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Abstract 
 

Animals typically avoid dangerous situations with stereotypic escape behavior. For instance, 

Drosophila larvae perceive intense blue light as noxious stimuli and respond with stereotypic escape 

behavior consisting of rapid forward locomotion, head-casting, rolling, or backward locomotion. 

Two sensory systems mediate the light-induced larval escape behavior redundantly: the 

photoreceptor-containing Bolwig's organ (BO) located on the head and the class IV dendritic 

arborization (C4da) neurons that tile the body wall. Either one of these sensory systems can evoke 

escape behavior, although the relationship between BO and C4da neurons at the neural circuit level 

remains elusive. Therefore, I asked how these two distinct sensory pathways can be integrated into a 

neural circuitry and evoke appropriate escape behavior. 

 

First, to identify neurons that evoke a specific type of escape behavior, I conducted an optogenetic 

behavior screening in which particular subsets of neurons are optogenetically activated to analyze 

induced behavior. Consequently, I identified two sets of neurons that evoke robust backward 

locomotion, one type of escape behavior upon optogenetic activation. The first set is reported as the 

Moonwalker Descending Neurons (MDNs), whose activation induces backward locomotion. The 

other set of neurons evoked similar behavior to the one induced by MDN activation, although it was 

composed of a different subset of novel neurons. I named this novel subset of neurons the Ascending 

Moonwalker-like Backward neurons (AMBs). 

 

To further characterize MDNs and AMBs, I determined the transmitter identity and the 

morphology of each neuron. I found that AMBs were choline acetyltransferase (ChAT) positive 

neurons using immunofluorescence, suggesting that they are cholinergic neurons. From the 

morphological analysis, I found that MDNs were composed of two pairs of descending neurons, 

while AMBs were composed of one pair of ascending neurons. 
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Considering the observation that activation of either AMBs or MDNs triggers similar backward 

locomotion, I hypothesized that AMBs and MDNs might function in the same neuronal circuits. To 

test this possibility, I analyzed the relationship between AMBs and MDNs morphologically and 

functionally. First, I dual-labeled AMBs and MDNs and found that AMB axons were closely 

apposed to MDN dendrites, implying that AMBs are presynaptic to MDNs. This was directly 

confirmed by the GFP Reconstitution Across Synaptic Partners (GRASP) analysis between MDNs 

and AMBs, in which the GRASP signals were located at the presynaptic terminal of AMBs. The 

synaptic connection between AMBs and MDNs was further validated by functional analysis using 

Ca2+ imaging and optogenetics. Finally, behavioral analysis indicated that AMBs function upstream 

of MDNs. Although activation of AMBs induced repetitive backward waves in the control 

experiment, silencing of MDNs by tetanus toxin (TNT) significantly reduced this behavior. Taken 

together with my morphological and functional analyses, I conclude that AMBs function 

presynaptically to MDNs to evoke backward locomotion. 

 

The results obtained so far indicate that the AMB-MDN pathway induces backward locomotion, 

however, upstream of the pathway still remains elusive. Thus, I asked which sensory pathways might 

be mediated by the AMB-MDN pathway using an optogenetic behavior assay and Ca2+ imaging. I 

first showed that MDN silencing inhibited backward waves induced by BO and C4da neurons, while 

AMB silencing inhibited backward waves induced by C4da neurons but not by BO. I next showed 

that optogenetic activation of C4da neurons, but not BO, resulted in a significant increase of Ca2+ 

signal in AMBs. I further tested whether AMBs indeed relay physiological blue light information 

from the C4da pathway or not by Ca2+ imaging. I found that control larvae showed a significant 

increase of Ca2+ signal in AMB somas in response to blue light irradiation while C4da-ablated larvae 

did not. Taken all the data together, I concluded that the AMB-MDN pathway mediates noxious blue 

light signals from C4da sensory neurons to evoke backward locomotion. 
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In summary, my study revealed a local neural circuit that mediates backward locomotion induced 

by noxious information. My data indicate that AMBs, which are newly identified backward neurons 

in this study, are direct presynaptic partners of MDNs, command-like neurons for backward 

locomotion induced by noxious light. AMBs are essential for C4da-induced backward waves but are 

not required for BO-induced backward waves. Based on the following lines of evidence, I propose 

that MDNs would work as convergence points for distinct sensory inputs to integrate signals in order 

to trigger backward locomotion. First, AMBs are direct presynaptic partners of MDNs. Second, 

AMBs are not required for BO-induced backward waves. Third, MDNs are required for backward 

locomotion induced by noxious light, which is mediated by BO and C4da neurons redundantly. My 

findings could further contribute to the elucidation of the circuit-based mechanism of how multiple 

sensory inputs are integrated to regulate specific behavior. 
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Abbreviations 

 

ATR  All-trans retinal 

AMB  Ascending Moonwalker-like Backward neuron 

BO   Bolwig’s organ 

ChAT  Choline acetyltransferase 

C3da neuron Class III dendritic arborization neuron  

C4da neuron Class IV dendritic arborization neuron  

CNS   Central nerve system 

GABA  Gamma Aminobutyric Acid 

GRASP  GFP reconstitution across synaptic partners  

LC16 neurons Lobula columnar 16 neurons 

MDN  Moonwalker Descending neuron  

PBS   Phosphate-Buffered Saline 

ROI   Region of interest 

SEZ   Subesophageal zone 

TEM  Transmission electron microscopy 

TLA neurons TwoLumps Ascending neurons  

TNT   Tetanus neurotoxin light chain 

UAS  Upstream activating sequence  

VGluT  Vesicular glutamate transporter  

VNC  Ventral nerve cord 
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Introduction 
 

Locomotion is an evolutionally conserved motor function. Most animals can move not only in the 

forward direction but also in other directions. For example, legged vertebrates use the spinal network 

to walk in any direction [1,2]. Even if the animals do not have legs, they have their way of changing 

the direction of locomotion. Lower vertebrates such as lamprey or zebrafish can swim backward [3,4]. 

Invertebrates such as nematodes or fly larvae can crawl backward [5,6]. The change in the direction 

of locomotion is usually generated in the context of avoidance behavior and is critical for animals to 

avoid danger [7–9]. Among various types of locomotion changes, the selection between forward and 

backward locomotion is especially important to avoid injury or predation since forward, and 

backward locomotion is mutually exclusive. Thus, animals often have dedicated neural systems for 

backward locomotion [5,10]. In the vertebrates, the spinal network and supraspinal commands 

determine the direction of locomotion specifically for each direction. The mesencephalic locomotor 

region has been reported as a command center of forward locomotion [11,12]. However, the 

existence of command centers for other directions such as sidewalks or backward remains unknown. 

In the invertebrate's model system, Caenorhabditis elegans has dedicated motor neurons and 

command-like neurons for forward and backward locomotion [5,13–15]. Command-like neurons are 

small subsets of neurons whose activation results in the initiation of a specific physiological behavior 

[8,16,17]. Using a relatively simple model with tractable neural circuits, previous studies have revealed 

neural mechanisms underlying the control of the locomotion direction [18,19]. However, it remains 

unclear how other organisms having more complex nervous systems, such as insects and mammals, 

could control locomotion directions. Here I use the model animal, Drosophila melanogaster, to 

tackle this issue. The Drosophila nervous system is relatively complex, consisting of 10,000–15,000 

neurons [20], and produces stereotyped locomotor behavior repertoires, including forward 

locomotion, bending, and backward locomotion. Importantly, sophisticated genetic tools to 

manipulate specific cell types such as the GAL4/UAS binary expression system, the LexA/LexAop 
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system as well as the thousands of the GAL4 or the LexA line collections, are available for the 

Drosophila research [21,22], allowing the expression of transgenes that enable manipulation of 

neuronal activity in genetically-defined subsets of neurons. 

A recent study reported that Drosophila larvae also have backward and forward specific neural 

systems as vertebrates or nematodes have [23]. As a descending control for backward locomotion, 

Drosophila utilizes the command-like Moonwalker Descending Neurons (MDNs) that are two pairs 

of descending cholinergic neurons in the brain [6,24]. MDNs keep the role of regulating backward 

locomotion from the larval stage to the adult stage [6]. Structural studies utilizing transmission 

electron microscopy (TEM) and functional studies utilizing a calcium indicator showed that MDNs 

promote backward locomotion in response to mechanical stimuli, presumably through activating the 

backward-specific premotor neurons and simultaneously suppressing forward premotor neurons 

through distinct postsynaptic partners in the larval stage such as ThDN, A18b, and Pair1 [6]. 

Although a previous study focused on the motor circuits located downstream of larval MDNs [6], 

sensory control of backward locomotion in the larval stage remains unclear. The study reported that 

MDNs have 396 upstream synaptic inputs per cell on average, but it failed to detect mono-synaptic 

sensory input into MDNs in the larval stage [6]. In the adult stage, two sets of upstream neurons have 

been reported: the lobula columnar 16 (LC16) neurons and the TwoLumps Ascending (TLA) neurons, 

which convey visual inputs from photoreceptor cells and touch inputs from legs, respectively [25,26]. 

However, there has been no report on the upstream neurons sending synaptic inputs to the larval 

MDNs. 

Some sensory circuits are assumed to be located upstream of MDNs to induce backward 

locomotion in response to sensory stimuli. Previous studies reported that several types of stimuli 

could induce backward locomotion in Drosophila. One is mechanosensory stimuli, which are 

achieved by a "dead-end" in the adults [24,25] or a head-poke in the larvae [6,27]. The other is visual 

stimuli, which are achieved by looming visual stimuli in the adults [28] or blue light irradiation on 

the anterior part of the body in the larvae [27,29]. 
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The mechanical response of Drosophila larvae depends on two types of sensory neurons: the class 

III dendritic arborization (C3da) neurons and the class IV dendritic arborization (C4da) neurons (Fig. 

1) [30]. Both C3da and C4da neurons cover the entire body wall of larvae and project to the ventral 

nerve cord (VNC). The two sensory neurons express different mechanotransduction channels so that 

they receive different amplitudes of mechanical stimuli. C3da neurons express the 

mechanotransduction channel No mechanoreceptor potential C (NompC) to sense gentle touch [30], 

whereas C4da neurons express Piezo and pickpocket (ppk) to sense noxious mechanical stimuli but 

not gentle touch [31]. Previous studies on the larval MDN utilized a head-poke conducted by both 

harsh touch and gentle touch [6,27]. Thus, it is possible that either C4da or C3da pathways are 

upstream of MDNs. Consistent with this idea, a recent study has identified a subset of neurons in the 

VNC, Wave neurons, which are secondary neurons of C3da and C4da sensory neurons to induce 

segment-specific escape behavior including forward or backward locomotion [27]. However, this 

study showed that the Wave circuit sufficiently induced backward locomotion even without a 

connection between the VNC and the brain [27]. This result indicates that Wave neurons can induce 

backward locomotion within a neural circuit in the VNC and that Wave neurons do not necessarily 

connect to MDNs functionally to induce backward locomotion. Hence, little is known about the 

upstream circuits that convey signals to MDNs for backward locomotion upon mechanical 

stimulation. 

The visual response of Drosophila larvae depends on two partially redundant sensory systems, the 

Bolwig's organ (BO) and the C4da neurons (Fig. 1) [29]. The BO is a pair of a cluster of 

photoreceptors located on the larval head and project to the brain [32,33]. Similar to the 

mechanosensory system, the two sensory neurons use a different molecular mechanism to sense light 

having different wavelengths. The BO expresses two types of rhodopsin, Rhodopsin 5 (Rh5) and 

Rhodopsin 6 (Rh6), which sense blue and green, respectively [32]. The C4da neurons express two 

isoforms of dTRPA1 and sense photochemical H2O2 production by strong UV or blue light irradiation 

[34]. The ablation of either BO or C4da neurons attenuates light responses toward blue light 
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irradiation, and the effects are additive [29]. Although recent studies have identified several neurons 

that are downstream of C4da sensory neurons to evoke rolling behavior [27,35–38] or BO to control 

light avoidance [32,39–42], their downstream circuits that control backward locomotion remain to be 

elucidated. Furthermore, although their contributions to light-sensing are additive, it remains mostly 

unknown how BO and C4da sensory circuits are integrated to evoke escape behavior upon light 

irradiation [29]. 

In the present thesis, I identified a pair of neurons in the subesophageal zone (SEZ), designated as 

the Ascending Moonwalker-like Backward neurons (AMBs), which induce repetitive backward 

locomotion through a non-biased optogenetic screening. My structural and functional analyses 

showed that AMBs are presynaptic to MDNs and send excitatory signals to MDNs to elicit backward 

locomotion. Further behavioral and functional analyses revealed that AMBs specifically relay 

noxious information from C4da neurons, but not from BO to MDNs in order to trigger backward 

locomotion. My present thesis thus uncovered neural circuit mechanisms in which two distinct 

sensory pathways for noxious stimuli are integrated to evoke specific escape behavior. 
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Materials and methods 
 

Fly stock and Transgenic Flies 

 

I used both male and female early third instar larvae (after egg laying 72-96 h) of Drosophila 

melanogaster in all experiments. I raised larvae on the standard medium at 25°C in the total dark 

condition unless otherwise specified. I obtained fly stocks carrying w1118 (BL#3605), tub-GAL80ts 

[43] (BL#7017), tub-FRT-GAL80-FRT (BL#38880), UAS-TNT(BL#28838), UAS-

CsChrimson::mVenus (BL#55135, BL#55136), R27H06-LexA (BL#54751), VGlut-

GAL80[MI04979] (BL#60316), R60F09-GAL4 (BL#39255), R60F09-LexA (BL#61576), R73D06-

GAL4 (BL#46692), R73F04-GAL4 (BL#49623), R60F09-GAL4DBD (BL#75644), R11E07-p65AD 

(BL#68816), UAS-mCD8GFP (BL#5137), UAS-GCaMP6m (BL#42748), LexAop-

CsChrimson::mVenus (BL#82183), LexAop-GAL80 (BL#32215), LexAop-GCaMP6m(BL#44276), 

LexAop-GCaMP6s (BL#44590), UAS-mCD8RFP (BL#32229), LexAopmCD8GFP (BL#32229), 

GMR-GAL4 (BL#1104), ppk-GAL4 (BL#32079), NompC-GAL4 (BL#36369), UAS-post-t-GRASP 

and LexAop-pre-t-GRASP (BL#79039) and UAS-DenMark (BL#33061) from Bloomington 

Drosophila Stock Center. Otd-FLPo by David Anderson (California Institute of Technology); tsh-

GAL80 by Gero Miesenböck (University of Oxford); LexAop-rCD2RFP by Tzumin Lee (Janelia 

Research Campus); UAS-BrpD3::mCherry by Takashi Suzuki (Tokyo Institute of Technology); 

SS01613-GAL4 by Chris Doe (University of Oregon); 19-12-GAL4 and repo-GAL80 by Jay Parrish 

(University of Washington); UAS-rpr, UAS-hid by Douglas Allan (University of British Columbia). 

R73F04-LexA by cloning R73F04 from the genome of w1118 using the primers described in FlyLight 

(http://flweb.janelia.org/) into pENTR 1A vector (Thermo Fisher Scientific, A10462) and 

subsequently exchanged to pBPnlsLexA::p65Uw (Addgene, #26230) according to the previously 

described method [21]. I generated Gad1-2A-GAL80 using the CRISPR/Cas9 system as described in 

the previous studies [44,45]. I inserted transgene encoding the 2A peptide and the GAL80 gene in 

front of the stop codon of the Gad1 gene with the following 20-bp guide RNA (gRNA) sequence: 5′-

http://flweb.janelia.org/
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GCCTGGGCGACGACTTGTAA-3′. The engineered locus encodes a bicistronic transcript that 

produces Gad1 and GAL80 proteins, thereby allowing me to express GAL80 in the same 

spatiotemporal pattern as the endogenous Gad1 protein. 

 

The optogenetic screening 

 

In order to systematically identify any neurons that, upon activation, would show a specific type of 

escape behavior, I designed an unbiased optogenetic screening in the third-instar Drosophila larvae. 

This screening used the Janelia collection of GAL4 lines [22] and UAS-CsChrimson [46] transgenes 

to express light-gated cation channels in arbitrary neurons. In addition, I used tsh-GAL80 [47,48] that 

is a transgene to induce GAL80, which is a suppressor of GAL4 activity, in the VNC in order to 

specify the expression of CsChrimson in the neurons locating in the brain or the SEZ because the 

VNC include the somas of motor neurons whose activation can mask the behavioral effect of other 

neurons' activation. I crossed 5 male flies of GAL4 lines with 20 female flies harboring UAS-

CsChrimson and tsh-GAL80 transgenes and then collected the eggs for 24 hours. The larvae grew in 

the standard medium containing 0.5 mM all-trans retinal (ATR; Sigma Aldrich, #R2500) at 25°C. I 

floated larvae using 20% sucrose, and then gently washed by distilled water to collect them on an 

agarose plate. The behavioral experiment was conducted on a 1% agarose gel plate in φ 9 cm plastic 

dish. I placed 15 larvae on the center of the plate at one trial. I repeated three trials for each genotype. 

For optogenetic activation, I applied 617 nm light (Thorlabs, M617L4, 34.0 μW/mm2) for 5 minutes. I 

recorded the larval behavior with CCD Camera (Thorlabs, 1500M-GE) for 1 fps with the infrared 

background illumination (CCS, LDR2-132IR940-LA), and classified its behavior phenotype 

manually. 

 

Immunohistochemistry 

 

I dissected early third instar larvae in phosphate-buffered saline (PBS) and fixed them in 4% 

paraformaldehyde/PBS for 15 minutes at room temperature. For imaging without staining (Figs. 2-5, 

8, and 16), I moved the larval CNS into 0.3 % Triton X-100/PBS (PBT) and incubated for 3 hours at 
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4°C after fixation. Then I moved the samples in VECTASHIELD mounting medium (Vector 

Laboratories, H-1000) to incubate for 3 hours, and imaged with confocal microscopy (Leica TCS 

SP8). For imaging with immunohistochemistry (Figs. 6 and 9), I moved the samples into PBT to 

incubate for 30 minutes after fixation. I blocked them for 30 minutes in PBT containing 5% normal 

goat serum (NGS) at 4°C on a shaker. I subsequently incubated the samples with a primary antibody 

diluted in 5% NGS/PBT at 4°C overnight. After washing the samples with PBT 5 times for 10 

minutes each, I blocked them for 30 minutes in 5% NGS/PBT. I subsequently incubated the samples 

with a secondary antibody diluted in 5% NGS/PBT at 4°C overnight. After washing the samples with 

PBT 5 times for 10 minutes each, I transferred the stained samples into VECTASHIELD to incubate 

for 3 hours at 4°C and imaged with confocal microscopy. The antibodies used in this study and the 

dilutions are as follows: anti-ChAT (mouse monoclonal; hybridoma bank 4B1; 1:50), anti-GABA 

(rabbit polyclonal; Sigma Aldrich #110M4781; 1:100), anti-VGluT (rabbit polyclonal; a gift from 

Hermann Aberle [49]; 2-DVl-lut-N-TRIM (N); 1:400), anti-mouse Alexa Fluor 635 (goat IgG; 

Molecular Probes, #A31575; 1:500), anti-rabbit Alexa Fluor 633 (goat IgG; Molecular Probes, 

#A21071; 1:500), anti-HA (1:50; rat monoclonal; 3F10; Roche, 11 867 423 001) and anti-rat Cy5 

(1:500; goat IgG; Molecular Probes, #A31575). 

 

Optogenetics in free-moving larvae 

 

The larvae grew in the standard medium containing 0.5 mM ATR at 25°C. I floated larvae using 

20% sucrose, and then gently washed to collect them on an agarose plate. The behavioral experiment 

was conducted on a 1% agarose S gel plate (Wako, #13-90231) in φ9 cm plastic dish. I placed one 

larva on the center of the plate at one trial. For optogenetic activation, I applied 30 seconds of 640 

nm light (Lumencor Spectra X7, 2.84 μW/mm2 for Figs. 11A-11G or 93.3 μW/mm2 for Figs. 3, 4, 

11H-11I and 17) for CsChrimson activation. I recorded the larval behavior with sCMOS-Camera 

(Andor, Zyla 5.5) for 1 minute at 20 fps under a stereomicroscope (Olympus, MVX10) with the 

infrared background illumination (CCS, LDR2-132IR850-LA). 
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Blue light assay 

 

The larvae grew in the standard medium at 25°C. I prepared the larvae and equipment in the same 

way as described in the optogenetics assay above. For stimulation, I applied a 440 nm spotlight (φ0.5 

cm, 245 μW/mm2, Lumencor Spectra X7) to the larvae on the agarose plate for five seconds. I targeted 

the light application to the anterior half of the larval body to induce backward locomotion. If the light 

did not cover the anterior half of the body, I excluded the trial from the analysis to minimize the 

variance of the stimulation. I performed one trial for each animal. 

 

Dead-end assay 

 

I prepared the larvae and equipment in the same way as described in the blue light assay above. I 

cut a pipette tip for 200 μl (WATSON) into 1 cm long from its pointed end and fused its terminal by 

heat to make a "dead-end" tube. I let the animal into the tube and waited until it voluntarily reached 

the dead-end. I started recording for 1 minute from their arrival at the dead-end. When the larva 

failed to reach the dead-end within 1 minute from the entry to the tip, I excluded the trial from the 

analysis. I performed one trial for each animal. 

 

Gentle touch assay 

 

I prepared the larvae and equipment in the same way as described in the blue light assay above. As 

a stimulus, I used an eyelash hair that has been glued to the end of a pipette tip, which could apply a 

force in the range of 1–10 μN [50]. I stroked the animal four times with intervals of 10-15 seconds in 

1 minute for one trial. I performed one trial for each animal. 

 

Behavioral Analysis 

 

I quantified larval backward waves manually. I counted larval waves when larvae showed a 

sequence of muscle contractions across segments with the direction from anterior to posterior 

(backward) or posterior to anterior (forward). I counted rolling events when larvae showed more than 

one complete rotation toward the lateral side. For Figs. 3, 4, and 11A-11G, I analyzed 10 seconds 
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before or after the optogenetic stimulation onset. For Figs. 11H-1I and 17, I analyzed the entire 30 

seconds of stimulation periods. For Fig. 12, I analyzed the whole recording period to count the 

number of backward waves. For Fig. 13, I analyzed larval behavior from the first frame of applying a 

stroke to the last frame for each trial. For Fig. 14, I analyzed 10 seconds after the onset of the blue 

light delivery. I counted larvae as "respond to blue light using backward waves" only when larvae do 

not show forward waves between the onset of light and the timing of backward waves. For Figs. 7, 11, 

and 15, I utilized FIMTrack [51] to track larval behavior. I picked up "go state", "bending state", and 

"coiled state" among the parameters calculated by the software. I defined "forward run" as the state 

in which "go state" is on and backward waves have not occurred, "bend" as the state where either 

right or left "bending state" is on, and "stop" as the state where neither "go state" nor "bending stop" 

is on. I excluded timeframes measured as a coiled state because FIMTrack fails to extract the posture 

correctly in coiled animals. 

 

Calcium Imaging 

 

I grew the larvae in the standard medium containing 0.5 mM ATR. The third instar larvae were 

pinned down on a silicon dish (Silpot 184, Dow Corning Toray) and dissected along the dorsal 

midline in the calcium-free HL3.1 buffer (NaCl 70 mM, KCl 5 mM, MgCl2 4 mM, NaHCO3 10 mM, 

Trehalose 5 mM, Sucrose 115 mM, HEPES 5mM, pH 7.2 [52]). I removed the internal organs except 

for neural tissues. I imaged the CNS using an Olympus BX51WI microscope equipped with a 

spinning-disk confocal unit CSU10 (Yokogawa) and an EM-CCD digital camera (Evolve, 

Photometrics). For the activation of neurons expressing CsChrimson, I applied 615 nm light (105 

μW/mm2) with pE-100 (CoolLED). For the activation of blue light-sensitive neurons physiologically, 

I applied 475 nm light (208 μW/mm2) with a pE-300ultra device (CoolLED). 

I quantified calcium probe signals using Fiji (Fiji is just ImageJ) and R (ver 3.2.2). I set regions of 

interest (ROI) on the neurites of MDNs or the somas of AMBs and calculated mean signal intensity 

within each ROI using Fiji. I got the raw signal intensity F and calculated F0 as the mean fluorescent 
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signals from 0 to 10 seconds before the optogenetic stimulation, and treated as a baseline. Then I 

calculated the normalized calcium transient in each ROI according to the formula ΔF/F = (F – F0 ) / 

F0 using R. I calculated the mean of ΔF/F in 10 seconds after (ON) or before (OFF) the onset of the 

optogenetic stimulation and showed as the mean ΔF/F in ON or OFF state (Figs. 10 and 18). For Fig. 

19, I calculated the mean of ΔF/F in 5 seconds before (OFF) or the last 5 seconds during (ON) 

optogenetic activation and showed as the mean ΔF/F in ON or OFF state. 

 

Statistical analysis 

 

I evaluated statistical significance using the Wilcoxon rank-sum test (Figs. 3-4 and 11-13), Fisher's 

exact test (Figs. 4H, 14, and 17), or Welch's two-sample t-test (Figs. 10, 18, and 19). I used the Holm 

method for multiple testing. "n" indicates the number of animals. Asterisks denote statistical 

significance: *** p < 0.001; ** p < 0.01; * p < 0.05; n.s., not significant (p ≥ 0.05). All of the 

statistical analyses were performed by R version 3.3.2. I did not use any methods to determine 

whether the data met assumptions of the statistical approach. 
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Results 
 

The optogenetic screening identified neural subsets which induce robust backward 

locomotion 

 

In order to systematically identify neurons involved in the control of a specific type of escape 

behavior, I conducted an optogenetic screening in the Drosophila third instar larvae using the Janelia 

GAL4 collection and UAS-CsChrimson [22,46]. I chose 783 GAL4 lines that label less than 40 

neurons in the brain, covering whole larval CNS consisting of 15,000 neurons on average when 

assuming that even a half of labeled neural subsets were overlapped. From the 783 GAL4 lines 

screened, I identified eleven GAL4 lines whose activation triggered robust backward locomotion. I 

focused on three GAL4 lines among them as it was challenging to subdivide the labeled population for 

further analysis in other GAL4 lines. I first checked whether these GAL4 lines could label MDNs 

because MDNs are known to trigger backward locomotion upon activation [6]. I found that one of 

the three GAL4 lines, R73F04-GAL4, appeared to label MDNs based on the cell morphology. Indeed, 

two pairs of descending neurons in R73F04-LexA are colabeled with RFP expression in MDNs using 

SS01613-GAL4, confirming that the two pairs of descending neurons labeled by R73F04-GAL4 are 

identical to MDNs [6] (Fig. 2). 

 

A single pair of ascending cholinergic neurons in SEZ can trigger backward locomotion 

 

Since the other two GAL4 lines, R60F09-GAL4 and R73D06-GAL4, were unlikely to label 

MDNs, I attempted to genetically define the responsible neurons by combinatory expressions of a 

variety of GAL80 and FLP drivers together with R60F09-GAL4 [53,54]. Using these approaches, I 

subdivided R60F09-GAL4-positive neurons into distinct populations (Fig. 3, see Table. 1 for 

genotypes of GAL4). I found that optogenetic activation of the R60F09-ACh-GAL4 population, but 

not the R60F09-Brain-GAL4 population, significantly increased the number of backward waves (Figs. 

3E and 3F). Since a pair of neurons in the subesophageal zone (SEZ) was observed in the R60F09-

ACh-GAL4 population, but not in the R60F09-Brain-GAL4 population (Figs. 3B and 3C; 
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arrowheads), I focused my later studies on these neurons as potential candidates to induce backward 

locomotion and designated these neurons as the Ascending Moonwalker-like Backward neurons 

(AMBs). 

 

Validation of AMB-labeling lines 

 

To further examine whether AMBs are responsible for backward locomotion, I checked whether 

AMBs might be labeled by R60F09-LexA or R73D06-GAL4 as well as R60F09-GAL4. Imaging and 

optogenetic activation assay indicated that R60F09-LexA labeled fewer neurons than R60F09-GAL4 

did but still labeled AMBs to induce backward locomotion upon activation (Figs. 4A-4C). Dual 

labeling with R60F09-LexA and R73D06-GAL4 indicated that AMBs in the SEZ are the only cells 

co-expressing both drivers in the larval CNS (Fig. 4D). Taking advantage of this restricted 

intersection, I tested the contribution of AMBs to backward locomotion induced by optogenetic 

stimulation of R73D06-GAL4-expressing cells. I found that larvae expressing LexAop-GAL80 with 

R60F09-LexA in addition to UAS-CsChrimson with R73D06-GAL4 did not show CsChrimson 

expression in AMBs (Fig. 4E). In these animals, there was a significant decrease in the number of the 

backward waves induced by R73D06-GAL4-expressing cells compared with larvae not expressing 

GAL80 in R60F09-LexA-expressing cells (Figs. 4F and 4G), further indicating that AMBs, which are 

the only neurons commonly activated in the two drivers, are indeed the responsible neurons to trigger 

backward locomotion. In addition to backward locomotion, optogenetic activation of R73D06-GAL4 

neurons evoked rolling behavior (Fig. 4H). Unlike backward locomotion, rolling behavior was 

unaffected by R60F09>GAL80 (Fig. 4H), suggesting that rolling behavior evoked by optogenetic 

activation of R73D06-GAL4 neurons is mediated by other neurons rather than AMBs. Finally, I 

generated a splitGAL4 by combining R60F09-GAL4DBD and R11E07-p65AD, and confirmed that 

the split-GAL4 specifically labeled AMBs in the larval brain (Fig 3D) (hereafter, designated as 

AMB-GAL4). Optogenetic stimulation of AMB-GAL4-expressing cells induced significant 

backward locomotion (Figs 3E-3F). Taken together, I conclude that AMBs trigger backward 
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locomotion upon optogenetic activation. 

Importantly, non-AMB populations in the neurons labeled by these transgenes do not induce 

backward locomotion (Fig. 3B, R60F09-Brain; Fig. 4E, R73D06>CsChrimson, R60F09>GAL80). It 

indicates that functional analysis using R60F09 or R73D06 is mostly attributed to the effect of AMB 

manipulation when the analysis focus on backward locomotion. 

 

Axon projection and transmitter characterization of AMBs 

 

I identified the novel backward-inducing neurons AMBs and developed ways to manipulate them 

so far. In the next step, I conducted anatomical analysis on AMBs to set up a hypothesis on how they 

work to induce backward locomotion. To locate dendrites and axons of AMBs, I expressed a 

dendritic marker Denmark [55] and a presynaptic marker BrpD3::mCherry [56]. Denmark labeled the 

somas and neurites from the SEZ to the T2 segment whereas BrpD3::mCherry localized in the 

neurites projecting to the brain (Figs. 5A and 5B), indicating that AMBs are ascending neurons that 

have dendritic arborizations in the SEZ to the T2 segment and extend axonal projections to the brain 

(Fig. 5E). I also characterized MDNs in the same way and found that Denmark labeled the somas and 

neurites in the brain, whereas BrpD3::mCherry localized in the neurites projecting to the VNC (Figs. 

5C and 5D). This indicates that MDNs are descending neurons, which is consistent with the 

previous study [6]. I further analyzed the neurotransmitter of AMBs by immunostaining with 

antibodies against three transmitter markers [57], and found that AMBs were immunoreactive to the 

choline acetyltransferase (ChAT), but not to the vesicular glutamate transporter (VGluT) or GABA, 

indicating that AMBs are cholinergic neurons (Fig. 6A-6C). As a negative control, I confirmed that 

the samples without anti-ChAT did not show any fluorescent signal in AMBs (Fig. 6D). As a positive 

control, I confirmed that MDNs were ChAT positive as previously reported [6] (Fig. 6E).  

 

AMBs are anatomically presynaptic to MDNs 

 

Since activation of either AMBs or MDNs triggers similar backward locomotion (Fig. 7), I 
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reasoned that AMBs and MDNs might function in the same neuronal circuits. To test this possibility, 

I dual-labeled AMBs and MDNs using the GAL4/UAS and the LexA/LexAop binary expression 

systems and found that AMB axons were closely apposed to MDN dendrites in the brain (Fig. 8), 

implying that AMBs are presynaptic to MDNs. To further confirm that, I monitored synaptic GRASP 

(GFP reconstitution across synaptic partners) signal using t-GRASP, which relies on split-GFP 

fragment targeted to each side of the synapse [58,59]. I found that GFP signals are localized along 

AMB axons at the sites of MDN contact (Figs. 5, 8, and 9). These data strongly suggest that AMB 

axons form synaptic connections with MDN dendrites. 

 

AMBs are functionally presynaptic to MDNs 

 

Next, to investigate the functional connection between AMBs and MDNs, I performed Ca2+ 

imaging of MDNs upon AMB activation. To this end, I expressed CsChrimson in AMBs and a 

calcium sensor GCaMP6m in MDNs and monitored Ca2+ responses at MDN axons following 

optogenetic AMB stimulation (Fig. 10). In a semi-intact preparation of the larval CNS [35], red light 

application significantly increased GCaMP6m signal intensity in MDN axons compared with before 

stimulation or control animals (Fig. 10D; + CsChrimson, 4.97% ± 0.74% elevation of ΔF/F0 on 

average; n = 34; -CsChrimson, 0.09% ± 0.60% elevation of ΔF/F0 on average, n = 24). These data 

indicate that AMB activation induces Ca2+ elevation in MDNs, supporting the idea that AMBs are 

functionally coupled to MDNs. 

 

AMBs are functionally dependent on MDNs to induce backward locomotion 

 

Finally, I asked whether MDNs might function downstream of AMBs to evoke backward 

locomotion. To test this possibility, I simultaneously activated AMBs with CsChrimson and silenced 

MDNs via expression of the tetanus neurotoxin light chain (TNT) (Fig. 11A) [60]. Silencing MDNs 

significantly decreased the number of backward waves triggered by AMB activation compared with 

control (Fig. 11D; Effector control, 3 in the median, n = 15; MDN-ACh-GAL4 silencing, 1 in the 
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median, n =17), whereas silencing MDNs did not significantly affect the number of forward waves 

before AMB activation (Fig. 11E; Effector control, 3 in the median; MDN-ACh-GAL4 silencing, 2 in 

the median). Furthermore, behavioral ethograms of AMB activation (R60F09>CsChrimson) and 

AMB activation with MDN silencing (R60F09>CsChrimson, MDN-ACh>TNT) showed that 

silencing MDN preferentially attenuated backward locomotion evoked by optogenetic AMB 

activation, but not other behaviors including bending and stop (Figs 11F and 11G; 

R60F09>CsChrimson, percentage of time spent on bending 10 seconds after light stimulation onset 

24.0% in the median, stop 21.0%, n = 17; R60F09>CsChrimson, MDN-ACh>TNT; bending 37.8%, 

stop 28.5%, n = 14). These results indicate that AMBs trigger backward locomotion through MDNs, 

and silencing MDNs does not significantly affect other behavior modes induced by optogenetic 

activation of AMBs. 

Silencing MDNs significantly reduced backward waves induced by activation of AMBs; however, 

it could not abolish them. There are two possibilities to explain that. One is that silencing by TNT is 

incomplete to inhibit signal transmission from MDNs. Another is that AMBs have an MDN-

independent pathway to induce backward waves. I tested the former possibility by activating MDNs 

by CsChrimson and silencing MDNs by TNT at the same time (Fig. 11H). As activation of R73F04-

LexA-labeled neurons induces a smaller number of backward locomotion than R60F09-LexA-

labeled neurons does due to its weak labeling, I analyzed behavior in 30 seconds, which is longer 

than 10 seconds in R60F09-LexA activation assay in order to balance the number of backward waves 

induced by optogenetic activation. As a result, silencing MDNs by TNT completely abolishes 

backward waves induced by the activation of MDNs itself (Fig. 11I). Thus, I concluded that the latter 

possibility is more likely than the former one. In the latter explanation, I could not exclude the 

possibility that the AMB connection to the MDN-independent pathway was an artifact from silencing 

MDNs in the developmental stage. Taking this possibility into consideration, I conclude that AMB 

activation triggers backward locomotion at least in part through MDN activity. Taken together with 

my anatomical and functional imaging results, these data indicate that AMBs function upstream of 
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MDNs to evoke backward locomotion. 

 

Dead-end-induced backward locomotion requires neither MDNs nor AMBs 

 

Given that AMBs are sufficient to trigger backward locomotion, I next performed silencing 

experiments to test whether AMBs are required for backward locomotion in response to sensory 

stimuli. Previous studies showed that MDNs are required for the dead-end induced backward 

walking in the adult flies [24]. I, therefore, examined whether MDNs and AMBs were similarly 

involved in the dead-end induced backward responses in larvae using a narrow chamber ("dead-end") 

that limits larval lateral and rotational movements. First, I confirmed whether I could induce 

backward locomotion by a dead-end tube in the larval stage. When the effector control larvae 

encountered the end of the narrow chamber, they tried crawling forward several times and then 

changed their crawling direction to backward (Fig. 12). Next, I examined whether responses are 

mediated by C3da neurons, C4da neurons, or BO, which are reported to sense stimuli inducing 

directional-changing behavior. To this end, I genetically ablated sensory neurons by expressing the 

pro-apoptotic genes reaper (rpr) and head involution defective (hid) [61–63] in sensory neurons, 

C4da neurons, BO, and C3da neurons, which are reported as involving in sensing stimuli inducing 

backward locomotion in the larval stage [6,27,29]. I utilize ppk-GAL4 for labeling C4da neurons, 

GMR-GAL4 for labeling BO, and NompC-GAL4 and 19-12-GAL4 for labeling C3da neurons, 

respectively. As a result, I could not detect significant effects by the ablation of either BO, C4da, or 

C3da neurons (Fig. 12A; Effector control, 5 in the median, n = 20; ppk-GAL4 ablation, 4 in the median, 

n = 20; GMR-GAL4 ablation, 6.5 in the median, n = 20; ppk-GAL4 + GMR-GAL4 ablation, 4.5 in 

the median, n = 20; 19-12-GAL4 ablation, 7 in the median, n = 20; NompC-GAL4 ablation 4.5 in the 

median, n = 20). Finally, I tested the requirements of AMBs or MDNs activity in the dead-end 

induced backward locomotion. I silenced AMBs or MDNs by expressing TNT using AMB-GAL4 or 

MDN-FLP-GAL4. Compared to control larvae, I could not detect the effect on the number of 

backward waves by the silence of AMB or MDN (Fig. 12B; Effector control, 4 in the median, n = 20; 
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AMB-GAL4 control, 3 in the median, n = 20; AMB-GAL4 silencing, 3 in the median, n = 20; MDN-

FLP-GAL4 control, 4.5 in the median, n = 20; MDN-FLP-GAL4 silencing, 4.5 in the median, n = 

20). These results suggest that, unlike the adult, dead-end-induced backward locomotion is mediated 

by the AMB/MDN-independent pathway. 

 

Gentle touch-induced backward locomotion requires MDNs but not AMBs 

 

Previous studies indicate that two different stimuli can evoke backward locomotion in larvae: 

mechanical stimuli [6] and blue light irradiation [27] on the head. First, I asked for the requirement 

of neuronal activity of AMBs and MDNs in backward locomotion by mechanical stimuli. To 

examine the relative contribution of C3da and C4da mechanosensory neurons to the gentle touch-

induced backward waves, I ablated each of them alone via expression of rpr and hid. I found that 

C3da ablation resulted in a significant decrease in the number of backward waves (Fig. 13A; Effector 

control, 1 in the median, n = 15; 19-12-GAL4 ablation, 0 in the median, n = 30; NompC-GAL4 

ablation, 0 in the median, n = 30) while C4da ablation resulted in a significant increase in the number 

of backward waves (Fig. 13A; ppk-GAL4 ablation, 2 in the median, n = 15). This result suggests that 

C3da neurons, but not C4da, act to induce backward locomotion in response to gentle touch. 

Next, I asked for the requirement of neuronal activity of AMBs and MDNs in gentle touch-

induced backward locomotion. To this end, I selectively expressed TNT in AMBs or MDNs to 

silence them and monitored its effects on gentle touch-induced locomotion. Compared with effector 

or GAL4 controls, silencing MDNs significantly decreased the probability of animals exhibiting 

backward waves in response to gentle touch (Fig. 13B; Effector control, 2 in the median, n = 21; 

MDN-FLP-GAL4 control, 1 in the median, n = 31; MDN-FLP-GAL4 silencing, 0 in the median, n = 

37). By contrast, silencing AMBs had no measurable effect on the probability of animals exhibiting 

backward waves (Fig. 13B; AMB-GAL4 control, 2 in the median, n = 30; AMB-GAL4 silencing, 2 

in the median, n = 30). These data indicate that MDNs, but not AMBs, are required to evoke 

backward locomotion upon gentle touch. 
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Blue light-induced backward locomotion requires MDNs, but not AMBs 

 

Finally, I asked for the requirement of neuronal activity of AMBs and MDNs in backward 

locomotion induced by blue light irradiation[27]. Previous studies suggested that two distinct sensory 

systems, the BO and the C4da neurons, mediate this behavioral response to blue light [29,42]; however, 

how these two distinct pathways are integrated to drive backward locomotion remains unknown. To 

examine the relative contribution of BO, C4da, and C3da neurons to the blue light-induced backward 

waves, I genetically ablated each of them alone or in combination via expression of rpr and hid. I 

found that ablation of both BO and C4da neurons caused a significant reduction in the probability of 

animals exhibiting backward waves compared to the effector control, while the probability of animals 

exhibiting backward waves was unaffected by ablation of either BO or C4da neurons alone (Fig. 14A; 

Effector control, 56.7%, n = 30; ppk-GAL4 ablation, 53.3%, n = 30; GMR-GAL4 ablation, 33.3%, n 

= 30; ppk-GAL4 + GMR-GAL4 ablation, 7.4%, n = 27). I also assessed whether C3da neurons could 

contribute to blue light-induced backward locomotion, as some studies also reported that C3da 

neurons work together with C4da neurons to induce backward locomotion [27]. I found that ablating 

C3da neurons or combination of C3da neurons and BO did not result in significant change in the 

probability of animal existing backward waves compared to the effector control (Fig. 14A; 19-12-

GAL4 ablation, 30%, n = 30; NompC-GAL4 ablation, 45.2%, n = 31; 19-12-GAL4 + GMR-GAL4 

ablation, 26.7%, n = 30; NompC-GAL4 + GMR-GAL4 ablation, 53.3%, n = 30). Thus, BO and C4da 

pathways, but not C3da, function redundantly to trigger blue light-induced backward locomotion. 

 

I next asked for the requirement of neuronal activity of AMBs and MDNs in blue light-induced 

backward locomotion. To this end, I selectively expressed TNT in AMBs or MDNs and monitored 

the effects of TNT expression on blue light-induced locomotion. Compared with effector or GAL4 

controls, silencing MDNs significantly decreased the probability of animals exhibiting backward 

waves in response to blue light stimulation (Fig. 14B; Effector control, 45.7%, n = 35; MDN-FLP-
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GAL4 control, 38.1%, n = 21; MDN-FLP-GAL4 silencing, 6.67%, n = 30). By contrast, silencing 

AMBs had no measurable effect on the probability of animals exhibiting backward waves (Fig. 14B; 

AMB-GAL4 control, 33.3%, n = 30; AMB-GAL4 silencing, 43.3%, n = 30). These data indicate that 

MDNs, but not AMBs, are required to evoke backward locomotion upon blue light irradiation. 

Blue light irradiation causes not only backward locomotion but also another repertoire of escape 

behavior such as bending [29]. Thus, I tracked larval behavior during blue light irradiation for each 

genotype. As a result, I found that the behavioral sequence was mostly unaffected by AMB or MDN 

silencing (Fig. 15). These data together suggest that the AMB-MDN pathway specifically involves in 

the regulation for backward locomotion. 

 

C4da-induced backward locomotion requires AMB-MDN pathway 

 

Given that BO and C4da pathways function redundantly to evoke backward locomotion upon blue 

light irradiation and AMBs are presynaptic to MDNs, I reasoned that AMBs might specifically relay 

information from either the BO or the C4da pathway to MDNs. To test this hypothesis, I first test 

whether AMBs or MDNs have a direct connection with sensory neurons. I dual-labeled BO or C4da 

neurons with MDNs or AMBs. I observed no direct connections between the sensory neurons and the 

AMB-MDN pathway (Fig. 16). Thus, I decided to focus on the functional connection between the 

AMB-MDN pathway and the sensory pathways. To examine the functional connection between them, 

I conducted behavior assay and functional imaging assay.  

First, I test whether optogenetic activation of either BO or C4da neurons could induce backward 

locomotion using Rh6-LexA and R27H06-LexA to drive specific expression of CsChrimson in BO 

and C4da neurons, respectively [35,64]. I found that optogenetic activation of C4da neurons induced 

multiple escape behaviors, including bending, rolling, and backward locomotion (bending 100% of 

observed larvae, rolling 55.0 %, backward locomotion 35.0 %, n = 40). During optogenetic C4da 

activation for 30 seconds, rolling tended to be evoked in the earlier time (0-5 seconds), whereas 

backward locomotion was observed in the later time (5-30 seconds). Similarly, optogenetic activation 



22  

of BO evoked bending and backward locomotion, but not rolling (bending 100% of observed larvae, 

backward locomotion 32.5%, n = 40).  

Next, I assayed the effects of MDN or AMB silencing on optogenetically induced backward 

locomotion by TNT expression. In this experiment, I utilized two AMB-labeling GAL4 lines 

(R60F09-ACh-GAL4, R73D06-GAL4) because of the difficulty in putting all transgenes together in 

AMB-GAL4 (splitGAL4) background. Silencing MDNs significantly decreased the probability of 

animals exhibiting backward locomotion induced by BO or C4da neuron activation (Fig. 17; C4da 

activation with MDN-FLP-GAL4 silencing, 5.0%, n = 40; BO activation with MDN-FLP-GAL4 

silencing, 7.5%, n = 40), consistent with a previous report that MDNs are command-like neurons for 

noxious touch-induced backward waves [6]. Silencing AMBs similarly decreased the probability of 

animals exhibiting backward waves in response to activation of C4da neurons (Fig. 17; C4da 

activation with R60F09-ACh-GAL4 silencing, 7.5%, n = 40; C4da activation with R73D06-GAL4 

silencing, 7.1%, n = 42). However, backward waves induced by BO activation were largely 

unaffected by silencing AMBs (Fig. 17; BO activation with R60F09-ACh-GAL4 silencing, 35.0%, n 

= 40; BO activation with R73D06-GAL4 silencing, 36.7%, n = 30). These data together suggest that 

AMBs mediate C4da-induced backward locomotion, but not BO-induced one. 

 

C4da neurons evoke Ca2+ responses in AMBs 

 

Finally, in order to confirm the functional connection between AMBs and sensory organs, I asked 

whether activation of either BO or C4da neurons could trigger Ca2+ responses in AMBs. I expressed 

GCaMP6m in AMBs and CsChrimson in sensory neurons and monitored Ca2+ responses in AMBs 

following BO or C4da activation. Optogenetic activation of C4da neurons, but not BO, resulted in a 

significant increase of GCaMP6m fluorescence intensity in AMB somas (Figs. 18A-18D; 

+CsChrimson, 6.89% ± 1.46% elevation of ΔF/F0 on average; n = 37; -CsChrimson, 0.21% ± 1.09% 

elevation of ΔF/F0 on average, n = 16. Figs. 18E-18H; +CsChrimson, 0.98% ± 1.71% elevation of 

ΔF/F0 on average; n = 23; - CsChrimson, 0.33% ± 0.86% elevation of ΔF/F0 on average, n = 22), 
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consistent with the idea that AMBs mediate noxious information from C4da neurons, but not from BO.  

 

Physiological blue light irradiation evokes Ca2+ responses in AMBs via C4da neurons. 

 

I further tested that AMBs indeed relay physiological blue light information from the C4da 

pathway. To this end, I expressed GCaMP6s in AMBs and irradiated blue lights to activate the C4da 

pathway physiologically. I found that control larvae showed a significant increase in the fluorescence 

intensity in AMB somas in response to blue light irradiation, whereas no significant increase of the 

fluorescence intensity was observed in larvae ablated C4da neurons (Fig. 19; +rpr, 0.74% ± 2.23% 

elevation of ΔF/F0 on average, n = 43; -rpr, 7.40% ± 3.17% elevation of ΔF/F0 on average, n = 40). 

This data indicates that blue light irradiation activates AMB neurons via C4da neurons. Taken 

together, our data indicate that AMBs preferentially convey blue light information from C4da 

sensory neurons to MDNs to evoke backward locomotion. 

In conclusion, my data indicate that AMBs specifically convey noxious blue light information 

from C4da sensory neurons to MDNs in order to evoke backward locomotion (Fig. 20). 
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Discussion 
 

The AMB-MDN pathway is involved in the C4da-induced backward locomotion 

 

Command-like neurons for backward locomotion have been described in several animal species 

including AVA neurons in C. elegans and MDNs in Drosophila melanogaster [5,6,24], although it 

remains largely unknown how they are activated by sensory inputs. In this study, I have identified a 

novel class of ascending interneurons named AMBs, which activate MDNs to elicit backward 

locomotion in Drosophila larvae. This notion is supported by the following lines of evidence. First, 

optogenetic activation of AMBs can induce backward locomotion similar to that induced by MDN 

activation (Figs. 3, 4, and 7). Second, anatomical and functional analysis showed that AMBs are 

excitatory ascending neurons that are directly presynaptic to MDNs (Figs. 5, 6, and 8-10). Third, 

AMB-induced backward locomotion is largely dependent on MDN activity (Fig. 11). Previous TEM 

connectome studies suggested that MDNs are unlikely to receive direct inputs from sensory neurons 

[6]. Consistent with this idea, my data suggest that AMBs are the major presynaptic neurons that 

convey C4da sensory neuron-derived noxious blue light stimuli to MDNs as silencing either AMBs 

or MDNs attenuated C4da-induced backward locomotion to a similar degree,  and AMBs receive blue 

light stimuli via C4da neurons (Figs. 17-19). Likewise, MDNs are likely to be the major postsynaptic 

neurons for AMBs to elicit backward locomotion, but I could not rule out the possibility that AMBs 

might have other downstream neurons to induce backward locomotion, as AMB-induced backward 

locomotion remained even in the larvae with silencing MDNs (Fig. 11). 

 

MDNs function as the convergence points 

 

MDNs are required for backward locomotion in response to mild noxious touch to the head [6], but 

until now, it has not been examined whether MDNs are also required for backward locomotion in 

response to other sensory modalities. Here I have shown that MDNs are indeed required for backward 
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locomotion in response to noxious blue light irradiation as well as gentle touch (Figs. 13-14). In 

larvae, gentle touch and lights are typically received by different sensory systems; gentle touch is 

likely sensed by C3da sensory neurons, whereas noxious blue light stimulus is detected by BO and 

C4da sensory neurons [29,30]. I propose that MDNs are convergence points for the sensory inputs to 

trigger backward locomotion because AMBs are neurons that are directly presynaptic to MDNs and 

do not receive BO signals. The previous research and my experiment consistently support the idea 

that BO and C4da pathways have additive effects in the induction of escape behavior [29] (Fig. 14). 

The additive effects can be explained by the integration of two sensory systems in the command-like 

neurons, MDNs. Thus, my present results suggest that the cellular mechanism of MDNs for 

integrating distinct sensory inputs is a good target to investigate the mechanism to enable appropriate 

decision making in escape behavior repertoires. It is also interesting to examine whether other 

noxious sensory modalities, such as high temperature, high salt, and bitter taste, might also require 

MDNs to evoke escape behavior including backward locomotion. 

Furthermore, it is of importance to examine whether AMBs specifically mediate noxious light 

information or are also recruited by inputs from the other sensory modalities. The possibility cannot 

be excluded that AMBs receive inputs from C3da neurons even though it is unlikely that the AMB-

MDN pathway functions as the main downstream of C3da neurons (Fig. 13). If that is the case, 

AMBs also might function as the convergence point of different sensory pathways and control the 

escape behavior in response to a specific environmental cue as shown in multimodal integration of 

rolling circuits [37,38]. 

 

The pathways involved in backward locomotion potentially function in parallel 

 

A previous report suggests that the anterior Wave neurons likely send outputs to motor circuits in 

the VNC to promote backward locomotion and do not require the brain to induce backward waves 

[27]. Although the functional relationship between Wave neurons and MDNs has not yet been 

examined, it is likely that these two pathways can work in parallel. It is possible that specific 
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behavior is controlled by two independent circuits. For example, the other type of escape behaviors 

rolling controlled by neural circuits downstream of C4da neurons, have the brain-pathway and the 

VNC-pathway [35,36]. Thus, it may be true for backward locomotion pathways to have AMBs and 

MDNs in the brain pathway and Wave neurons in the VNC pathway. The backward locomotion 

circuits in the brain consist of small subsets of neurons, implied by the results that my optogenetic 

screening identified only 11 GAL4 lines out of 783 GAL4 lines, which induced robust backward 

locomotion. My screening possibly failed to identify backward-inducing neurons in the VNC, whose 

labeling was inhibited by tsh-GAL80. As expected, I could not identify GAL4 lines labeling anterior 

Wave neurons whose activation induce backward locomotion because the GAL4 labeling of Wave 

neurons was diminished by tsh-GAL80 [27]. Thus, there could be more neurons inducing backward 

locomotion in the VNC; however, my data reveals that backward locomotion circuits in the brain 

consist of small subsets of neurons. 

Additionally, it is also shown that there is an MDN-independent pathway to induce backward 

locomotion in response to a dead-end. The behavioral assay indicated that none of the sensory neurons 

tried (C4da, C3da, and BO), and the AMB-MDN pathway had a significant effect on dead-end-

induced backward locomotion (Fig. 12). Thus, this dead-end-induced pathway is also independent of 

the Wave pathway. This result suggests that AMBs and MDNs do not work in general backward 

circuits like motor circuits, but function only in specific backward circuits. It was a surprising result 

for me because adult MDN neurons have been reported to be required for dead-end-induced 

backward locomotion and sense a dead-end via TLA neurons using NompC positive mechanosensory 

neurons [24,25]. It could come from the difference between ways to sense a "dead-end" in the larval 

stage and the adult stage. This study used narrow chambers to avoid larval escape just by turning and 

forward run behavior because larvae prefer to choose turning and forward run than backward 

locomotion when there is room to bend their head, according to my observation. On the other hand, 

adult studies used the relatively wider chamber to make room for the movement of legs compared 

with the one used in this study. This could make a difference in a way to sense a dead-end in each 
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study. In my experiment, larvae can sense a dead-end in two ways. One is mechanosensory inputs 

toward the body wall from the tube, and the other is the situation in which "they cannot go further in 

spite of trials to run forward". The former sensation could be conveyed by C3da neurons. Taking into 

consideration the larval physiological environment where they burrow holes in their food, it is 

unlikely to induce backward locomotion just by mechanosensory inputs toward the entire body wall. 

This could explain the former signal, maybe from C3da, is not important for inducing backward 

locomotion in response to a dead-end in my experiment. The latter signal is possibly sensed by 

proprioceptors, two classes of arborizing multidendritic sensory neurons known as the class I neurons 

(md-I) and the bipolar md neuron [23,38,65,66]. These sensory neurons are active during forward or 

backward muscle contraction waves [66]. The larval movement needs their feedback to detect in 

order to convey waves smoothly [23]. Thus, it is possible that there is an MDN-independent pathway 

to sense the situation that "cannot go further" by detecting abnormal feedback from proprioceptors. 

Consistent with this idea, a recent study reported larvae with pzl mutant or loss of function of Cho 

neurons, whose proprioceptor could have an abnormal function, showed more turning and repetitive 

backward waves [77]. Further study will be needed to elucidate which sensory neurons convey 

signals in this assay and to elucidate how the potentially parallel pathways are coordinated to execute 

the appropriate behavioral response. 

 

The AMB-MDN pathway is involved in the backward locomotion, but not in the other escape 

behavior 

 

Blue light can induce multiple different repertoires of escape behavior, including forward run, 

bending, and backward locomotion, presumably through multiple downstream circuits [67,68]. In 

addition, my data indicate that the AMB-MDN pathway for backward locomotion is independent of 

the pathways required for the other types of escape behaviors, as behavioral sequences of forward run 

and bending were largely unaffected by silencing AMBs and MDNs (Figs. 11 and 15). It, therefore, 

remains to be elucidated how different modality of noxious sensation evokes distinct repertories of 
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escape behavior through activating C4da neurons and the downstream pathways. One potential 

mechanism is antagonistic systems between the downstream circuits [9,67,69,70]. An alternative 

scenario is that C4da neurons could provide distinct signals to the secondary neurons in response to 

different modalities. Previous studies suggested that noxious heat and blue lights can evoke different 

firing patterns in C4da neurons [68]. It is thus possible that C4da neurons might preferentially 

recruit particular secondary neurons through specific firing patterns, thereby evoking specific escape 

behavior. 

 

Interspecific comparison of backward circuits 

 

The convergence of distinct sensory modalities has also been reported in the other command 

neurons. AVA neurons, the backward command neurons in C. elegans, receive inputs from multiple 

modalities such as anterior mechanosensory inputs from AVM/ALM disynaptically or nociceptive 

inputs from ASH monosynaptically [18,71–75]. Thus, the convergence of several different sensory 

modalities is considered as a shared feature of the command-like neuron controlling locomotion 

directions. MDNs do not directly receive sensory inputs in contrast to AVA neurons. It might enable 

MDNs to cope with a complex situation to induce backward locomotion. AVA neurons receive direct 

inhibitory inputs from PLM, which detect posterior body touch [75]. A previous study indicated that 

MDNs inhibit forward locomotion via downstream circuits [6], although it is not analyzed whether 

MDNs get inputs from forward locomotion circuits. It may be interesting to examine whether MDNs 

receive inhibitory inputs from neurons inducing forward locomotion and compare the circuits 

mechanisms among different species. 

 

Comparison between the adult and the larval MDN circuit 

 

The previous study reported that MDNs function as command-like neurons from the larval stage to 

the adult stage, although it remains to be elucidated whether the circuit mechanism of MDNs also 
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persists in the adult stage [6]. Recent studies have revealed upstream of the adult MDNs, LC16 

neurons mediating visual inputs, and TLA neurons in mechanosensory inputs [25,26]. Here, I 

identified AMBs as upstream neurons mediating C4da inputs to the larval MDNs. Interestingly, all the 

neurons upstream of MDNs identified so far receive modality-specific signals. This implies shared 

features between MDNs in the adult stage and those in the larval stages. Furthermore, it is reported 

that some of the sensory neurons persist in the adult stage, while others are eliminated during 

metamorphosis [76]. It should be noted that C4da neurons have been reported to be one of the 

neurons that persist in the adult stage. Thus, it should be tempting to see whether the AMB-MDN 

pathway also persists into adulthood and function to induce backward locomotion. I believe that my 

present thesis will pave the way for the direct comparison of the neural circuit mechanisms for the 

behavior having the same role in the adult and the larval stage. 

 

Conclusions 

 

In conclusion, by the use of functional optogenetic and in vivo imaging techniques in the larval 

nociceptive circuits, I have revealed a circuit mechanism by which distinct sensory pathways are 

integrated to evoke backward locomotion. It can explain the additive effect of redundant visual 

pathways, which induce escape behavior by integrating two pathways in MDNs. I propose that the 

results of my present thesis should contribute to the elucidation of the neural circuit-based 

mechanism of how multiple sensory inputs are integrated to regulate specific behavior. 
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Table. 1. Genotypes of GAL4 lines utilized in this study. 

  

Fig. 1. Organization of the larval sensory systems. 
 

 

 

(A) Localization and project sites of the larval sensory neurons. BO shown in green is located in 

the head and projects to the brain. C3da neurons shown in blue and C4da neurons shown in 

GAL4 abbreviation Genotype 

R60F09-ACh-GAL4 VGlut-GAL80 [MI04979]; R60F09-GAL4 

R60F09-Brain-GAL4 Otd-FLPo, tub-FRT-GAL80-FRT; R60F09-GAL4, tub-GAL80ts 

AMB-GAL4 R60F09-GAL4DBD, R11E07-p65AD 

MDN-ACh-GAL4 tsh-GAL80; R73F04-GAL4, Gad1-2A-GAL80 

MDN-FLP-GAL4 Otd-FLPo, tub-FRT-GAL80-FRT; R73F04-GAL4, Gad1-2A-GAL80 
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magenta. C3da and C4da neurons cover the entire body wall and project to the VNC. (B) 

Sensory pathways to induce backward locomotion. In the visual pathway, BO receives green to 

blue light irradiation while C4da neurons receive blue to UV irradiation at high intensity. In 

the mechanical pathway, C4da neurons receive harsh touch while C3da neurons receive gentle 

touch. It remains largely unknown how these sensory pathways are integrated to induce 

backward locomotion. 
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Fig. 2. R73F04-GAL4 and R73F04-LexA label MDNs. 
 

 

 

(A) Expression patterns of MDN-labeling GAL4 used in this study. The yellow arrowheads 

indicate the soma of MDNs. Genotypes: w; UAS-mCD8GFP, tsh-GAL80/+; R73F04- GAL4/+ 

(R73F04-GAL4); w; UAS-mCD8GFP, tsh-GAL80/+; R73F04-GAL4, Gad1-2A- GAL80/+ 

(MDN-ACh); w; UAS-mCD8GFP/Otd-FLPo, tub-FRT-GAL80-FRT; R73F04- GAL4, Gad1-
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2A-GAL80/+ (MDN-FLP). Scale bar, 100 μm. (B) Dual-labeling with MDN- labeling GAL4 

used in the previous study (SS01613-GAL4) [6] and R73F04-LexA. The yellow dotted square 

in the upper row indicates the area shown in the lower row. The yellow arrowheads indicate 

both R73F04-LexA and SS01613-GAL4 label the soma of MDNs. Scale bar, 50 μm. 
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Fig. 3. AMBs are a pair of neurons in SEZ that can induce 

backward waves upon optogenetic activation. 

 

(A-D) Expression patterns of GAL4 lines. The yellow arrowheads indicate the somas of 

AMBs. Scale bar, 100 μm. Genotypes of each GAL line are shown in Table. 1. (E, F) The 

number of backward/forward waves in 10 seconds before (OFF) or during (ON) 

optogenetic activation with CsChrimson. Genotypes: w; UAS-CsChrimson/+; +/+ 

(Control); other four lines drive CsChrimson by GAL4 lines shown in (A-D) In the boxplot, 

the width of the box represents the interquartile range. The whiskers extend to the data 

point that is less than 1.5 times of the length of the box away from the box, and the dot 

represents the outlier. I assessed statistical significance using the Wilcoxon rank-sum test 
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and corrected for multiple comparisons using the Holm method. ***p<0.001.  
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Fig. 4. R60F09-LexA and R73D06-GAL4 label AMBs. 
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(A) Expression patterns of R60F09-LexA in the third instar larval CNS. The yellow 

arrowheads indicate the soma of AMBs. Maximum intensity projection of the entire CNS 

shown. Genotypes: LexAop-mCD8GFP, UAS-mCD8RFP/+; R60F09-LexA/+; +/+. Scale bar, 

100 µm. (B, C) The number of backward/forward waves in 10 seconds before (OFF) or during 

(ON) optogenetic activation with CsChrimson. I assessed the statistical significance by the 

Wilcoxon rank-sum test with the Holm method. ***p < 0.001. (D) R60F09-LexA and 

R73D06-GAL4 co-label AMBs. The yellow dot square indicates the area shown in the lower 

row. The yellow arrowheads indicate the somas of AMBs. Genotypes: LexAop-mCD8GFP, 

UAS-mCD8RFP/+; R60F09-LexA/+; R73D06-GAL4/+. Scale bars, 50 μm. (E) GAL80 

labeled by R60F09-LexA diminishes CsChrimson expression in AMBs labeled by R73D06-

GAL4 co-labeling. The yellow arrowheads indicate the somas of AMBs. Genotypes: w; 

LexAop-rCD2RFP/R60F09-LexA, tsh-GAL80; R73D06-GAL4/UAS-CsChrimson (the upper 

row), w; LexAop-rCD2RFP/R60F09-LexA, tsh-GAL80; R73D06-GAL4/UAS-CsChrimson, 

LexAop-GAL80 (the lower row). Scale bars, 50 μm. (F, G) The number of backward/forward 

waves in 10 seconds before (OFF) or during (ON) optogenetic activation with CsChrimson. In 

the boxplot, the width of the box represents the interquartile range. The whiskers extend to the 

data point that is less than 1.5 times the length of the box away from the box, and the dot 

represents an outlier. I assessed the statistical significance by the Wilcoxon rank-sum test with 

the Holm method. ***p < 0.001. (H) Probability of animals showing rolling behavior in 10 

seconds before (OFF) or during (ON) optogenetic activation with CsChrimson. I assessed the 

statistical significance by Fisher's exact test. 
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Fig. 5. Anatomical characterization of AMBs and MDNs. 

 

 (A, B) Anatomical characterizations of AMBs. The yellow dotted square indicates the area 

shown in the lower row. The dendritic marker Denmark (A) shows AMBs have dendrites in 

the VNC, and the presynaptic marker BrpD3::mCherry (B) shows AMBs have ascending 
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axons to the brain. Genotypes: w; UAS-mCD8GFP/VGlut-GAL80 [MI04979]; R60F09-

GAL4/UAS-Denmark (A); w; UAS-mCD8GFP/VGlut-GAL80 [MI04979]; R60F09-

GAL4/UAS-BrpD3::mCherry (B). (C, D) Anatomical characterizations of MDNs. The upper 

row shows MDN neurites in the brain, and the lower row shows those in the VNC. The 

dendritic marker Denmark (C) shows MDNs have dendrites in the brain, and the presynaptic 

marker BrpD3::mCherry (D) shows MDNs have descending axons to the VNC. Genotypes: 

w; UAS-mCD8GFP/Otd-FLPo, tub-FRT-GAL80-FRT; R73F04-GAL4, Gad1-2A- 

GAL80/UAS-Denmark (C); w; UAS-mCD8GFP/Otd-FLPo, tub-FRT-GAL80-FRT; 

R73F04-GAL4, Gad1-2A-GAL80/UAS-BrpD3::mCherry (D). Scale bar, 20 μm. (E) The 

schematic anatomy of AMBs and MDNs. The color of neurites indicates the soma and the 

dendritic arbors (blue) and presynaptic site in the axonal processes (magenta), presumed by 

genetic markers. 
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Fig. 6. AMBs are immunoreactive to ChAT, but not to VGluT and 

GABA. 
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(A-C) AMBs are labeled with membrane-localized GFP and immunostaining for 

neurotransmitter markers: ChAT, VGluT, and GABA. (D) Negative control of 2nd 

antibodies for immunohistochemistry. No detectable immunostaining was observed in 

AMB somas without anti-ChAT antibody. (E) Positive control for anti-ChAT. Anti-ChAT 

stained MDN somas that were reported to be cholinergic neurons in the previous study [6]. 

Scale bars, 10 μm. 
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Fig. 7. Optogenetic activation of AMBs or MDNs triggers similar 

repetitive backward waves. 
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(A) Behavior events are color-coded: forward movement (grey), stop (white), bending (yellow), 

bending with backward locomotion (orange), and backward locomotion (red). (B-D) Behavior 

ethograms upon optogenetic stimulation of AMBs or MDNs. An animal expressing CsChrimson in 

either population was subjected to optogenetic activation for 30 seconds. Representative data from 10 

different animals are shown for each genotype. (E-H) The number of backward/forward waves or 

percentage of time spent in a behavioral mode in 10 seconds before (OFF) and during (ON) 

optogenetic AMB activation with CsChrimson while silencing MDNs. In the boxplot, the width of 

the box represents the interquartile range. The whiskers extend to the data point that is less than 1.5 

times the length of the box away from the box, and the dot represents the outlier. I assessed the 

statistical significance by the Wilcoxon rank-sum test with the Holm method. ***p < 0.001.  
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Fig. 8. AMB axons are apposed to MDN dendrites in the larval brain. 
 

 

(A-D) A schematic view of AMBs and MDNs from the dorsal (A) and from the lateral side 

(C). The area with red boxes in (A) and (C) were shown in (B) and (D), respectively. Dual-

labeling of AMBs (green) and MDNs (magenta). AMBs and MDNs were co-labeled with 

membrane-localized RFP and membrane-localized GFP, respectively. Genotypes: w; 

R60F09-LexA, tsh-GAL80/LexAop-rCD2RFP; R73F04-GAL4, Gad1-2A-GAL80/UAS-

mCD8GFP. Scale bars, 10 μm.  
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Fig. 9. GRASP signals are detected between AMB axons and MDN 

dendrites.  

 

(A-B) t-GRASP between AMBs and MDNs showed signals specific to AMB axons in the 

brain. The yellow dotted square in the upper row indicates the area shown in the lower row. 

GRASP signals are shown in magenta, and AMB neurons labeled with anti-HA are shown 

in green. Genotypes: w; R60F09-LexA/+; R73F04-GAL4, Gad1-2A-GAL80/UAS-post-

tGRASP, LexAop-pre-t-GRASP. (C-D) pre-t-GRASP in AMBs alone did not show GFP 

signals. Genotypes: w; R60F09-LexA/+; LexAop-pre-t-GRASP, UAS-post-t-GRASP/+. 

Scale bars, 20μm. 
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Fig. 10. AMBs function upstream of MDNs. 

 

 

(A) A schematic view of AMBs and MDNs. The red box indicates the area observed in Ca2+ imaging. 

(B) Ca2+ imaging of MDNs upon optogenetic activation of AMBs in with (lower panels) or without 

CsChrimson (upper panels) conditions. Here are shown representative images of relative Ca2+ levels 

5 seconds before (OFF) and after (ON) light application. Scale bars, 10μm. (C) Time series of 

calcium responses in MDN axons upon optogenetic AMB activation. The red light was applied 

during the period indicated by the red band. Data are shown as the mean ± SEM. Genotypes: w; 
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UAS-GCaMP6m, tsh-GAL80/R60F09-LexA; R73F04-GAL4, Gad1-2A-GAL80/LexAop-

CsChrimson (+CsChrimson); w; UAS-GCaMP6m, tsh-GAL80/+; R73F04-GAL4, Gad1-2A-

GAL80/LexAop-CsChrimson (-CsChrimson). (D) Average of MDN ΔF/F0 values in 10 seconds 

before (OFF) or during (ON) optogenetic activation. In the boxplot, the width of the box represents 

the interquartile range. The whiskers extend to the data point that is less than 1.5 times the length of 

the box away from the box, and the dot represents the outlier.  I assessed the statistical significance 

by Welch's t test with the Holm method. ***p < 0.001. 
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Fig. 11. AMBs require MDNs to evoke backward waves. 
 

 

 

(A) A schematic view of optogenetic AMB activation with silencing MDNs. (B, C) 
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Representative behavior ethograms upon optogenetic stimulation of AMB neurons. An 

animal expressing CsChrimson in AMBs was subjected to optogenetic activation for 30 

seconds. Behavior events are color-coded: forward movement (grey), stop (white), bending 

(yellow), bending with backward locomotion (orange) and backward locomotion (red). 

Representative data from 10 different animals are shown for each genotype. (D-G) The 

number of backward/forward waves or percentage of time spent in a behavioral mode in 10 

seconds before (OFF) and during (ON) optogenetic AMB activation with CsChrimson 

while silencing MDNs. In the boxplot, the width of the box represents the interquartile 

range. The whiskers extend to the data point that is less than 1.5 times the length of the box 

away from the box, and the dot represents the outlier.  (H-I) The number of backward 

waves in 30 seconds during optogenetic MDN activation with CsChrimson while silencing 

MDNs by TNT. I assessed the statistical significance by the Wilcoxon rank-sum test with 

the Holm method. *p < 0.05. ***p < 0.001. 
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Fig. 12. Larval dead-end-induced backward waves are not mediated 

by either C3da, C4da or BO pathway and do not require either 

AMBs or MDNs. 
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The number of backward waves evoked by the dead-end with the ablation of sensory neurons (A), or 

silencing AMBs or MDNs (B). The number of backward waves was counted for 1 min after an 

animal encounter the dead-end in the chamber. Genotypes are shown in Table. 1. In the boxplot, the 

width of the box represents the interquartile range. The whiskers extend to the data point that is less 

than 1.5 times the length of the box away from the box, and the dot represents the outlier. I assessed 

the statistical significance by the Wilcoxon rank-sum test with the Holm method.  
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Fig. 13. Gentle touch-induced backward waves are mediated by 

C3da and require MDNs activity 
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The number of backward waves in response to gentle touch with ablation of sensory neurons (A) or 

silencing AMBs or MDNs (B). The gentle touch was applied four times with 15 seconds intervals. 

Genotypes are shown in Table. 1. In the boxplot, the width of the box represents the interquartile 

range. The whiskers extend to the data point that is less than 1.5 times the length of the box away 

from the box, and the dot represents the outlier. I assessed the statistical significance by the 

Wilcoxon rank-sum test with the Holm method. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Fig. 14. Blue light-induced backward waves are mediated by both 

the C4da-pathway and the BO pathway and require MDNs  activity. 

 

The probability of animals exhibiting backward waves upon blue light application with ablation of 

sensory neurons (A), or silencing AMBs or MDNs (B). The blue light was applied for 5 seconds. 

Genotypes are shown in Table. 1. I assessed the statistical significance by Fisher's exact test with the 

Holm method. * p < 0.05, ** p < 0.01. 
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Fig. 15. The behavioral sequence induced by blue light irradiation is not 

largely affected by the silence of the AMB-MDN pathway. 
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(A-C) The frequency of the behavior state was detected during the blue light irradiation experiment. 

Frequencies of forward run, bending, and backward locomotion are shown as red, green, and light 

blue, respectively. The stimulation timing is indicated by the blue lateral bar. (D) The probability of 

animals exhibiting backward waves upon blue light application. Genotypes are shown in Table. 1. 



58  

Fig. 16. Neither AMBs nor MDNs has a direct connection with visual 

sensory neurons. 

 

(A) A schematic view of AMBs and visual sensory neurons. The black dot line indicates the section 

indicated in the right picture. (B) Dual-labeling of C4da neurons and AMBs is shown in the 

transverse section. C4da neurons and AMBs are labeled with membrane-localized RFP and GFP, 

respectively. Scale bar, 50 μm. (C) A schematic view of MDNs and visual sensory neurons. The 

black dotted square indicates the section indicated in the right picture. (D) Dual-labeling of BO and 

MDNs is shown in the dorsal section. BO and MDNs are labeled with membrane-localized RFP and 

GFP, respectively. Scale bar, 100 μm. 
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Fig. 17. C4da neurons require AMBs and MDNs to evoke backward 

locomotion. 

 

 

The probability of animals exhibiting backward waves during optogenetic activation of 

C4da neurons (A) or BO (B) for 30 seconds. I evaluated statistical significance by Fisher's 

exact test with the Holm method. *p < 0.05. 
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Fig. 18. Optogenetic activation of C4da neurons evokes Ca2+ responses 

in AMBs 
 

 

(A, E) Schematic views of Ca2+ imaging on AMB's soma during optogenetic activation of sensory 

neurons. Genotypes: w; UAS-GCaMP6m, tsh-GAL80/R27H06-LexA; R60F09-GAL4/LexAop-

CsChrimson (+CsChrimson); w; UAS-GCaMP6m, tsh-GAL80/+; R60F09-GAL4/LexAop-

CsChrimson (-CsChrimson) (A-D); w; GMR-GAL4/R60F09-LexA; UAS-CsChrimson/LexAop-

GCaMP6m (+CsChrimson); w; R60F09-LexA/+; UAS-CsChrimson/LexAop-GCaMP6m (-

CsChrimson) (E-H). (B, F) Ca2+ imaging of AMB neurons upon optogenetic activation of sensory 

neurons in +CsChrimson (lower panels) and -CsChrimson (upper panels) conditions. Here are shown 
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representative images of relative Ca2+ levels 5 seconds before (OFF) and after (ON) light application. 

Scale bars, 10μm. (C, G) Time series of Ca2+ responses in the soma of AMBs upon optogenetic 

activation of sensory neurons. I applied stimulation in the period indicated by the red band. Data are 

shown as the mean ± SEM. (D, H) Average of AMB ΔF/F0 values in 10 seconds before (OFF) or 

during (ON) optogenetic activation. In the boxplot, the width of the box represents the interquartile 

range. The whiskers extend to the data point that is less than 1.5 times the length of the box away 

from the box, and the dot represents the outlier. I assessed the statistical significance by paired t-test 

for paired samples and Welch's two-sample t-test for unpaired samples. ***p < 0.001. 
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Fig. 19. Blue light irradiation evokes Ca2+ responses in AMBs via 

C4da neurons. 

 

 

(A) A schematic view of Ca2+ imaging on AMB's soma while ablating C4da neurons. Genotypes: 

UAS-rpr/+; R60F09-LexA, LexAop-GCaMP6s; ppk-GAL4/+ (+rpr); UAS-rpr/+; R60F09-LexA, 

LexAop-GCaMP6s; +/+ (-rpr). (B) Time series of Ca2+ responses in the soma of AMBs upon blue 

light irradiation. I applied stimulation in the period indicated by the blue band. Data are shown as the 

mean ± SEM. (C) Average of AMB ΔF/F0 values in 5 seconds before (OFF) or last 5 seconds during 

(ON) optogenetic activation. In the boxplot, the width of the box represents the interquartile range. 

The whiskers extend to the data point that is less than 1.5 times the length of the box away from the 

box, and the dot represents the outlier. I assessed the statistical significance by paired t test for paired 

samples and Welch's two-sample t-test for unpaired samples. **p < 0.01. 
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Fig. 20. Organization of the larval sensory systems to induce 

backward locomotion revealed in this study. 

 

 

Black solid lines indicate the functional connections shown in the previous studies [6,29,30]. 

Red solid lines indicate the functional connections proven in this study. Black dashed lines 

indicate the functional connections implied in this study. 
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