i Y
() @ o
—

Crabspeed (mm/s)

601
: = |
)
£ 60 &£
= = 40 F
<] <]
B kS
ael B Z |
% o
© L
'8 320
o
= 20
x a
& D D D P 2 &N,
2N *‘(\”}5?&[,(‘\0\ 3 '\Q’b@%‘?@i@o‘z\{:\o “\\&\5
SEFGT TS
& 2 &
§
M stop I
"I no response

1001
&£
= 80r
o |
w—
© sor
2 |
g 40f
o
o
o 20 -e-canton-S
L -e-santomea
ot

0 40 80 120

force (mN)

160

Number of animals

-
o
1

M canton-3

M santomea
10
5.
ol

01 2 3 4 5

Number of rolls

Figure 1. Drosophila species show a wide range of escape responses to noxious stimulation

(A) Consensus phylogenetic tree showing species used in this study. (See also Table S1)

(B) Violin plot of normalized speed after noxious heat by speed before stimulation in each species.

Circles with filled inner dots show the median values. Upper and lower edges of filled bars

show 25™ and 75™ percentiles, respectively. (See also Figure S1.)
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(C) Violin plot of crabspeed after noxious heat application. Circles with filled inner dots show the
median values. Upper and lower edges of filled bars show 25" and 75% percentiles, respectively.

(D)Behavioral raster plots showing periods during which individual larva rolled, turned, ran,
moved backward, or stopped during the 5-s period before stimulation (i.e., red shaded area,
showing application of an 808-nm laser for 2 s starting at time 0) and the 10-s period following
stimulation. Top and bottom panels show results for D. santomea and D. melanogaster,
respectively. Each row represents data for a single larva (from among 50 randomly selected
animals) tracked continuously throughout the interval.

(E) Bar charts showing rolling probability within a 5-s time window after infrared laser stimulation.
Error bars indicate 95% confidence interval. (N = 71, 44, 104, 96, 90, 42, 103, 54, 39, 122,
111, 87, 63: from left to right) (See also Video S1-5)

(F) Bar charts showing rolling probability after applying a heat probe for 5 s. Error bars indicate
95% confidence interval in 3 different lines of D. melanogaster (w1118, Canton-S, and
Oregon-R) and 3 independent lines of D. santomea (148, 151, and 157). N = 100 per genotype.
Chi-square test: **p < 0.01.

(G) Cumulative frequency of rolling as a function of time following application of a 1.5 ml of 7%
HCI in 3 different lines of D. melanogaster (w1118, Canton-S, and Oregon-R) and 3
independent lines of D. santomea (148, 151, and 157). N = 100 per line.

(H) Distribution of larval behaviors observed upon presentation of a mechanical nociceptive
stimulus (50 mN) in 3 different lines of D. melanogaster (w1118, Canton-S, and oregon-R)
and 3 independent lines of D. santomea (148, 151, and 157). The behaviors were categorized
into nociceptive (roll, bend) and non-nociceptive actions (stop and turn, stop, no response). N

=100 per line.
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(I) Dose response curves showing rolling probability in response to a mechanical nociceptive
stimulus applied at various intensities (10, 20, 40, 60, 80,100, 125, and 150 mN) in D.
melanogaster (Canton-S) and 3 independent lines of D. santomea (151). N =90 per condition.
Probability of rolling was higher at stimulation intensity > 20 mN vs. no stimulation; Chi-
square test: *** p < (.001. Probability of rolling was higher in D. santomea vs. D.
melanogaster; Chi-square test: ** p < (0.01

(J) Number of rolls observed across 5 consecutive presentations of a mechanical nociceptive
stimulus (50 mN) in D. melanogaster (Canton-S) and D. santomea (line 151). Mann-whitney

U test: p<0.001

155



A D. santomea

dorsal dh lateral o1h2

ddaE . o dbp ot
a2 o * OOdmddaA ¢ v'ch * IdaA o® v'td1 vod VChE‘\VChA
dp1° o ddaC ddaB h1 05 Ip2 vidz ¢® O vbd @4 43¢
ddapTe®  dmd das @ lh/s vada W o & 0
ddaF il

B D. melanogaster D. biarmipes

20 um __ .
dorsal lateral ventral dorsal lateral ventral

D D. persimilis E

g\

D. virilis

dorsal lateral lateral ventral

Figure 2. Anatomy of D. santomea, D. melanogaster, D. biarmipes, D. persimilis, and D. virilis
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sensory neurons in the peripheral nervous system

Expression patterns of antibodies in confocal microscope images of an abdominal hemi-segment
in D. santomea (A), D. melanogaster (B), D. biarmipes (C), D. persimilis (D), and D. virilis (E)
third instar larvae. Images show transverse sections with anterior and posterior regions at the top
and bottom, respectively. Larvae were co-immunostained with antibodies against Elav (9F8A9;
green in top panel), a marker of nucleoli, and Futsch (22C10; magenta in top panel, white in middle
panel), a marker of all peripheral sensory neurons. Left, middle, and right panels show dorsal,
lateral, and ventral clusters, respectively. Scale bar: 20 um. Triangular arrowheads (middle panel)
and yellow circles (bottom panel): external sensory neurons; notched arrowheads (middle panel)
and red squares (bottom panel): multi-dendritic neurons; arrows (middle panel) and blue triangles

(bottom panel): chordotonal sensory neurons. (See also Table S2)
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Figure 3. Structure of mdlV and chordotonal neuron terminals in D. santomea

(A) Schematic representations showing the organization of the chordotonal neurons (green) and
the dendritic fields of three nociceptive mdIV sensory neurons (ddaC: red, v'ada:orange, and
vdaB:light orange) within the nerve cord (sagittal view). The central nervous system is shown
in black to the left.

(B) Dorsal (top: transverse plane) and ventral (bottom: coronal plane) views of all EM-
reconstructed mdIV terminals from the second abdominal segment in D. santomea. Colors are
as shown in A. The area between the two outer solid gray vertical lines (top) and the gray
outline of the ventral nerve cord (bottom) demarcates the 3-dimensional area constituting the
neuropil. The dashed line indicates the midline. A, anterior; P, posterior; D, dorsal; V, ventral.

Scale bar: 10 um.
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(C) Morphology of the terminals of each mdIV subtype of D. sanotmea, as shown in B, and that
of corresponding mdIV subtypes from the first abdominal segment in D. melanogaster. The
dashed line indicates the midline. Scale bar: 10 um.

(D)and (E) Dorsal (top: transverse plane) and ventral (bottom: coronal plane) views of all EM-
reconstructed chordotonal (D) and mdIV and chordotonal (E) terminals from the second
abdominal segment in D. santomea. Colors are as shown in A. The outer gray vertical lines
(top) and the gray outline of the ventral nerve cord (bottom) demarcate the area of the neuropil.
The dashed line indicates the midline. Scale bar: 10 um.

(F) Total dendritic cable lengths of all mdIV sensory neurons. Red, orange, and light orange bars
represent cable lengths of A2-segment mdIV neurons of D. sanfomea whose dendritic fields
are localized within the dorsal, lateral, and ventral regions of the nerve cord. For each pair of
bars, the bars on the left and right indicate the cable lengths on the left and right sides of the
larva, respectively. Gray bars represent cable lengths of Al-segment mdIV neurons in D.
melanogaster.

(G)Representative image of a polyadic synapse from a D. santomea FIB-SEM volume. Scale bar:
I pm.

(H)Number of synaptic outputs on the terminals of the three A2-segment mdIV neurons in D.
santomea and D. melanogaster. Bar colors are as shown in F, as are the relationships between
the left and right bars for each mdIV neuron.

(I) Dorsal view of a single v'ada terminal from D. santomea, shown with synapses (outputs, red;
inputs, cyan).

(J) Histogram of the number of postsynaptic contacts per presynaptic site on mdIV terminals in

D. santomea.
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(A) Electron microscopy reconstruction of all direct synaptic targets (reconstructed neurons
shown in gray) of the mdIV neurons (three each on the left and right) in abdominal segment
A2.

(B) Connectivity ranking plots of postsynaptic partners of mdIV neurons in D. santomea
abdominal segment A2. Each bar represents an individual neuron. Synapse numbers represent
the sum of all synaptic contacts made by the axon terminals of the six mdIV neurons onto
single neurons. Only neurons with >10 synapses from mdIV neurons in each segment and were
identifiable in the A2 segment EM volume were fully reconstructed. Gray bars denote
intersegmental neurons spanning multiple segments. (See also Table S3)

(C) Dorsal (upper panel) and coronal (lower panel) views of reconstructed axons of mdIV partners
in D. santomea. Scale bar: 10 um.

(D) Electron microscopy reconstruction showing all synaptic inputs (light blue dots) of Basin-1
(black line) in D. santomea and D. melanogaster. MdIV neurons are shown in orange lines.
The dendritic branches of Basin-1 in D. santomea innervate areas nearer to the ventral midline
than those of Basin-1 in D. melanogaster. The output synapses of Basin-1 are shown as red
dots.

(E) Connectivity matrix of presynaptic and postsynaptic neuronal connections between mdVI
(presynaptic: ddaC, v'ada, vdaB, or all mdIVs) and local neurons (postsynaptic: left or right
side of Down & Back, Chair, A02n/m, Basin-1, Basin-2, Basin-4, or A27n neurons), or
ascending/descending neurons (postsynaptic: candidate neurons A0O8n, TePn19, SeIN138, and
A020s) in D. santomea and D. melanogaster. Color-coded by percentage of inputs from output

neurons.
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sensory neuron. The number of synapses for each Basin neuron is shown in blue. (See also
Table S4)

(B) Connectivity between mdIV neurons and Basins in D. santomea and D. melanogaster. Each
node represents a cell type. Basin-2 receives direct inputs from mdIV and indirect inputs from
mdIV via Basin-1.

(C)Bar charts showing rolling probability within a 15-s time window after 610-nm LED
stimulation. In D. melanogaster, activation of Basin-2 evokes rolling, whereas activation of
Basin-1 does not. Nonetheless, coactivation of Basin-2 and Basin-1 enhances the probability
of rolling compared to activation of Basin-2 alone. Error bars indicate 95% confidence interval
(N =390, 320, and 253). Chi-square test: *** p < (0.001

(D) Violin plot of normalized crawling speed after optogenetic activation of Basin-1 alone, Basin-
2 alone, or both Basin-1 and Basin-2. Circles with filled inner dots show the median values.
Upper and lower edges of filled bars show 25" and 75" percentiles, respectively. (N = 229, N
=185, N =158). Mann-Whitney U test: ** p < 0.001, *** p < (0.001. Rank-biserial correlation
between Basin-1 and Basin-2, r = 0.246; between Basin-1 and co-activation of Basin-1 and
Basin-2, r =-0.19; and between Basin 1 and co-activation of Basin-1 and Basin-2, r = -0.343.

(E) Number of rolls observed across 5 consecutive bouts of optogenetic activation (5s/30s x5
times) of Basin-1 alone, Basin-2 alone, or Basin-1 and Basin-2 (N = 30 per genotype). Basin-
2 activation alone differed significantly from co-activation of Basin-1 and Basin-2. Mann-

Whitney U test: p = 0.010
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STAR Methods:

Resource Availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be

filled by the lead contact, Tomoko Ohyama (tomoko.ohyama@mcgill.ca)

Materials Availability
This study did not generate any new unique reagents.
Data and Code Availability

The EM volume data are available at https://ohyamalab.cs.mcgill.ca. Both the login name and

password are “readonly”.

All other data and analyses reported in this paper will be provided by the lead contact upon
request.

This study did not generate any original code.

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

Fly stocks and maintenance

Drosophilds and D. melanogaster stock lines used in this study were raised on BDSC cornmeal
food. Flies were maintained humidity-controlled chambers kept at 18°C and set to a 12-hour

light/dark cycle. All crosses for experiments are reared at 25 °C.

Methodological Details
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Behavioral experiments
Embryos grown on normal cornmeal food were collected for 24 hours at 25°C and 60% humidity.
Nociceptive behavior experiments were performed on 3™ instar larvae in the wandering stage (see
Table 1 for number of days). Optogenetic experiments were performed on wandering-stage
3" instar larvae (for 4 days at 25°C). For optogenetic activation experiments, larvae containing
the UAS-CsChrimson transgene were grown in the dark at 25°C for 4 days on fly food containing
trans-retinal (SIGMA R2500) at a final concentration of 200 pM.
Before the experiments, the larvae were separated from the food using 15% sucrose, scooped with
a paint brush into a sieve, and washed with water. The larvae were then dried and used for behavior
experiments (using mechanical, thermal, or chemical nociceptive stimuli or optogenetic
stimulation).

- Thermal heat nociception assay
The apparatus for the high-throughput nociceptive behavior assay has been described previously
32 The setup consisted of a ring light illuminator; a computer to control stimulus presentation and
record neural activity; and a camera to monitor and record larval behavior. Right before the
behavior experiment, a black dot was painted with a permanent marker (Sharpie, Rub a Dub) on
the dorsal midline of each individual larva at segments A4-6. Thermal nociceptive stimulation was
applied by a 40 mW/mm?, 808 nm laser light in the arena. All experiments were done with dots on
the top. We tested approximately 20 larvae at once for the nociceptive behavior assay and 100
larvae at once for the optogenetic assay. The dot itself did not alter baseline behavior significantly
without the 808 nm laser light. Snapshots of the arena were taken on the first frame of each
recording to monitor the size and initial position of the dot. We selected dots ranging in size from

10 mm? to 150 mm? to minimize the effect of dot size on larval responses.
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- Thermal heat probe nociception assay
Third instar larvae were subjected to a previously described thermal probe stimulation assay >%.
Animals were placed on moisturized petri dishes, and then stimulated with a heat probe on the
dorsal side of the A4-6 segments until they started rolling or 5 seconds had elapsed. For each
species, 100 animals were tested in a blinded fashion.

- Mechanical nociception assay
Third instar larvae were subjected to a previously described mechanical stimulation assay 2%, but
with a slight modification. They were placed on moisturized petri dishes, and then stimulated twice
on the dorsal side of the A4-6 segments within 2 s, using Von Frey filaments (calibrated to 10—150
mN) adapted from Omniflex monofilament fishing line (6 Ib test, 0.009 in [0.23 mm] in diameter)
and attached to wooden handles. The corresponding responses were manually scored as no
response, stop, stop and turn, bend, and roll. For each species, 100 animals were tested multiple
times on different days in a blinded fashion.

- Chemical nociception assay
Third instar larvae were collected as in the mechanical nociception assay and placed on
moisturized petri dishes. Subsequently, 1.5 ml of 7% HCI was pipetted gently on the posterior end
of an individual larva, and simultaneously, the delay between the application of HCI and the start
of first rolling was recorded. For each species, total of 100 animals were tested on different days
in a blinded fashion.

- Optogenetic behavior experiments
The behavior apparatus was the similar as described previously '°, with modifications. The larvae
were dried and placed in the center of the arena. The substrate for the behavioral experiments was

2% Bacto agar gel in a 25x25 cm? square plastic dishes. Larvae were washed with water at room
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temperature in dim light room. The apparatus consisted of an infrared (IR) 850 nm light illuminator
(Waveform Lighting), a computer controlling 627 LED (Waveform Lighting) stimulation, and a
C-MOS camera (FLIR Grasshopper3; GS-U3-51S5M-C: Sony IMX250, Mono, 75 frames/s
maximum, 2,448 x 2048 pixels) equipped with a fixed 25-mm lens (Edmund) and IR filter (750
nm M25.5 x 0.5 long-pass filter, Edmund) to monitor and record larvae. More than 100 animals

were tested per genotype.

Behavioral data analysis

For the thermal heat nociception and optogenetic assay, larvae were tracked in real-time using
MWT software https://github.com/Ichoran/choreography. We rejected objects that were tracked
for less than 5 s or moved less than one body length of a larva. For each larva, MWT returns a
contour, spine, and center of mass as a function of time %. From these tracking data we computed
the key parameters of larval motion, using specific Choreography (a component of the MWT
software package) variables that we tailored for larvae (as opposed to C. elegans) as described
previously 1032,

For further details of the software implementations for the above calculations, we refer the reader
to the open-source package. The exact Choreography commands used to obtain each of the

variables for all animals from one run were as follows (see documentation on Choreography % for

definitions of all the parameters):

java -Xincgc -Xms8000m -Xmx8000m -jar/Users/Applications/Chore.jar -t 5 -s 0.1 -p 0.095 -M

I-shadowless —segment —nanless -0 Dts1234 -O speed -N all.
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java -Xincgc -Xms8000m -Xmx8000m -jar/Users/Applications/Chore.jar -t 5 -s 0.1 -p 0.095 -M
I-shadowless —segment —nanless -o Dtr1234 -O crabspeed -N all.

java -Xincgc -Xms8000m -Xmx8000m -jar/Users/Applications/Chore.jar -t 5 -s 0.1 -p 0.095 -M
I-shadowless —segment —nanless —plugin SpinesForward::rebias —plugin Reoutline::exp —plugin
Respine::0.23::tapered=0.28,1,2 -0 Dtm1234 -O length -N all.

java -Xincgc -Xms8000m -Xmx8000m -jar/Users/Applications/Chore.jar -t 5 -s 0.1 -p 0.095 -M
1-shadowless —segment —nanless —plugin Reoutline::exp —plugin
Respine::0.23::tapered=0.28,1,2—plugin SpinesForward::rebias —minimum-biased 3mm -o

DtC1234 -O cast -N all.

Depending on the follow-up analysis, these features were processed differently. To compare the
same feature among all species as shown in Figure 1A, the feature of interest was averaged in a
pre-determined time window for each individual and plotted as a violin plot. The time window for
crabspeed and curvature was between 0 and 5 s after the onset of stimulation. The time window
for calculating the speed before stimulation was the 5-s period immediately before the onset of
stimulation, whereas that for calculating the speed after stimulation was the 5-s period beginning
5 s after the onset of stimulation. The time window for calculating the speed after stimulation was
5 s later than crabspeed and curvature because the first 5 s was mostly composed of crabspeed but
not the speed along the body axis. The normalised speed was equal to the speed after stimulation

divided by the speed before stimulation.

- Behavior/action detection
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For the optogenetic assay, after extracting features from Choreography, we used a previously
developed behavior classification method '“*7 to detect and quantify the following behaviors:
hunching (Hunch), head-Bending (Bend), backwards crawling (Back-up), stopping (Stop),
peristaltic crawling (Crawl), and escape rolling (Roll).

For the thermal (heat probe or IR stimulation), mechanical, and chemical nociception
experiments, observers scored the behaviors manually. Rolling was defined as a 360-degree
rotation around the body axis. The experimentalist was blind to the genotype. The behaviors tested

by at least 2 independent observers were combined.

Larval dissections and immunocytochemistry

To analyze the location of sensory neurons in peripheral, we performed immunostaining for D.
melanogaster, D. santomea, D. virilis, D. persimilis, and D. biarmipes larvae. Third instar progeny
larvae were placed in phosphate-buffered saline (PBS; pH 7.4) in a Sylgard-coated dish and cut
along the dorsal midline, after which its body wall was pinned. Filleted larvae were fixed with
4.0% paraformaldehyde for 30 min at room temperature, and then rinsed several times in PBS with
0.4% Triton X-100 (PBS-X). Primary antibodies were used at a concentration of 1:50 for rat mAb
Elav-9F8A9 ** and 1:25 for mouse mAb Futsch-22C10 *' and then incubated overnight at 4°C.
Secondary antibodies were anti-mouse Alexa488 (diluted 1:250; Invitrogen) and anti-rat Alexa568
(diluted 1:250; Invitrogen). After overnight incubation in secondary antibodies, the tissue was
rinsed for several hours in PBS-X, and mounted in PRoLong Gold Antifade (Invitrogen).
Immunofluorescence images were acquired by a Zeiss LSM 710 confocal microscope with

20%/NAO0.8 and Zen digital imaging software (Zeiss). Optical sections or maximum intensity
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projections were adjusted, cropped, and exported for presentation using Fiji software (ImageJ, NIH
Bethesda).

FIB-SEM sample preparation

CNS of 1% instar larva of D. santomea were directly dissected out in fixative of 2.5 % folmaldehyde
and 2.5% glutaraldehyde in 0.06 M phosphate buffer at pH 7.4, and fixed for 2 hours at 22 °C.
After washing, the CNS were post-fixed in 0.5% osmium tetroxide in 0.05M sodium cacodylate
buffer for 40 min then treaded with 0.8% potassium ferricyanide in buffer for 2 hours at 4 °C. After
thoroughly washing, CNSs were incubated in 1% thiocarbohydrazide (TCH) in H>O for 15 min at
22°C, then thoroughly washed and followed by 2% osmium tetroxide in H>O for 30 min, After
then tissue was incubated with 0.5% aqueous uranyl acetate for 30 min at 4 °C then followed by
lead aspartate en bloc staining at 4 °C for overnight. A Progressive Lowering Temperature (PLT)
procedure started from 0 °C when the tissues were transferred into 10% acetone. The temperature
was progressively decreased to —25 °C while the acetone concentration was gradually increased
to 97%. The tissue was incubated in 1% osmium tetroxide and 0.3% uranyl acetate in acetone for
32 hours at —25 °C. After PLT and low temperature incubation, the temperature was increased to
22 °C, and tissues were rinsed in pure acetone then infiltrated and embedded in Durcupan (ACM
Fluka) **. One Durcupan embedded 1% instar larva of D. santomea sample, Santomeal1172016_04,
was chosen to prepare the high-resolution large volume images of the central nervous system (CNS)
from the A3 to T1 region. This sample was first mounted to the top of a 1 mm copper post that was
in contact with the metal-stained sample for better charge dissipation, as previously described *°.
A small vertical sample post was trimmed to the region of interest (ROI) with a width of 130 um
and a depth of 100 um in the direction of the ion beam for each sample. The trimming was guided

by X-ray tomography data obtained by a Zeiss Versa XRM-510 and optical inspection under a
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microtome. Thin layers of conductive material of 10-nm gold followed by 100-nm carbon were
coated on the trimmed samples using a Gatan PECS 682 High-Resolution Ion Beam Coater. The
coating parameters were as follows: 6 keV, 200 nA on both argon gas plasma sources, and 10 rpm

sample rotation with 45-degree tilt.

FIB-SEM 3D large volume imaging

The FIB-SEM prepared sample was imaged by a customized Zeiss NVision40 FIB-SEM system
as previously described *+>%_ The block face was imaged by a 3 nA electron beam with 1.5 keV
landing energy at 1.25 MHz scanning rate. A sample bias voltage of +400V was applied to filter
out the secondary electrons. The x-y pixel resolution was set at 10 nm. A subsequently applied
focused Ga+ beam of 27 nA at 30 keV strafed across the top surface and ablated away 5 nm of the
surface. The newly exposed surface was then imaged again. The ablation — imaging cycle
continued about once every minute for 13 days to complete the FIB-SEM imaging. The sequence
of acquired images formed a raw imaged volume, followed by post processing of image
registration and alignment using a Scale Invariant Feature Transform (SIFT) based algorithm.
Every two consecutive images were finally binned and averaged down to one, forming a 10 nm %
10 nm x 10 nm isotropic voxel size throughout entire volume. The aligned dataset consists of CNS
A3 to T1 region with a final volume of 70 pm % 55 pm X 105 pm, which can be viewed in any

arbitrary orientation.

Neuron reconstruction and analysis

We performed neuron reconstruction in a CATMAID # to obtain the skeletonized structure and

connectivity of the cells of interest. The process of reconstructing neurons in CATMAID involves
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starting with a specified neurite in a section of the electron microscopy data, and manually building
a 3-D skeleton representation of the neuronal morphology and the location of synaptic active zones
and synaptic partners. The synaptic connections mapped and reported in this study all represent
fast, chemical synapses. Synapses must match several criteria over multiple adjacent sections: a
thick, black, active zone; vesicles; presynaptic specializations (e.g., a T-bar on the presynaptic side);
and evidence of postsynaptic membrane specializations.

The neuronal reconstruction process has been previously described in detail !>, Briefly, to
identify sensory axons, reconstruction was initiated at the entry point of the nerves into the neuropil.
Because sensory neurons project ventrally in the nerve cord and motor neurons project dorsally
6768 the sensory axons were readily identified in the ventral portion of the nerve root. After
reconstructing the main cables of all sensory neurons, we characterized the axonal arbors to
identify mdIV neurons. For the annotation of mdIV targets in D. santomea FIB-SEM volumes, we
manually reconstructed neurons postsynaptic to the mdIV terminals. As our imaging data were
obtained from segments A3 to T2, we only reconstructed neurons that were located within
segments A3 to Als (i.e., local interneurons). After an experienced staff member first reconstructed
and annotated the synapses and their partner neurons, a second experienced staff member
independently reviewed the reconstruction and synapse annotation. We comprehensively reviewed
and fully reconstructed only neurons that received a total of at least 10 synaptic inputs from mdIV
neurons. In Drosophila, as in other insects, many neurons exhibit a stereotyped gross morphology,
which makes it possible to identify individual neurons. Furthermore, insect nervous systems are
largely bilaterally symmetric, with homologous neurons on the left and the right sides. In this study,
therefore, we validated the wiring diagram by /) independently reconstructing partners of

homologous neurons on the left and right sides of the nervous system, and 2) identifying the
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reconstructed homologous neurons from EM volumes of D. melanogaster data

(https://l1em.catmaid.virtualflybrain.org/) based on the shapes of the neurons and the locations of
their cell bodies.

Cable length and synapse numbers for each neuron, as well as dorsal and coronal views of neurons,
were obtained from CATMAID software. All connectome data for D. melanogaster were obtained
from D. melanogaster EM connectome data (https://l1em.catmaid.virtualflybrain.org/).

The EM volume data are available at https://ohyamalab.cs.mcgill.ca. Both the login name and

password are “readonly”.

Quantification and statistical analysis
Matlab was used for statistical analysis. The type of statistical test used in each experiment is
indicated in figure legends. Sample numbers are indicated in figure legends. P values are

represented by asterisks: **: p < 0.01, ***: p < 0.001
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Supplemental Video Title:

Video S1: Example of response to noxious heat in D. biarmipes, related to Figure 1
Video S2: Example of response to noxious heat in D. virilis, related to Figure 1
Video S3: Example of response to noxious heat in D. persimilis, related to Figure 1
Video S4: Example of response to noxious heat in D. santomea, related to Figure 1

Video S5: Example of response to noxious heat in D. melanogaster, related to Figure 1
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Figure S1. Drosophila species show a wide range of escape responses to noxious heat
stimulation. Related to Figure 1
(A) Violin plot of crawling speed before noxious heat in each species. Circles with filled inner

dots show the median values. Upper and lower edges of filled bars show 25" and 75%

percentiles, respectively.
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(B) Violin plot of curvature of body before noxious heat application. Circles with filled inner
dots show the median values. Upper and lower edges of filled bars show 25" and 75
percentiles, respectively.

(C) Violin plot of curvature of body after noxious heat application. Circles with filled inner dots
show the median values. Upper and lower edges of filled bars show 25" and 75" percentiles,
respectively.

(D) Correlation analysis between probability of rolling and area of larvae.

182



species name habitat land subgroup group 3" jnstar
D. simulans generalist mainland melanogaster melanogaster 4 days
D. sechellia specialist island melanogaster melanogaster 4 days
D. melanogaster generalist mainland melanogaster melanogaster 4 days
D. yakuba generalist mainland melanogaster melanogaster 4 days
D. santomea generalist island melanogaster melanogaster 4 days
D. erecta specialist mainland melanogaster melanogaster 4 days
D. biarmipes generalist mainland suzuki/takahashii melanogaster 4 days
D. ananassae generalist mainland ananassae melanogaster 4 days
D. persimilis generalist mainland obscura 4 days
D. pseudoobscura generalist mainland obscura 7 days
D. willistoni generalist mainland willistoni 4 days
D. virilis generalist mainland virilis 7 days

Table S1: Drosophid species used in this study. Related to Figure 1
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D.melanogaster D. santomea D. biampes D. virilis D. persimilis

1 2 1 2 3 4 5 6 1 2 3 1 2 3 1 2 3
Dorsal cluster

md 8 8 8 8 8 8 7 8 8 8 8 7 8 8 8 8 7 8
es S 5 5 5 5 5 4 5 5 5 5 5 5 5 5 5 5 5
subtotal 13 13 13 13 13 13 12 14 13 13 13 12 13 13 13 13 12 13
Lateral cluster

md 2 2 2 2 2 2 2 3 2 2 2 2 2 2 2 2 2 2
VCh 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ich 5 5 5 5 5 5 5 5 5 5 5 4 5 5 5 5 5 5
es 3 3 3 3 3 3 2 2 3 3 2 3 3 3 2 3 2 3
subtotal 1 1 11 "“1T 71T 1T 10 11 11 11 10 10 11 11 10 MM 10 M
Vv'cluster

md 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
es 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
subtotal 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
Ventral cluster

md 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
ch 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
es 3 3 3 3 3 3 3 3 3 3 4 3 3 3 2 3 3 3
subtotal 1

1 1" " 71T 71T 1T 1T 1T 11T 12 71T 71T 1T 11T 11T 11 M1
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Table S2. Number of sensory neurons in D. melanogasterD. santomea, D. biampes, D. virilis
and D. persimilis. Related to Figure 2

Notes: The leftmost column lists the types of sensory neurons, grouped into four clusters from
top to bottom, by location within the larval body: dorsal, lateral, ventral prime, and ventral. The
second column from the left shows the numbers (in bold) of each sensory neuron type
identifiable in an individual larva, as reported in the literature 5!. The columns to the right show
the corresponding numbers of neurons we identified from dissections performed in two D.
melanogaster, six D. santomaea, three D.biampes, three D.virilis and three D. persimilis larvae.
ch, chordotonal neurons; d, dorsal; es, external sensory neurons; md, multidendritic neurons, v’,

ventral prime.
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Cell Number
body of left left Left right right right

Neuron Name Neuron Type position Synapse dorsal medial ventral dorsal medial ventral
Neuron
292196_A2L_D&B D&B A2 57 15 20 18 2 2 0
neuron 199926 Ace/Dec Inter 55 22 9 18 3 3 0
A2_R_Chair Chair-1 A2 50 0 2 0 1 17 20
Neuron
219265_A2R_D&B D&B A2 48 0 2 0 10 25 11
neuron 3977 Ace/Dec Inter 47 27 5 10 5 0 0

Cand SelN138
Neuron 214395 Dec Inter 44 15 8 9 9 3 0
neuron 3967 Basin A3 44 9 12 18 1 3 1

Cand SelN138
neuron 45666 Dec Inter 38 3 2 1 17 5 0
Neuron 69015
putative basin 2 R Basin A2 37 0 0 0 28 4 5
Neuron 203347
A2R_pseudolooper3/4  A02n/m A2 37 17 2 5 9 4 0
A2_L_Chair Chair-1 A2 35 3 21 7 0 3 1
neuron 72844 putative
basin 2 L Basin A2 33 22 1 9 1 0 0
Neuron 219773
putative basin 1L Basin A2 33 12 10 5 3 3 0
neuron 54415 putative
basin 1 R Basin A2 30 0 3 0 13 14 0
neuron 197062 Cand AO20 Inter 30 14 4 7 2 3 0
A2_R_A27n A27n A2 26 0 7 1 2 14 2
neuron 133032 Unknown Inter 26 0 0 0 16 10 0

Cand A08n
Neuron 284599 Asc Inter 24 2 4 4 11 3 0
neuron 126189 Ace/Dec Inter 24 3 11 5 0 5 0
Neuron 282631 Cand A020 A2 23 0 1 1 12 9 0
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neuron 4601
A2R_pseudolooper3/4
Neuron 284030
neuron 65240 putative
basin 4 R

neuron 258300
A2L_pseudolooper3/4
A2_L_A27n

neuron 218890
Neuron 284476
putative basin 4L
neuron 218606
neuron 26482

neuron 186890
neuron 38703

neuron 8158

neuron 29388

Neuron 171223
A2L_pseudolooper3/4
neuron 123536

neuron 163036

A02n/m

Ace/Dec

Ace/Dec

A02n/m

A27n

Ace/Dec

Basin

Ace/Dec

Basin

Cand A08n

Ace/Dec

Basin

Chair

A02n/m

Ace/Dec

Ace/Dec

Inter

Inter

A2

A2

A2

Inter

A2

Inter

A3

Inter

Inter

A3

A1

A2

Inter

Inter

22

22

20

20

18

18

15

15

14

13

13

13

13

12

12

1

10

10

1

12

i

10

1

Table S3 Strong partners (>10 synapses from downstream of mdIV neurons) of mdIV

neurons and synapse number with each mdIV neurons. Related to Figure 4
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D.santomea Basin1 Basin1 Basin2 Basin2 Basin3 Basin3 Basin4 Basin4
Total Synapse number of Basin 337 317 235 291 222 263 168 165
Upstream neuron

mdiivA2 left dorsal 10 0 21 0 1 0 2 0
mdivA2 right dorsal 2 13 1 25 1 0 3 2
mdiv A2 left medial 10 3 1 0 0 0 5 3
mdiv A2 right medial 3 12 0 4 0 0 1 13
mdivA2 left ventral 5 0 8 0 1 0 4 0
mdivA2 right ventral 0 0 0 6 0 0 0 3

30 28 31 35 3 0 15 21
Fraction input from MdIV 8.90% 8.83% 13.19% 12.03% 1.35% 0.00% 8.93% 12.73%
A2|_Ich5-1 6 0 2 0 1 0 0 0
A2|_Ich5-24-1 0 0 1 0 0 0 0 0
A2|_Ich5-24-2 1 0 1 0 0 0 0 0
A2|_Ich5-3 5 0 0 0 5 0 3 0
A2|_lch5-5 3 0 2 0 1 0 0 0
A2r_lch5_24-1 0 4 0 2 0 0 0 0
A2r_Ich5_24-2 0 3 0 0 0 0 0 0
A2r_Ich5-1 0 1 0 5 0 0 0 0
A2r_Ich5-3 0 8 0 2 0 4 0 2
A2|_v'ch1 13 0 8 0 2 0 0 0
A2|_vchA/B_1 6 0 2 0 4 0 5 0
A2|_vchA/B_2 1 0 1 0 8 0 1 0
A2r_v'ch1 0 17 0 9 0 0 0 0
A2r_vchA/B_1 0 5 0 2 0 7 0 6
A2r_vchA/B_2 0 13 0 5 0 5 0 4
35 61 17 25 21 16 9 12

Fraction input from mechano-ch 10.39% 19.24% 7.23% 8.59% 9.46% 6.08% 5.36% 7.27%
D.melanogaster Basin1 Basin1 Babsin2  Basin2 Basin3 Basin3 Basin4 Basin4
Total Synapse number of Basin 360 393 301 337 249 172 198 206
Upstream neuron

ppk_ddaC_a1 0 0 0 7 0 0 3 0
ppk_ddaC_a1 0 0 4 0 0 0 0 5
ppk_v'ada_a1 0 0 0 12 0 0 19 0
ppk_v'ada_a1 0 0 12 0 0 0 0 10
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ppk_vdaB_at 2 0 2 0 0 1 2 15

ppk_vdaB_a1 0 1 0 1 0 0 14 5
2 1 18 20 0 1 38 35
Fraction input from MdIV 0.56% 0.25% 5.98% 5.93% 0.00% 0.58% 19.19% 16.99%
chos_Ich5-1_a1 0 9 0 1 13 0 4 0
chos_Ich5-1_a1 4 0 3 0 0 4 0 3
chos_Ich5-24-1_a1 0 9 0 0 0 0 0 0
chos_Ich5-24-1_a1 4 0 0 0 0 0 0 0
chos_Ich5-24-2_a1 0 5 0 1 0 0 0 0
chos_Ich5-24-2_a1 3 0 0 0 0 0 0 0
chos_Ich5-3_a1 2 0 2 0 0 3 0 0
chos_Ich5-3_a1 0 5 0 0 0 0 0 0
chos_Ich5-5_a1 0 0 0 1 0 0 0 0
chos_v'ch_a1 0 1 0 13 4 0 0 0
chos_v'ch_a1 1 0 6 0 0 0 0 0
chos_vchAB1_a1 5 0 0 0 0 10 0 8
chos_vchAB1_a1 0 4 0 0 9 0 0 0
chos_vchAB2_a1 0 9 0 0 12 0 3 0
chos_vchAB2_a1 1 0 1 0 0 11 0 9
30 52 12 16 38 28 7 20
Fraction input from mechano-ch 8.33% 13.23% 3.99% 4.75% 15.26% 16.28% 3.54% 9.71%

Table S4 Connectivity between Basins and mdlIV or chordotonal neurons in D. santomea

and D. melanogaster. Related to Figure 5

Supplemental Reference

S1.  Orgogozo V, Grueber WB. FlyPNS, a database of the Drosophila embryonic and larval
peripheral nervous system. BMC Dev Biol. 2005;5:4.
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CHAPTER 4 Discussion
1. Subtypes of Basin neurons have different functions in escape-rolling

Basin-1 and -2 have been found to favor different responses to vibratory mechanosensory
stimuli and to compete through various inhibition motifs (Jovanic et al., 2016). This finding
supports the idea that although Basin-1 to Basin-4 are all Basin neurons with similar morphologies,
they might perform different tasks under different scenarios.

Previous studies have revealed that Basin neurons receive sensory inputs from different
neurons: Basin-2 and Basin-4 receive both nociceptive inputs from mdIV neurons and
mechanosensory inputs from chordotonal neurons, while Basin-1 and Basin-3 only receive
mechanosensory inputs from chordotonal neurons (Ohyama et al., 2015). Varied inputs from the
sensory system suggest that they may function differently in the escape rolling circuit. Ohyama et
al. (2015) explored their functions and reported that Basin-2 and Basin-4 trigger rolling while
Basin-1 or Basin-3 do not. However, Basin-1 activation facilitated Basin-4-evoked rolling in a
supra-linear manner. This facilitation is also examined in Figure SC-E of Chapter 3, where the
activation of Basin-1 and Basin-2 increased not only the rolling percentage at the population level,
but also the total rolling events of individual larvae in a repeated stimulation protocol. The
connectome comparison in Chapter 3 illustrates that this Basin-1-mediated facilitation might be
enhanced in D. santomea due to strengthened nociceptive inputs onto Basin-1 neurons, which
results in an increased level of rolling. As mentioned above, Basin-3, like Basin-1, is not reported
to trigger rolling. Although evidence on their functional roles in escape rolling has yet to be
published, connectome data shows that Basin-3 is directly upstream of A0Oc (i.e., a group of

ascending neurons facilitating rolling in a supralinear way) and indirectly upstream of Goro (via
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both the VNC and the brain pathway. This connectivity suggests that similar to Basin-1, Basin-3
may also facilitate Drosophila larval escape rolling.

It should be noted that although rolling is triggered by activating either Basin-2 or Basin-
4, the rolling patterns differ, as indicated by the single activation data shown in Figure 8§ —
supplement 1A-C of Chapter 2. Whereas Basin-4 activation elicits a short burst of rolling
exclusively at the onset of the stimulation, Basin-2 activation triggers continuous rolling
throughout the period of stimulation. This finding suggests that distinct mechanisms may modulate
their firing patterns and functions. On the one hand, Basin-4 neurons seem to be in charge of rolling
initiation and possess mechanisms that suppress their prolongation. On the other hand, Basin-2
could be activated continuously to maintain the state of rolling and prevent automatic termination
of rolling. The elongated rolling events during Basin-2 activation suggest the existence of neural
mechanisms ensuring that Basin-2 rarely habituates to long periods of activation. In order to
examine such a mechanism, it would be helpful to record Basin-2 and Basin-4 firing with sensory
stimuli and simultaneously observe whether they fire for different durations. With the same stimuli
given to intact larvae, latencies of larval behavioral responses could also be recorded to compare
with the timing of Basin-2 and Basin-4 firing to test the association. Selective inhibition of either
Basin-2 or Basin-4 could provide more precise insights into whether or not they play different
roles within the escape circuit.
2. Drosophila larvae as an animal model for elucidating the neural bases of the hierarchical

suppression model of behavioral sequences

Ohyama et al. (2015) reported that Drosophila larval escape behavior triggered by Basin

neurons is a sequential behavior where rolling is followed by escape crawling (i.e., a locomotion
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faster than its standard form). This escape sequence was investigated in this thesis, and the results
supported the hierarchical suppression model better than other theories of action sequences.

The hierarchical suppression model was first introduced in a seminal work discussing
human typing behavior, demonstrating that mistakenly typed letters did not happen randomly
(Lashley, 1951). Rather, these letters were expected to be typed within the same word or the
immediate neighboring word in a sentence. Thus, Lashley (1951) posited that once the action
modules of typing different letters were activated simultaneously, they inhibited each other to form
an inhibition hierarchy. This mutual inhibition would establish the correct typing sequence,
whereby letters with a higher hierarchy were typed earlier. To summarize, the hierarchical
suppression model posits that in an action sequence: a) action modules are activated in parallel and
mutually inhibited; b) an inhibition hierarchy encodes the action sequence; and c) each action
terminates itself to allow the execution of other actions. To date, we have accumulated a good
amount of behavior-level evidence, although we still lack evidence at the level of neural circuits.

Drosophila larval escape behavior has the potential to serve as an animal model to provide
evidence for the hierarchical suppression model of behavioral sequences at both the behavioral
and neural circuit levels. With this strict sequence of rolling and the subsequent fast crawling,
previous research reported that when activated by Goro, rolling could be triggered without the
following fast crawling. This finding suggests the separate activation of rolling and fast crawling,
refuting a possible synfire chain explanation. The ramp-to-threshold model does not comply with
the Drosophila escape sequence either. According to the ramp-to-threshold model, the earlier
action in the sequence (i.e., rolling) would be activated with a lower threshold. In contrast, the data
(not present here) seemed to show the opposite (i.e., fast crawling being activated with a lower

threshold).
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The current evidence on the Drosophila larval escape sequence points to the hierarchical
suppression model. SeIN128 neurons supported this model since this feedback motif might
function in the self-termination of rolling and promote the consequential execution of fast crawling.
Notably, this finding implied inhibition from rolling to fast crawling because SeIN128 caused
rolling suppression and disinhibited fast crawling, leading to the earlier onset of fast crawling
shown in Chapter 2. Without rolling inhibiting fast crawling, the onset of fast crawling would not
be shifted. Although direct evidence of mutual inhibition has yet to be identified, given the current
Drosophila larval connectome data and powerful toolkit, this question will likely be resolved soon.
To the extent that the results support the hierarchical suppression model, the insights into
mechanisms at the circuit level could potentially be generalized to behavioral sequences observed
in other animal models.

3. Drosophila larval escape behavior serves as a model for action selection

At the transition from rolling to escape crawling, the Drosophila larval CNS performs
selection between these two options, meaning that Drosophila larval escape behavior might also
shine light on neural networks of action selection.

According to Redgrave, Prescott, and Gurney (1999), to be considered an animal model of
action selection, a system shall receive both internal and external information, calculate the
salience of each action, resolve the conflicts between the actions, allow the winning action to be
expressed, and disallow the losing actions. In Drosophila larval escape behavior, rolling and escape
crawling are mutually exclusive, and this conflict is resolved to display either of these behaviors.
This selection is driven by integrating multisensory information, possibly including internal cues.
Therefore, Drosophila larval escape behavior could serve as an animal model for action selection.

Especially when Basin-1 and Basin-2 have been investigated in the selection between hunching
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and turning, it is plausible that similar action selection motifs exist in this escape circuitry
involving Basin neurons. Besides, a recent report on the neural mechanisms of the competition
between feeding and escaping in Drosophila larvae showcased the integration of internal cues into
action selection, whose principles could be transferable to the selection between the two
components of escape behaviors (Nakamizo-Dojo et al., 2023).

For example, in the previous discussion on the functions of Basin-2 and Basin-4, the
elongated C-shape phenotype when Basin-2 is activated could be potential evidence where Basin-
2 favored escape rolling but not crawling by maintaining the C-shape and thus forbidding crawling.
The inhibition of Basin-2 by SeIN128 could thus be explained by these neurons’ role in inhibiting
rolling and promoting escape crawling. Since SeIN128 does not trigger crawling, it might be an
integrator that modulates the rolling and escape crawling circuits. To explore this possibility,
researchers would need further information on the circuit of escape crawling and how SeIN128
interacts with it. With a detailed understanding of both rolling and fast crawling circuits and their
interaction with potential integrators such as SeIN128, the puzzle of how Drosophila larvae
encode the action selection between these two responses could be solved.

4. Descending neurons play various roles in Drosophila behaviors

Descending neurons project from the brain to either the VNC in invertebrates or the spinal
cord in vertebrates. Based on their anatomy, it is reasonable to assume that they significantly
convey higher-level information from the brain to local circuits. It has been reported that
descending neurons initiate, maintain, modulate, and terminate behaviors (Capelli et al., 2017;
Cregg et al., 2020; Severi et al., 2014).

In Drosophila, previous research has shown that descending neurons mainly induce

modular behaviors and has discussed their function in initiating various behaviors, including
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courtship, grooming, and backward-walking behaviors (Bidaye et al., 2014; Guo et al., 2022;
Nakamizo-Dojo et al., 2023). Besides, descending neurons also regulate the speed or direction of
adult flying and walking (Bidaye et al., 2014; Schnell et al., 2017). Notably, descending neurons
trigger different behaviors in female courtship behavior depending on their activation intensities.
This result has been a useful animal model for ramp-to-threshold model of action sequences
(McKellar et al., 2019). In Chapter 2, we reported that a pair of descending neurons, SeIN128,
inhibits Drosophila larval escape behavior, implying their role in terminating this behavior.
Similarly, with sugar intake after starvation, descending neurons inhibit escape behavior
(Nakamizo-Dojo et al., 2023). Although the evidence of descending control of behavior
persistence in Drosophila is lacking thus far, there are reports on this function of descending
neurons in cricket walking behaviors (Naniwa & Aonuma, 2021). Given the similar walking
patterns in crickets and adult Drosophila, Drosophila might also possess descending neurons with
such a function.

In conclusion, Drosophila descending neurons conduct numerous functions in regulating
behaviors, including behavior initiation and modulation. The similarity in the roles played by
descending neurons in descending controls of behaviors between Drosophila and other animal
models calls for more future studies using descending neurons in Drosophila as a model to depict
their neural characteristics and significance in behavioral control.

5. Motor motifs are involved in the escape rolling sequence

Previous studies have focused on illustrating the sensory neurons and integration neurons
in the escape rolling circuit but have left the motor control segments less explored (Burgos et al.,
2018; Dason et al., 2020; Hu et al., 2017; Hu et al., 2020; Im & Galko, 2012; Imambocus et al.,

2022; Kaneko et al., 2017; Ohyama et al., 2015; Oikawa et al., 2023; Takagi et al., 2017; Tracey
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et al., 2003; Yoshino et al., 2017). Although the connectome has been available for a while, the
functions of motor and premotor neurons in this circuit still need to be discovered. Only Goro, the
command-like neuron, and SNa, the motor neuron, have been reported to activate rolling (Ohyama
etal., 2015; Yoshino et al., 2017).

In Chapter 3, however, we reported that A27n received more sensory input from mdIV
neurons in D. santomea. The fact that A27n innervates MN22/23-1b, the same muscle as
innervated by SNa motor neurons, suggests that the enhanced nociceptive input onto A27n could
be relayed to the muscle necessary for rolling with only one synapse and thus contribute to the
increased rolling in D. santomea (Kim et al., 2009; Zarin et al., 2019). In addition, Basin-2 targets
a group of neurons not downstream of Basin-4. In this group, A0O2m and A02n are inhibitory
neurons downstream of SeIN128 and upstream of RP2, the motor neuron activating dorsal muscles
to trigger the C-shape (Masson et al., 2020; Zarin et al., 2019). This connectivity indicates that
SeIN128 activation can disinhibit RP2 to promote the C-shape, which may suppress perpendicular
sliding, an essential action in rolling.

As discussed above, being the execution part of this escape-rolling neural circuit, motor
motifs have the potential to be involved in modulating behavior outcomes. A more in-depth motor
circuit analysis would significantly benefit our understanding of Drosophila larval escape behavior.
6. Evolutionary studies shine a light on the encoding of escape sequences

Developmental studies have provided insights into evolutionary research since the seminal
report of the homeotic gene expressed in multiple metazoans to regulate their axis patterning
(Lewis, 1978; McGinnis et al., 1984). Conversely, evolutionary comparisons reveal the
development of differences between closely related species. Due to the similarity in the anatomy

of nervous systems across phyla, differences in nervous systems and their behavioral outcomes
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could originate in more subtle alterations at a micro level, for example, at the cellular or molecular
level (Katz, 2011; Katz & Harris-Warrick, 1999). This perspective allows researchers to investigate
the neural mechanisms of given behaviors if they could identify species that differ in the behaviors
of interest, such as the role of pdfin Drosophila circadian rhythm (Bahn et al., 2009).

Drosophila larval escape behavior can be investigated in this way, too. In Chapter 3, we
compared the larval escape behavior in drosophilids and targeted D. santomea as a super-roller.
By investigating the connectomic differences between D. santomea and D. melanogaster, the
synaptic connection between multidendritic class IV neurons and Basin-1 was targeted to cause
the increased escape rolling behavior in D. santomea. To examine this possibility, Basin-1 was
activated in D. melanogaster to simulate the neural activities in D. santomea, which recapitulated
the increase in escape rolling. What was found in Chapter 3 indicates that comparing Drosophilid
species provides researchers with a fresh perspective to identify the subtle yet influential
differences in the neural mechanisms and their corresponding effects on Drosophila larval escape
behavior. All these significant motifs lead to a more thorough understanding of the functional
encoding of this escape sequence in this larval escape behavior.

7. Action sequences are likely compatible with several mechanisms

Three major hypotheses have been proposed in the field of action sequences to decode their
neural circuits - synfire chain, ramp-to-threshold, and hierarchical suppression hypothesis (Abeles,
1982; Lashley, 1951; Manning, 1960). Numerous pieces of evidence have been reported to support
each hypothesis, which may be responsible for different action sequences in various animal models
(Averbeck et al., 2002; Diesmann et al., 1999; Geddes et al., 2018; Henry & Rogers, 1960; Long
etal.,2010; McKellar et al., 2019; Seeds et al., 2014; Vijayan et al., 2023). However, since different

frameworks were found to function within the same animal but in different behaviors, these
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frameworks may coexist with each other. To take a further step, we cannot even eliminate the
chance that these frameworks coexist in the same action sequence, and combining various
frameworks allows the CNS to encode action sequences with fewer mistakes. In this Drosophila
larval escape sequence, Goro-activated rolling events were not followed by fast crawling events,
refuting the synfire chain hypothesis. However, the inhibition of Goro activation reduced the
percentage of larvae performing fast crawling when the entire escape sequence was triggered by
Basin activation (data not shown). This observation suggested that Goro activation or downstream
events could send feedback signals to integrators to inform them of the activation of the action
module of rolling, which facilitates the command of fast crawling. This hypothesis implies the
existence of a plausible partial synfire chain that is necessary but insufficient to evoke fast crawling
behavior. If true, this encoding mechanism could prevent fast crawling from occurring before
rolling, thus ensuring that the optimal escape sequence is performed. In addition, SeIN128 fires in
a gradual manner, which is an essential feature of the ramp-to-threshold hypothesis. Although
SeIN128 does not initiate rolling or fast crawling, other neurons may encode the larval escape
sequence following the ramp-to-threshold model. The Drosophila larval escape sequence may
employ several paradigms with different motifs to encode the complete functional sequence.
8. Limitations

There are several limitations to the studies mentioned in this thesis. First, it would be ideal to
activate SeIN128 only to conclude that these neurons are the rolling-inhibiting neurons in
SS04185-expressing neurons. However, there is no single genetic line that manipulates only
SeIN128. In the effort to express sporadic neurons in SS04185-expressing neurons, the expression
of MB neurons was never eliminated due to the approximate ratio of 1:80 of the neuronal counts

between SeIN128 and SS04185-MB neurons. Second, when testing whether activation of SeIN128
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inhibits the firing of Basin, Basin was activated with CsChrimson to achieve baseline activation
so that inhibition could be observed. Due to the limitations of genetic tools, Basin and SeIN128
neurons both express CsChrimson and GCaMP6s, causing differential levels of baseline activation
of the Basin with different activation irradiances. Ideally, the conclusions would have been more
evident if Basin and SeIN128 were driven by different binary systems and activated by different
wavelengths of light to accomplish individual neural control between these two groups of neurons.
0. Concluding remarks

Overall, this thesis explored the stereotyped escape sequence of Drosophila larvae from
diverse perspectives and identified essential motifs in this sequence. These findings enable us to
discuss the specific encoding mechanisms and general underlying models for action sequences.
GABAergic SeIN128 neurons and their relevant feedback motif allow the self-termination of
rolling and promote fast crawling. Therefore, SeIN128 identification and investigation have
supported the hierarchical suppression model in action sequences and strengthened the
significance of descending neurons in behavior control. Chapter 3 has highlighted the importance
of the mdIV-to-Basin-1 connection in escape-rolling and encourages similar comparative studies
in closely related species to elucidate the neural mechanism of behaviors. Both Chapter 2 and
Chapter 3 showcase the different functions of subtypes of basin neurons in this escape sequence.
Basin-2 and Basin-4 neurons both trigger rolling, but Basin-2 neurons promote the prolongation
and suppress other escape behaviors, while Basin-4 neurons elicit shorter rolling bursts and
continue with fast crawling behavior. Basin-1 neurons do not trigger rolling but facilitate both
rolling and fast crawling in this sequence. In addition, the difference between the functions of
Basin neurons and the enhanced rolling behaviors in D. santomea may be explained by premotor

and motor neuron networks, motivating further research on this topic.
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