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Nociception in fruit fly larvae
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1Department of Biology, McGill University, Montreal, QC, Canada, 2Integrated Program in Neuroscience,
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Nociception, the process of encoding and processing noxious or painful stimuli,
allows animals to detect and avoid or escape from potentially life-threatening
stimuli. Here, we provide a brief overview of recent technical developments and
studies that have advanced our understanding of the Drosophila larval nociceptive
circuit and demonstrated its potential as a model system to elucidate the
mechanistic basis of nociception. The nervous system of a Drosophila larva
contains roughly 15,000 neurons, which allows for reconstructing the
connectivity among them directly by transmission electron microscopy. In
addition, the availability of genetic tools for manipulating the activity of individual
neurons and recent advances in computational and high-throughput behavior
analysis methods have facilitated the identification of a neural circuit underlying a
characteristic nocifensive behavior. We also discuss how neuromodulators may
play a key role in modulating the nociceptive circuit and behavioral output. A
detailed understanding of the structure and function of Drosophila larval
nociceptive neural circuit could provide insights into the organization and
operation of pain circuits in mammals and generate new knowledge to advance
the development of treatment options for pain in humans.
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1. Introduction

Nociception refers to the process by which an animal’s nervous system encodes actual or

impending tissue damage (1). It is crucial for survival, as it prompts the animal to react in a

way that minimizes further harm. It is thought that nociception evolved about 550 million

years ago and that the subjective experience of pain is a key manifestation of this process (2).

It is well-established that activation of nociceptors and nociceptive pathways can give rise to

pain in humans, and that activation of comparable receptors and pathways in animals can

trigger behaviors suggestive of pain perception in animals as well. Until methods to assess

subjective pain in animals are developed, however, it will remain difficult to assess

whether pain can be dissociated from nociception as in humans (1). In the meantime,

animal models continue to offer the advantage of yielding mechanistic insights into how

nociceptive neurons activate behaviors that minimize actual or impending harm. In

particular, investigations of nociceptively induced behaviors that can be measured with

high-throughput methods in the fruit fly, which have tractable nervous systems that are

readily imaged and manipulated with a multitude of genetic techniques, have the

potential to illuminate in detail how networks of neurons interact to process nociceptive

inputs and generate behaviors that appropriately minimize harm and improve survival.

Although fruit flies are phylogenetically distant from mammals, numerous studies have

shown that receptors expressed in their nociceptive sensory neurons are evolutionarily

conserved. Several ion channels, including transient receptor potential A (TrpA),

degenerin/epithelial sodium (DEG/ENaC), calcium channel subunit α2δ3, Piezo, and

L-type voltage-gated calcium channel (L-VGCC) all play important roles in both fly and
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mammalian nociception (3–9). For example, familial episodic pain

syndrome (FEPS), a rare genetic form of peripheral neuropathy,

results from a missense mutation that alters a single amino acid

of the hTRPA1 gene (10); the so-called acid-sensing ion channels

(ASICs), which are mammalian homologues of DEG/ENaCs,

have been implicated in mechanical nociception (11); and rare

polymorphisms in the calcium channel subunit α2δ3 have been

linked to reduced pain phenotypes in humans (6). In addition,

dPiezo channels, which are expressed in nociceptive sensory

neurons in fly larvae, play an important role in larval mechanical

nociception (7), while the human homologue Piezo2 is not only

essential for indirectly suppress acute pain (12) and mediating

injury-induced tactile pain in mice and humans (13, 14), but also

required for gentle touch and proprioception but not mechanical

nociception in humans and mice (15, 16). Furthermore,

dysregulation of L-VGCCs in the dorsal root ganglia and spinal

cord has been shown in neuropathic pain (17), while L-VGCCs

have been implicated in modality-specific functions in

nociceptive neurons in fly larvae (9, 18, 19).

In response to noxious thermal (heat and cold), mechanical, or

chemical stimulation, Drosophila larvae display a range of

responses: a stereotypic nocifensive response, rolling, which they

display when attacked by a parasitic wasp (20); bending of the

body (21, 22); forward crawling and backward crawling (23).

Noxious information is first processed at specific nociceptive

sensory neurons and then in the central nervous system (CNS).

The CNS of a fruit fly larva contains approximately 15,000

neurons, which is far less than the number of neurons in

mammalian brains. This advantage has only recently been

utilized owing to the development of several technological

advances, including reconstruction of neural circuits at synaptic

resolution using transmission electron microscopy (TEM);

functional analysis of neurons using genetic tools to selectively

target and manipulate individual neuron types; measurement of

neural activity through electrophysiological recordings or calcium

imaging; and automation of methods for monitoring and

categorizing the behaviors of individual larvae.

Here we provide a brief overview of Drosophila larva studies

that have employed a combination of the above-mentioned

technologies to elucidate how ensembles of neurons interact to

mediate nociception and trigger a behavior crucial for survival.

Studies to date suggest that nociceptive sensory neurons activate

a variety of interneurons with diverse patterns of axonal

projections [e.g., localized to individual hemi-segments,

intersegmental, and ascending to the brain or subesophageal

zone (SEZ)], which are associated with the activation of a pair of

downstream command-like neurons to drive behavioral output.

They also suggest that nociceptive information is integrated by

many neurons within the sensorimotor circuitry and that

neuromodulators may play a key role in transforming this

information to optimize behavioral output. The Drosophila larval

nociceptive circuitry thus shows promise in providing detailed

insights into how the concerted activity of neurons and the

circuits in which they are embedded give rise to nociception. We

also discuss the similarities between Drosophila larval and

mammalian nociceptive circuits, as well as directions for future
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studies to test the extent to which nociceptive circuits are

conserved across species.
2. Drosophila larvae exhibit a wide
variety of nociceptive responses to
noxious stimuli

For organisms to survive and reproduce, it is essential that they

produce appropriate escape responses in the face of life-threatening

stimuli. One of the main threats to Drosophila larvae in the wild are

parasitoid wasps. It is estimated that over 60% of larvae fall prey to

parasitization (20). Drosophila larvae, which are susceptible to a

wide array of noxious stimuli such as mechanical, thermal (heat

and cold), chemical, and photic stimuli, exhibit several behavioral

responses, such as rolling (a corkscrew-like rotation along the

rostrocaudal axis), stopping/freezing, body bending, backward

crawling, and forward crawling (20, 23–25). Various methods

have been developed to deliver noxious stimuli to Drosophila

larvae and quantify the response to these stimuli.
2.1. Mechanical nociception

Mechanical nociception is assayed using custom-made von

Frey filaments calibrated to apply precise forces (30–120 mN) or

pressures (above 225 kPa) to larval cuticles (5, 20, 24, 26–28).

The observer records the resulting behavior using an ethogram, a

catalogue of behaviors including the absence of a response, head

withdrawal, stopping, turning, and rolling (24, 28). The behavior

evoked depends on the physical properties of the stimuli, such as

the site of application and the force applied. With respect to the

site of stimulus application, stimulation with a filament applied

to the head, middle segments or tail is most likely to elicit

freezing followed by backward crawling, rolling or forward

crawling, respectively (23, 29). More recently, it has also been

demonstrated that the more localized the pressure of the applied

stimulation, the greater the likelihood of rolling (19).
2.2. Thermal nociception

Drosophila larvae, as ectotherms, have a strong preference for a

narrow range of temperatures (30) and can be harmed by ambient

temperatures. Thermal nociception, i.e., the perception of harmful

heat and cold, has been studied in Drosophila larvae using various

assays (24, 31).

Heat nociception is examined in assays that apply a heat probe

to larval abdominal segments 4–6 (24) or use water immersion to

increase the temperature over time using a heat plate (25, 32).

Larval responses depend on the temperature and mode of heat

delivery. For example, in the heat probe assay, temperatures

between 38°C and 42°C trigger rolling with long latencies,

whereas those between 42°C and 52°C trigger immediate rolling

that continues for prolonged periods (24, 25). Above 54°C, larvae

rarely withdraw from the probe (25).
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Cold nociception is studied using assays that expose larvae to

low temperatures controlled by Peltier devices, in which a cold

probe is applied focally, or a cold plate applied globally, to the

cuticles (31, 33, 34). Cold temperatures below 10°C evoke several

distinct stereotyped behaviors, such as head-to-tail contraction,

posterior raise, u-shape, and, in some drosophilids, spiracle

extension (31, 33, 34).

Since temperature exists as a gradient and clear thresholds can

be identified, the thermal assays described above are also used to

study complex nociceptive mechanisms such as injury-induced

thermal allodynia and hyperalgesia, or to identify the genes

involved in thermal nociception (35, 36).
2.3. Chemical nociception

Larvae may also be subject to tissue damage from chemical

compounds produced by plants [e.g, allyl isothiocyanate (AITC),

menthol] (37), and more generally to tissue damage induced by

many corrosive agents (e.g., strong acids) (29). Chemical

nociception is studied using assays in which the experimenter

either applies a concentrated solution of a noxious chemical to

the cuticle of a larva, or places the larva in a droplet of the

solution, and records the frequencies and latencies of the

responses manually (29, 38–40). Previous studies have shown

that harmful chemicals evoke a variety of behaviors. For example,

whereas menthol and acids trigger rolling, AITC triggers

writhing (29, 38–40).
2.4. Short-wavelength lights as noxious
stimuli

Drosophila larvae spend most of their time in dark

environments (41, 42). The Bolwig organ, located on the head of

the larva, and whose neurons contain photoreceptors that

respond to green and blue light, is the primary organ for

detecting light in Drosophila larvae (42). However, several studies

have shown that intense short-wavelength lights (<470 nm)

induce head cast followed by crawling behaviors, such as head

casting and directional change, mediated by nociceptive sensory

neurons in the body wall (22, 43). In addition, intense light has

been shown to cause harm or death in some studies (35, 44, 45),

suggesting that such lights are nociceptive.
3. High-throughput methods to study
Drosophila larval nociceptive behaviors

High-throughput methods have become increasingly important

for studying Drosophila larval nocifensive behaviors given their

ability to rapidly analyze a large amount of data. Conventional

methods for evaluating such behaviors involve manually applying

nociceptive stimuli (e.g., a pin prick, a heat or cold probe to a

specific area of the abdomen) to individual animals and

recording their responses. While these methods have been useful
Frontiers in Pain Research 03
in identifying neurons and genes involved in processing

nociceptive sensory inputs and producing nocifensive behaviors,

they can be time-consuming and susceptible to individual

variability. Recently, new technologies have emerged to allow

more objective, high-throughput assessments of behavior in large

groups of animals simultaneously.

To meet the need for systematic and efficient delivery of

stimuli, stimulation methods have been developed to subject

larvae to odors, air currents, vibratory stimuli, heat, cold, and

optogenetically manipulated neuronal activity (31, 46, 47).

Among thermal stimulation assays, the laser-induced thermal

nociception assay using infra-red radiation has been developed to

deliver noxious heat (47), while methods employing Peltier-

controlled plates have been developed to apply noxious heat or

cold to multiple animals (31).

In addition to stimulus delivery methods, there are also several

tool available for directly manipulating neural activity in specific

neuron types of Drosophila. Optogenetics has become one of the

most popular tools for activating neurons with high spatial and

temporal resolution. Boyden and colleagues (48) reported the first

application of the light-gated cation channel, channelrhodopsin-2,

which manipulates neural activity by inducing calcium influx at a

specific wavelength of light (450–490 nm). To manipulate different

neurons separately with distinct optogenetic stimuli, various

channelrhodopsins have been discovered or engineered with a wide

spectrum of wavelengths (e.g., Chronos, VChR1, C1V1, ReaChR,

and Chrimson) (49–52). These channelrhodopsins can depolarized

neurons, making it possible to test the gain of function of a specific

neuron in the circuit whether activation of specific neurons elicit

specific behavior or functional connectivity in the circuit combined

with Calcium indicators. In addition, several optogenetic tools such

as halorhodopsin, archaerhodopsin-3 and GtACRs, that

hyperpolarized neurons have been developed to test the necessity of

a neuron for a specific behavior or neural circuit (53–55). Although

the optogenetic approach is powerful for high-throuput assays, the

optogenetic stimulation is not identical to natural nociceptive

sensory stimulation at physiological conditions that typically only

activate local subset of sensory neurons.

Other genetic tools that allow for neural manipulation in

Drosophila include the temperature activated cation channel,

dTrpA1 (excitatory) (30, 56–58), the bacterial sodium channel,

NaChBac (excitatory) (59), the temperature-sensitive dominant

negative form of dynamin Shibirets1(which blocks chemical

neurotransmission acutely) (60, 61), the mammalian inward

rectifying potassium channel Kir2.1 (inhibitory) (62, 63), and the

light chain of tetanus toxin (inhibitory) (64). These tools

complement stimulus delivery assays in investigating the neural

circuits of various Drosophila behaviors, with the caveat that they

may stimulate neurons at frequencies and intensities that differ

from their natural patterns (which may lead to unconventional

behavioral outcomes, e.g., longer/shorter durations for a given

behavior, paralysis when all muscles are activated/inhibited). For

further details, we refer the reader to a previous review on how

to express proteins in specific neurons (65).

To meet the need for large-scale assays, high-throughput data

acquisition methods have been developed for recording the
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responses of multiple larvae. An early study of the roundworm C.

elegans used the midline of the images to regenerate “eigenworms”

(66). This work led to the development of the Multi-Worm

Tracker, which is used to analyze the position, speed, and body

features of larvae in real time (67). Other larva-tracking software

systems, such as MAGAT, FIM, and FIMTrack, have been

developed to perform similar tasks (46, 68–70). These systems

allow for the efficient and objective measurement of behavior in

large groups of larvae.

In recent years, the availability of high-throughput data

acquisition methods has led to new approaches to classify

behavior patterns. Automated action detection algorithms have

been developed by integrating information on body location and

shape over time. For example, the Larval Reaction Analysis

(LaRA) method was developed to annotate behavioral categories,

such as crawling, head casting, hunching, and rolling (47). More

recently, machine learning techniques have been used to improve

the efficiency of categorizing and detecting behaviors. The Janelia

Automatic Animal Behavior Annotator (JAABA) uses a

supervised learning method to generate behavioral classifiers for

each individual behavior (71, 72). A recent algorithm with pre-

trained behavioral classifiers generates behavioral matrices for

each larva, allowing simultaneous comprehensive behavior

annotation with 6 given behavior classes (73). Unsupervised

learning techniques have also been used to develop an unbiased

behavioral classification method that focuses on capturing

behavior dynamics to cluster them into categories and prevent

overfitting of pre-existing behavior patterns, without relying on

behaviors defined a priori (74, 75).

These automatic high-throughput methodologies, which

comprise three consecutive phases in analyzing Drosophila

larval behavior, allow for more efficient and objective

investigation of neurogenetics and behavior (including

nocifensive behaviors) in Drosophila larvae. By combining these

emerging techniques with established approaches, the larval

nociceptive system can be studied at the levels of sensory

neurons and neural circuits.
4. Organization of nociceptive sensory
systems in Drosophila larvae

Drosophila larvae possess sensory systems that detect olfactory,

visual, gustatory, proprioceptive, and somatosensory (e.g.,

mechanosensory, thermosensory, nociceptive) stimuli.

Somatosensation and proprioception are mediated by stereotyped

segmentally repeated neurons in the body wall of each larval

hemisegment (76, 77). These neurons are grouped into four

clusters—ventral, ventral’, lateral, and dorsal based on the cell

body position in the body wall—each of which includes Type I

and Type II neurons (77). Type I neurons consist of external

sensory (es) neurons whose sensilla are found in small hair-like

organs outside of the cuticle, and chordotonal (cho) neurons

whose sensory organ, the chordotonal organ, is found under the

cuticle (77). In contrast, Type II neurons have multiple dendrites
Frontiers in Pain Research 04
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specialized organ (77, 78) (Figure 1A).

Type II neurons, also known as multidendritic neurons, are

subdivided into three broad subtypes: bipolar dendrite neurons,

tracheal dendrite neurons, and dendritic arborization (da)

neurons. The 15 da neurons per abdominal hemisegment, are

further divided into four categories based on the complexity of

their dendritic arbor: C1da, C2da, C3da and C4da neurons (78)

(Figure 1A). While the dendrites of C1da and C2da neurons

have simple branching patterns, C3da neurons show numerous

short actin-based processes extending from major branches, and

C4da neurons innervate the entire epidermis with complex,

space-filling arbors (Figure 1A) (78, 79). The formation of

functional sensory circuits requires precise positioning of axons

in the CNS. Somatotpic maps are formed by each sensory

neuron projecting to highly stereotyped locations in the ventral

nerve cord (VNC) (80–83) (Figure 1B). For instance, C4da

neurons innervate the ventromedial area of the VNC, whereas

cho neurons innervate the ventrolateral area (71, 80, 81)

(Figure 1B).

Each subclass of neuron detects a distinct subset of stimuli

based on its anatomy and the transduction channels it expresses

(Figure 1A) and is sensitive to a wide range of mechanosensory

and proprioceptive stimuli (84–87). C1da neurons respond

mostly to proprioceptive inputs (88–91); C2da and C3da neurons

are both sensitive to gentle mechanosensitive and thermosensitive

stimuli (31, 82, 92–94); and C4da and C3da neurons are the

most sensitive to nociceptive inputs.

C4da neurons are multimodal sensory neurons whose

dendrites tile the body wall of Drosophila larvae and detect

variety of noxious stimuli, including thermal, mechanical,

chemical, and photic stimuli. For example, C4da neurons show

strong spiking activity at temperatures above 38°C (24). C4da

neurons are sensitive to noxious mechanical stimuli, such as

heavy forces and shear stress, but are insensitive to gentle touch

(7, 19, 27, 82). In addition, C4da neurons respond to noxious

chemical such as AITC and acids and are sensitive to short-

wavelength lights (22, 29, 40, 45, 95). Silencing C4da neurons

impairs the responses to noxious heat, mechanical stimuli,

chemicals, and short-wavelength lights, indicating their

importance in nociception (20, 22, 24, 25, 29).

C3da neurons play a critical role for detecting noxious cold in

Drosophila larvae (31, 33, 34, 36). C3da neurons show increased

calcium influx and neuronal spiking as the ambient temperature

progressively decreases below 20°C (34, 36). Proper integration of

multiple sensory modalities is critical for nocifensive behaviors.

For example, neurons dedicated to gentle touch, such as C2da

and C3da, appear to facilitate nociception, an effect that may be

mediated by the release of sNPF from dorsal pair ilp7 (DP-ilp7)

neurons (21). Consistent with this view, silencing these sensory

neurons leads to specific impairments in mechanical and

chemical nociception (21, 29). As another example, joint

activation of chordotonal neurons, which respond to vibration or

air currents, and C4da neurons, facilitates nocifensive response,

rolling (71). These examples suggest that integration of sensory
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FIGURE 1

Neurons of the somatosensory system and structural organization of the ventral nerve cord (VNC) in Drosophila larvae. (A) Morphology and function of
the somatosensory neurons in larval Drosophila melanogaster. Chordotonal (green), C1da (blue), C2da (yellow), C3da (orange), and C4da (red) neurons
are contrasted in terms of their neural morphologies and sensory functions. (B) Side-by-side comparison of a sagittal section of the VNC in D.
melanogaster larvae (left) with that of the spinal cord in Homo sapiens (right). Spatially distinct colored regions on the left (green, blue, yellow,
orange, and red) represent those occupied by the five classes of Drosophila larval sensory neurons shown in corresponding colors in (A). Colored
regions on the right represent those in the human spinal cord occupied by sensory neurons whose functions closely correspond to their counterpart
neurons in Drosophila larvae, i.e., proprioceptive tracts (blue), fine touch tracts (yellow), tracts carrying mechanosensory and proprioceptive
information (green), and nociceptive tracts (red). In both species, motor regions (purple) are spatially segregated from the sensory regions.

Boivin et al. 10.3389/fpain.2023.1076017
information plays an important role in properly adjusting

nocifensive behaviors in Drosophila larvae.
5. Circuitry of nociceptive sensory
processing

The relatively small CNS of the Drosophila larva allows for

detailed investigation of neural circuits involved in nociceptive

processing, using reconstruction of neurons and neural circuits

at synaptic-level resolution from serial section TEM volume

images (96, 97). These structural studies of the wiring of

neurons (i.e., the connectome), combined with functional

studies using various genetic tools to manipulate specific types

of neurons and measure downstream neuronal activity or

behavior, have identified both excitatory and inhibitory
Frontiers in Pain Research 05
pathways that play a role in nociceptive sensory processing

(21, 23, 45, 71, 97–100).
5.1. Excitatory networks

Several synaptic partners downstream of C4da neurons that

play an important role in nocifensive rolling have been identified,

including the Basins, A08n, Down & Back [DnB], DP-ilp7,

mSCI, pr1, and Wave (21, 23, 71, 97, 99, 100) (Figure 2A). For

example, activation of Basins, A08n, DnB, mSCI and pr1

neurons elicits rolling, whereas inhibition of these neurons

suppresses rolling. In contrast, activation of DP-ilp7 does not

evoke rolling whereas its inhibition is necessary for rolling

evoked by noxious mechanical stimulation, suggesting that DP-

ilp7 plays a modulatory role (21, 101). Interestingly, the neurons
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FIGURE 2

Drosophila larval nociceptive circuit. (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, T05u, Swallowtail, and A09o) are represented collectively by a gray bracket. The command-like neuron Goro, the pre-motor neuron A03a5,
and the motor neuron SNa are shown in purple; these neurons comprise a motor module. (B) A diagram showing key 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) in pink; descending neurons in cyan; and inhibitory neurons in blue. In both (A,B), bi-colored neurons (e.g., Wave,
A08n) send projections locally within the ventral nerve cord (VNC) as well as ascending projections to the brain or SEZ. (Whether ABLK neurons are local
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. Note that DP-ilp7, which is activated by short-wavelength lights, releases insulin like-peptide (Ilp). The modulatory influence of serotonergic
neurons (light green) has thus far only been reported in experience-dependent plasticity during development. (C,D). Simplified diagrams of the
Drosophila larval nociceptive circuit (C) and mammalian pain circuit (D). In both circuits, multi-modal sensory inputs (green and orange) activate
excitatory networks, including integrating layers (gray), ascending projections (yellow), higher-order processing centers (pink), descending pathways
(cyan), and motor outputs (purple). In both circuits, several inhibitory neurons (blue) project to various layers.

Boivin et al. 10.3389/fpain.2023.1076017
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described above receive inputs not only from C4da, but also from

other sensory neurons, such as cho, C2da, and C3da. For example,

Basins receive inputs from C4da and cho; DnB receives inputs from

C4da and C3da (71, 99); and Wave and DP-ilp7 integrate inputs

from three types of somatosensory neurons (C2da, C3da, and

C4da) (21, 23) (Figure 2A). Whether mSCI and pr1 receive

inputs from neurons other than C4da is unknown, but these

findings indicate that most second-order interneurons integrate

unique combinations of sensory inputs.

The Basins, DnB, A08n, and Wave are indirectly connected via

local interneurons in the VNC or higher-order brain neurons to the

command-like neuron, Goro, whose activation triggers nocifensive

rolling (23, 71, 97, 99) (Figure 2B). Activation studies have shown

that A00c, a class of ascending neuron that integrates input from

Basins across several segments, plays an important role in

sending information to the brain (71, 98). Connectome studies

have identified other ascending pathways downstream of DnB, as

well as connections between A08n and Wave neurons

(Figure 2B). How these pathways and connections contribute to

nocifensive rolling is currently unclear.

Connectome studies have also identified that Wave and DnB,

via the local pathway, make direct synaptic contacts with

premotor neurons that project to motor modules independent of

the Goro pathway (23, 99) (Figure 2B). While the circuit directly

downstream of mCSI is not yet fully understood, SNa, a motor

neuron further downstream of mCSI, is necessary for mCSI-

elicited nocifensive rolling independent of the Goro pathway

(102) (Figure 2A).

The function of Wave appears to be segment specific.

Activation of Wave in specific abdominal segments 1–3 triggers

backward locomotion, a nocifensive response observed when a

pinprick stimulus is applied to the head of a larva (23). In

contrast, activation of Wave in abdominal segments 4–7 triggers

forward locomotion (23). Furthermore, activation of Wave in

both the anterior and posterior abdominal segments triggers

wiggling and C-bending—responses seen in the initial phases of

nocifensive response, rolling—as well as a small number of

rolling bouts (23). This segment-specific function of Wave

apparently determines what behavior a Drosophila larva will

exhibit when it receives nociceptive stimulation at different sites

along the body (102).
5.2. Inhibitory networks

In contrast to excitatory networks, far less is known of how

inhibitory networks contribute to nociceptive circuits. One study

showed that when larvae were treated with nociceptive chemicals

or subjected to optogenetic activation of nociceptive neurons, a

serotonergic feedback pathway inhibited nociceptive processing

between C4da and their downstream partners (Basins and A08n)

(38). Interestingly, abdominal leucokinin (ABLK) neurons, which

are downstream of the Basins and A08n, express the serotonin

receptor (103), suggesting that serotonin may also affect

nociceptive processing via leucokinin neurons. Another study

demonstrated that GABAergic neurons gate nocifensive rolling
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by inhibiting ABLK neurons (104) (Figure 2B). Furthermore, a

recent Biorxiv paper has purportedly shown that descending

inhibitory neurons expressing the neuropeptide drosulfakinin

(DSK), a homolog of cholecystokinin (CCK) in mammals,

inhibits nocifensive rolling (105). These findings suggest that

inhibition of nociceptive information processing in fly larvae may

occur via several pathways.
6. Neuromodulation in the nociceptive
circuit

In the Drosophila larval nociceptive circuit, both direct synaptic

connectivity and neuromodulation play significant roles in shaping

behavior. Although DP-ilp7, a second-order neuron downstream of

C4da, does not trigger nocifensive rolling on its own, it facilitates

rolling through the secretion of short neuropeptide F (sNPF), a

homolog of mammalian NPY, which has a dual function in pain

perception (i.e., it improves and reduces sensitivity to nociceptive

stimulation in different subsets of neurons) (21, 106, 107). The

sNPF released by DP-ilp7 binds to the sNPF receptors in C2da,

C3da, and C4da neurons, which is specifically necessary to

trigger a mechanonocifensive but not thermonocifensive response

(21). DP-ilp7 also receives inputs from v’td2 and MIP neurons,

which are sensitive to noxious light. When activated by these

neurons, however, DP-ilp7 releases Ilp7 (instead of sNPF), which

elicits light-evoked head cast behavior. In addition, it has been

shown that insulin and tachykinin released upon injury by UV

light induces sensitization of nociceptive sensory neurons (35,

108). These findings highlight the potency of neuromodulators in

altering how nociceptive sensory neurons process nociceptive

stimuli in Drosophila larvae (45).

One major factor that affects how the larval nociceptive system

processes stimuli is the developmental stage of the animal. Noxious

heat or optogenetic activation of C4da neurons elicits rolling in third

instar larvae but less rolling in first instar larvae (9, 109, 110).

However, harsh mechanical stimuli and optogenetic stimulation of

Basin neurons can still trigger rolling in first instar larvae (111),

suggesting that their weak rolling in response to noxious heat or

optogenetic activation of C4da neurons in first instar larvae, is not

due to underdevelopment of their rolling circuit, but rather, is

modality-dependent or influenced by other factors. The increased

probability of rolling in response to noxious heat as a function of

developmental stage may be associated with increased production

of ecdysone, a steroidal growth-related hormone required for the

initiation of larval pupation (112, 113). A recent study showed

that the absence of ecdysone receptor isoforms in C4da neurons

led to reduced sensitivity to noxious heat and smaller dendritic

arbors (113), suggesting that ecdysone contributes to nociception

by altering sensitivity to noxious cues (110).

In addition to endogenous developmental changes, the

interaction of a larva with its environment is critical in shaping its

nociceptive system. Different environments may present different

threats to survival, and larvae must adapt. For example, on the

one hand, larvae reared in cold environments become

hypervigilant, with several somatosensory neurons, including
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C3da, showing enhanced responses at temperatures below optimal

levels (34). On the other, larvae reared in media containing

noxious chemicals become desensitized to noxious stimuli and

exhibit less rolling in response to activation of C4da neurons (38).

These effects were replicated successfully when optogenetics was

used to mimic growth in such noxious environments (34, 38). The

desensitization of larvae to noxious stimuli in response to

activation of C4da neurons is mediated by serotoninergic feedback

at the level of sensory to second-order neurons (38).
7. Comparisons between nociceptive
systems of Drosophila larvae
and mammals

The components that enable the detection of noxious stimuli in

Drosophila larvae are highly homologous to those found in

mammals. In mammals, two classes of nerve fibers, the

unmyelinated C-fibers and the thinly myelinated Aδ−fibers, detect
noxious stimuli (114). These fibers, which are embedded under the

epidermis without specialized organs, rely on the expression of

transduction channels at dendrites, and are similar in structure to

Type II sensory neurons in Drosophila larvae (78, 114). The

functions of these fibers in mammals are also similar to those

correspondingly assumed by C4da and C3da neurons in Drosophila

larvae. Specifically, C4da neurons in Drosophila, like polymodal C-

fibers in mammals, are polymodal nociceptive neurons that detect a

wide range of noxious stimuli (20, 22, 24, 29, 38, 43, 114, 115).

The Drosophila larval nociceptive circuit and mammalian

nociceptive circuits share several similar circuit motifs (Figures 2C,

D). In mammals, pain signals are primarily integrated in the dorsal

horn within the spinal cord, and then either conveyed to a higher-

level processing center (i.e., somatosensory cortex) via the

spinothalamic tract for further integration and decision-making, or

immediately relayed via interneurons within the spinal cord to the

motor neurons that trigger a rapid response appropriate to the pain

(i.e., reflex arc) (116, 117). In Drosophila larvae, the nociceptive

circuit is organized similarly, in that nociceptive inputs are first

processed via second-order sensory neurons in the VNC, after

which they are conveyed via the ascending pathways and local

excitatory circuits to the brain and local VNC regions, respectively.

At the latter sites, the nociceptive information is integrated with

other nociceptive inputs, and then transformed to generate signals

that drive motor output (21, 23, 71, 99, 102).

In mammalian nociceptive circuits, low-threshold touch/

pressure Aβ-fibers activate inhibitory neurons that gate the high-

threshold nociceptive C-fibers (118). Furthermore, a GABAergic

circuit projects descending inhibitory inputs from a higher-order

processing center (via the periaqueductal gray-rostral ventral

medulla) to the spinal cord (119, 120). In Drosophila larval

nociceptive circuits, similar gating motifs filter linear sensory

inputs into binary categorical signals to establish a clear

threshold for triggering nocifensive rolling (104). The descending

pathway that mediates this effect remains unclear, and its

identification will be a key step in elucidating the mechanisms

underlying such gating of nociceptive inputs.
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Lastly, studies of UV-induced tissue damage in Drosophila

larvae, a model preparation used to investigate peripheral

neuropathy in mammals, suggest that several pathways relevant

to nociception are conserved. For example, tumor necrosis factor

homologue, Eiger which released upon epithelial cell death,

increases the sensitivity of C4da neurons to thermal stimuli in

Drosophila larvae, while tumor necrosis factor, is critical for

injury-mediated peripheral neuropathies, such as mechanical

allodynia in mammals (35, 121–123). The production of

tachykinin, the Drosophila homolog of substance P in mammals,

disinhibits and sensitizes TrpA1 in C4da neurons following UV-

induced tissue damage (124–128) which, in turn, increases the

sensitivity of C4da neurons to noxious stimuli and the

probability of nocifensive rolling in response to previously

innocuous and noxious stimuli (124–126). In mammals,

substance P decreases the nociceptive threshold via interactions

with TRP channels (e.g., TRPV1, TRPA1), suggesting some

conservation of the architecture of this peripheral pathway (124,

125, 127, 129, 130). Finally, as in diabetic neuropathy in

mammals, ILP signaling is critical for persistence of injury-

mediated sensitization, given that loss of ILP2+ neurons or

insulin receptors increases rolling after prolonged UV-induced

injury (108, 131).
8. Conclusion

Fruit fly larvae display various nocifensive behaviors in

response to different noxious stimuli. In particular, they display a

characteristic nocifensive behavior, rolling, when attacked by a

parasitic wasp. Methodological advances in neural circuit

reconstruction and high-throughput behavioral analyses have

begun to clarify the neural bases of these behaviors. Initial

structural analyses of neuronal morphology/connectivity and

functional analyses of neural activity identified specialized

nociceptive sensory neurons that detect noxious stimuli (mainly

C4da neurons); several key interneurons immediately

downstream of C4da neurons; and a pair of command-like

neurons that drive rolling in an all-or-none fashion. Recent

studies have identified inhibitory circuits and neuromodulators

that could transform the nociceptive information conveyed via

the sensory neurons and interneurons to suppress or change the

threshold for behavioral output. A key question will be to

understand how inhibitory circuits and descending pathways

affect rolling at the circuit level. Another will be to determine

whether similar circuits and neuromodulators are involved in

nocifensive behaviors in vertebrates. The similarities in

nociceptive circuits between fly larvae and mammals suggest the

potential of using Drosophila larvae to illuminate the circuit-level

mechanisms of pain in humans.
Author contributions

J-CB, JZ, and TO wrote the manuscript. All authors

contributed to the article and approved the submitted version.
frontiersin.org

https://doi.org/10.3389/fpain.2023.1076017
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/


Boivin et al. 10.3389/fpain.2023.1076017
Funding

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 Nature at technologies Quebec (FRQNT, 2019-

NC-255237), and J-CB was supported by FRQNT graduate

training award.
Acknowledgments

We thank all Ohyama lab members for inputs.
Frontiers in Pain Research 09
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Mischkowski D, Palacios-Barrios EE, Banker L, Dildine TC, Atlas LY. Pain or
nociception? Subjective experience mediates the effects of acute noxious heat on
autonomic responses. Pain. (2018) 159(4):699–711. doi: 10.1097/j.pain.
0000000000001132

2. Sneddon LU. Comparative physiology of nociception and pain. Physiology. (2017)
33(1):63–73. doi: 10.1152/physiol.00022.2017

3. Al-Anzi B, Tracey WD, Benzer S. Response of Drosophila to wasabi is mediated
by painless, the fly homolog of mammalian Trpa1/Anktm1. Curr Biol. (2006) 16
(10):1034–40. doi: 10.1016/j.cub.2006.04.002

4. Tracey WD. Nociception. Curr Biol. (2017) 27(4):R129–33. doi: 10.1016/j.cub.
2017.01.037

5. Zhong LX, Hwang RY, Tracey WD. Pickpocket is a deg/enac protein required for
mechanical nociception in Drosophila larvae. Curr Biol. (2010) 20(5):429–34. doi: 10.
1016/j.cub.2009.12.057

6. Neely GG, Hess A, Costigan M, Keene AC, Goulas S, Langeslag M, et al. A
genome-wide Drosophila screen for heat nociception identifies alpha 2 Delta 3 as
an evolutionarily conserved pain gene. Cell. (2010) 143(4):628–38. doi: 10.1016/j.
cell.2010.09.047

7. Kim SE, Coste B, Chadha A, Cook B, Patapoutian A. The role of Drosophila piezo
in mechanical nociception. Nature. (2012) 483(7388):209–12. doi: 10.1038/
nature10801

8. Coste B, Xiao BL, Santos JS, Syeda R, Grandl J, Spencer KS, et al. Piezo proteins
are pore-forming subunits of mechanically activated channels. Nature. (2012) 483
(7388):176–81. doi: 10.1038/nature10812.

9. Terada SI, Matsubara D, Onodera K, Matsuzaki M, Uemura T, Usui T. Neuronal
processing of noxious thermal stimuli mediated by dendritic Ca2+ influx in
Drosophila somatosensory neurons. Elife. (2016) 5:e12959. doi: 10.7554/eLife.12959

10. Kremeyer B, Lopera F, Cox JJ, Momin A, Rugiero F, Marsh S, et al. A gain-of-
function mutation in Trpa1 causes familial episodic pain syndrome. Neuron. (2010) 66
(5):671–80. doi: 10.1016/j.neuron.2010.04.030

11. Deval E, Gasull X, Noel J, Salinas M, Baron A, Diochot S, et al. Acid-sensing ion
channels (asics): pharmacology and implication in pain. Pharmacol Ther. (2010) 128
(3):549–58. doi: 10.1016/j.pharmthera.2010.08.006

12. Zhang M, Wang Y, Geng J, Zhou S, Xiao B. Mechanically activated piezo
channels mediate touch and suppress acute mechanical pain response in mice. Cell
Rep. (2019) 26(6):1419–31. doi: 10.1016/j.celrep.2019.01.056

13. Murthy SE, Loud MC, Daou I, Marshall KL, Schwaller F, Kuhnemund J, et al.
The mechanosensitive Ion channel Piezo2 mediates sensitivity to mechanical pain
in mice. Sci Transl Med. (2018) 10(462):eaat9897. doi: 10.1126/scitranslmed.aat9897

14. Szczot M, Liljencrantz J, Ghitani N, Barik A, Lam R, Thompson JH, et al. Piezo2
mediates injury-induced tactile pain in mice and humans. Sci Transl Med. (2018) 10
(462):eaat9892. doi: 10.1126/scitranslmed.aat9892

15. Ranade SS, Woo SH, Dubin AE, Moshourab RA, Wetzel C, Petrus M, et al.
Piezo2 is the major transducer of mechanical forces for touch sensation in mice.
Nature. (2014) 516(7529):121–5. doi: 10.1038/nature13980

16. Chesler AT, Szczot M, Bharucha-Goebel D, Ceko M, Donkervoort S, Laubacher
C, et al. The role of Piezo2 in human mechanosensation. N Engl J Med. (2016) 375
(14):1355–64. doi: 10.1056/NEJMoa1602812
17. Park JF, Luo ZD. Calcium channel functions in pain processing. Channels.
(2010) 4(6):510–7. doi: 10.4161/chan.4.6.12869

18. Basak R, Sutradhar S, Howard J. Focal laser stimulation of fly nociceptors
activates distinct axonal and dendritic Ca2+ signals. Biophys J. (2021) 120
(15):3222–33. doi: 10.1016/j.bpj.2021.06.001

19. Liu Z, Wu MH, Wang QX, Lin SZ, Feng XQ, Li B, et al. Drosophila mechanical
nociceptors preferentially sense localized poking. Elife. (2022) 11:e76574. doi: 10.7554/
eLife.76574

20. Hwang RY, Zhong LX, Xu YF, Johnson T, Zhang F, Deisseroth K, et al.
Nociceptive neurons protect Drosophila larvae from parasitoid wasps. Curr Biol.
(2007) 17(24):2105–16. doi: 10.1016/j.cub.2007.11.029

21. Hu C, Petersen M, Hoyer N, Spitzweck B, Tenedini F, Wang DN, et al. Sensory
integration and neuromodulatory feedback facilitate Drosophila mechanonociceptive
behavior. Nat Neurosci. (2017) 20(8):1085–95. doi: 10.1038/nn.4580

22. Xiang Y, Yuan QA, Vogt N, Looger LL, Jan LY, Jan YN. Light-avoidance-
mediating photoreceptors tile the Drosophila larval body wall. Nature. (2010) 468
(7326):921–6. doi: 10.1038/nature09576

23. Takagi S, Cocanougher BT, Niki S, Miyamoto D, Kohsaka H, Kazama H, et al.
Divergent connectivity of homologous command-like neurons mediates segment-
specific touch responses in Drosophila. Neuron. (2017) 96(6):1373–87. doi: 10.1016/
j.neuron.2017.10.030

24. Tracey WD, Wilson RI, Laurent G, Benzer S. Painless, a Drosophila gene essential
for nociception. Cell. (2003) 113(2):261–73. doi: 10.1016/s0092-8674(03)00272-1

25. Chattopadhyay A, Gilstrap AV, Galko MJ. Local and global methods of assessing
thermal nociception in Drosophila larvae. J Vis Exp. (2012) (63):e3837. doi: 10.3791/3837

26. Lopez-Bellido R, Galko MJ. An improved assay and tools for measuring
mechanical nociception in Drosophila larvae.J Vis Exp. (2020) 164:e61911. doi: 10.
3791/61911

27. Lopez-Bellido R, Puig S, Huang PJ, Tsai CR, Turner HN, Galko MJ, et al.
Growth factor signaling regulates mechanical nociception in flies and vertebrates.
J Neurosci. (2019) 39(30):6012–30. doi: 10.1523/jneurosci.2950-18.2019

28. Hoyer N, Petersen M, Tenedini F, Soba P. Assaying mechanonociceptive behavior
in Drosophila larvae. Bio Protoc. (2018) 8(4):e2736. doi: 10.21769/BioProtoc.2736

29. Lopez-Bellido R, Himmel NJ, Gutstein HB, Cox DN, Galko MJ. An assay for
chemical nociception in Drosophila larvae. Phil. Trans. R. Soc. B (2019) 374(1785):
20190282. doi: 10.1098/rstb.2019.0282

30. Rosenzweig M, Brennan KM, Tayler TD, Phelps PO, Patapoutian A, Garrity PA.
The Drosophila ortholog of vertebrate Trpa1 regulates thermotaxis. Genes Dev. (2005)
19(4):419–24. doi: 10.1101/gad.1278205

31. Turner HN, Armengol K, Patel AA, Himmel NJ, Sullivan L, Iyer SC, et al. The
trp channels Pkd2, nompc, and trpm act in cold-sensing neurons to mediate unique
aversive behaviors to noxious cold in Drosophila. Curr Biol. (2016) 26(23):3116–28.
doi: 10.1016/j.cub.2016.09.038

32. Oswald M, Rymarczyk B, Chatters A, Sweeney ST. A novel thermosensitive
escape behavior in Drosophila larvae. Fly (Austin). (2011) 5(4):304–6. doi: 10.4161/
fly.5.4.17810

33. Turner HN, Landry C, Galko MJ. Novel assay for cold nociception in Drosophila
larvae. J Vis Exp. (2017) 122:e55568. doi: 10.3791/55568
frontiersin.org

https://doi.org/10.1097/j.pain.0000000000001132
https://doi.org/10.1097/j.pain.0000000000001132
https://doi.org/10.1152/physiol.00022.2017
https://doi.org/10.1016/j.cub.2006.04.002
https://doi.org/10.1016/j.cub.2017.01.037
https://doi.org/10.1016/j.cub.2017.01.037
https://doi.org/10.1016/j.cub.2009.12.057
https://doi.org/10.1016/j.cub.2009.12.057
https://doi.org/10.1016/j.cell.2010.09.047
https://doi.org/10.1016/j.cell.2010.09.047
https://doi.org/10.1038/nature10801
https://doi.org/10.1038/nature10801
https://doi.org/10.1038/nature10812.
https://doi.org/10.7554/eLife.12959
https://doi.org/10.1016/j.neuron.2010.04.030
https://doi.org/10.1016/j.pharmthera.2010.08.006
https://doi.org/10.1016/j.celrep.2019.01.056
https://doi.org/10.1126/scitranslmed.aat9897
https://doi.org/10.1126/scitranslmed.aat9892
https://doi.org/10.1038/nature13980
https://doi.org/10.1056/NEJMoa1602812
https://doi.org/10.4161/chan.4.6.12869
https://doi.org/10.1016/j.bpj.2021.06.001
https://doi.org/10.7554/eLife.76574
https://doi.org/10.7554/eLife.76574
https://doi.org/10.1016/j.cub.2007.11.029
https://doi.org/10.1038/nn.4580
https://doi.org/10.1038/nature09576
https://doi.org/10.1016/j.neuron.2017.10.030
https://doi.org/10.1016/j.neuron.2017.10.030
https://doi.org/10.1016/s0092-8674(03)00272-1
https://doi.org/10.3791/3837
https://doi.org/10.3791/61911
https://doi.org/10.3791/61911
https://doi.org/10.1523/jneurosci.2950-18.2019
https://doi.org/10.21769/BioProtoc.2736
https://doi.org/10.1098/rstb.2019.0282
https://doi.org/10.1101/gad.1278205
https://doi.org/10.1016/j.cub.2016.09.038
https://doi.org/10.4161/fly.5.4.17810
https://doi.org/10.4161/fly.5.4.17810
https://doi.org/10.3791/55568
https://doi.org/10.3389/fpain.2023.1076017
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/


Boivin et al. 10.3389/fpain.2023.1076017
34. Himmel NJ, Letcher JM, Sakurai A, Gray TR, Benson MN, Donaldson KJ, et al.
Identification of a neural basis for cold acclimation in Drosophila larvae. Iscience.
(2021) 24(6):102657. doi: 10.1016/j.isci.2021.102657

35. Babcock DT, Landry C, Galko MJ. Cytokine signaling mediates uv-induced
nociceptive sensitization in Drosophila larvae. Curr Biol. (2009) 19(10):799–806.
doi: 10.1016/j.cub.2009.03.062

36. Turner HN, Patel AA, Cox DN, Galko MJ. Injury-induced cold sensitization in
Drosophila larvae involves behavioral shifts that require the trp channel Brv1. PLoS
ONE. (2018) 13(12):e0209577. doi: 10.1371/journal.pone.0209577

37. Startek JB, Voets T, Talavera K. To flourish or perish: evolutionary trips into the
sensory biology of plant-herbivore interactions. Pflugers Arch. (2019) 471(2):213–36.
doi: 10.1007/s00424-018-2205-1

38. Kaneko T, Macara AM, Li R, Hu Y, Iwasaki K, Dunnings Z, et al. Serotonergic
modulation enables pathway-specific plasticity in a developing sensory circuit in
Drosophila. Neuron. (2017) 95(3):623–38. doi: 10.1016/j.neuron.2017.06.034

39. Gu PY, Gong JX, Shang Y, Wang F, Ruppell KT, Ma ZG, et al. Polymodal
nociception in Drosophila requires alternative splicing of Trpa1. Curr Biol. (2019)
29(23):3961–73. doi: 10.1016/j.cub.2019.09.070

40. Himmel NJ, Letcher JM, Sakurai A, Gray TR, Benson MN, Cox DN. Drosophila
menthol sensitivity and the precambrian origins of transient receptor potential-
dependent chemosensation. Phil. Trans. R. Soc. B (2019) 374(1785):20190369.
doi: 10.1098/rstb.2019.0369

41. SawinMcCormack EP, Sokolowski MB, Campos AR. Characterization and
genetic analysis of Drosophila melanogaster photobehavior during larval
development. J Neurogenet. (1995) 10(2):119–35. doi: 10.3109/01677069509083459

42. Mazzoni EO, Desplan C, Blau J. Circadian pacemaker neurons transmit and
modulate visual information to control a rapid behavioral response. Neuron. (2005)
45(2):293–300. doi: 10.1016/j.neuron.2004.12.038

43. Kim MJ, Johnson WA. Ros-Mediated activation of Drosophila larval nociceptor
neurons by uvc irradiation. BMC Neurosci. (2014) 15:14. doi: 10.1186/1471-2202-15-14

44. Shibuya K, Onodera S, Hori M. Toxic wavelength of blue light changes as insects
grow. PLoS ONE. (2018) 13(6):e0199266. doi: 10.1371/journal.pone.0199266

45. Imambocus BN, Zhou FM, Formozov A, Wittich A, Tenedini FM, Hu C, et al. A
neuropeptidergic circuit gates selective escape behavior of Drosophila larvae. Curr
Biol. (2022) 32(1):149–63. doi: 10.1016/j.cub.2021.10.069

46. Gershow M, Berck M, Mathew D, Luo LJ, Kane EA, Carlson JR, et al.
Controlling airborne cues to study small animal navigation. Nat Methods. (2012) 9
(3):290–6. doi: 10.1038/nmeth.1853

47. Ohyama T, Jovanic T, Denisov G, Dang TC, Hoffmann D, Kerr RA, et al. High-
throughput analysis of stimulus-evoked behaviors in Drosophila larva reveals multiple
modality-specific escape strategies. PLoS ONE. (2013) 8(8):e71706. doi: 10.1371/
journal.pone.0071706

48. Boyden ES, Zhang F, Bamberg E, Nagel G, Deisseroth K. Millisecond-timescale,
genetically targeted optical control of neural activity. Nat Neurosci. (2005) 8
(9):1263–8. doi: 10.1038/nn1525

49. Zhang F, Prigge M, Beyriere F, Tsunoda SP, Mattis J, Yizhar O, et al. Red-shifted
optogenetic excitation: a tool for fast neural control derived from volvox carteri. Nat
Neurosci. (2008) 11(6):631–3. doi: 10.1038/nn.2120

50. Yizhar O, Fenno LE, Prigge M, Schneider F, Davidson TJ, O’Shea DJ, et al.
Neocortical excitation/inhibition balance in information processing and social
dysfunction. Nature. (2011) 477(7363):171–8. doi: 10.1038/nature10360

51. Lin JY, Knutsen PM, Muller A, Kleinfeld D, Tsien RY. Reachr: a red-shifted
variant of channelrhodopsin enables deep transcranial optogenetic excitation. Nat
Neurosci. (2013) 16(10):1499–508. doi: 10.1038/nn.3502

52. Klapoetke NC, Murata Y, Kim SS, Pulver SR, Birdsey-Benson A, Cho YK, et al.
Independent optical excitation of distinct neural populations. Nat Methods. (2014) 11
(3):338–46. doi: 10.1038/nmeth.2836

53. Han X, Boyden ES. Multiple-color optical activation, silencing, and
desynchronization of neural activity, with single-spike temporal resolution. PLoS
ONE. (2007) 2(3):e299. doi: 10.1371/journal.pone.0000299

54. Govorunova EG, Sineshchekov OA, Janz R, Liu XQ, Spudich JL. Natural light-
gated anion channels: a family of microbial rhodopsins for advanced optogenetics.
Science. (2015) 349(6248):647–50. doi: 10.1126/science.aaa7484

55. Chow BY, Han X, Dobry AS, Qian XF, Chuong AS, Li MJ, et al. High-
performance genetically targetable optical neural silencing by light-driven proton
pumps. Nature. (2010) 463(7277):98–102. doi: 10.1038/nature08652

56. Rosenzweig M, Kang KJ, Garrity PA. Distinct trp channels are required for warm
and cool avoidance in Drosophila melanogaster. Proc Natl Acad Sci USA. (2008) 105
(38):14668–73. doi: 10.1073/pnas.0805041105

57. Hamada FN, Rosenzweig M, Kang K, Pulver SR, Ghezzi A, Jegla TJ, et al. An
internal thermal sensor controlling temperature preference in Drosophila. Nature.
(2008) 454(7201):217–20. doi: 10.1038/nature07001

58. Kang KJ, Panzano VC, Chang EC, Ni LN, Dainis AM, Jenkins AM, et al.
Modulation of Trpa1 thermal sensitivity enables sensory discrimination in
Drosophila. Nature. (2012) 481(7379):76–80. doi: 10.1038/nature10715
Frontiers in Pain Research 10
59. Nitabach MN, Wu Y, Sheeba V, Lemon WC, Strumbos J, Zelensky PK, et al.
Electrical hyperexcitation of lateral ventral pacemaker neurons desynchronizes
downstream circadian oscillators in the fly circadian circuit and induces multiple
behavioral periods. J Neurosci. (2006) 26(2):479–89. doi: 10.1523/jneurosci.3915-05.2006

60. Kitamoto T. Conditional modification of behavior in Drosophila by targeted
expression of a temperature-sensitive shibire allele in defined neurons. J Neurobiol.
(2001) 47(2):81–92. doi: 10.1002/neu.1018

61. Kosaka T, Ikeda K. Reversible blockage of membrane retrieval and endocytosis
in the garland cell of the temperature-sensitive mutant of Drosophila melanogaster,
Shibirets1. J Cell Biol. (1983) 97(2):499–507. doi: 10.1083/jcb.97.2.499

62. Baines RA, Uhler JP, Thompson A, Sweeney ST, Bate M. Altered electrical
properties in Drosophila neurons developing without synaptic transmission.
J Neurosci. (2001) 21(5):1523–31. doi: 10.1523/jneurosci.21-05-01523.2001

63. Johns DC, Marx R, Mains RE, O’Rourke B, Marban E. Inducible genetic
suppression of neuronal excitability. J Neurosci. (1999) 19(5):1691–7. doi: 10.1523/
JNEUROSCI.19-05-01691.1999

64. Sweeney ST, Broadie K, Keane J, Niemann H, Okane CJ. Targeted expression of
tetanus toxin light chain in Drosophila specifically eliminates synaptic transmission
and causes behavioral defects. Neuron. (1995) 14(2):341–51. doi: 10.1016/0896-6273
(95)90290-2

65. Venken KJT, Simpson JH, Bellen HJ. Genetic manipulation of genes and cells in
the nervous system of the fruit fly. Neuron. (2011) 72(2):202–30. doi: 10.1016/j.
neuron.2011.09.021

66. Stephens GJ, Johnson-Kerner B, Bialek W, Ryu WS. Dimensionality and
dynamics in the behavior of C-elegans. PLoS Comput Biol. (2008) 4(4):e1000028.
doi: 10.1371/journal.pcbi.1000028

67. Swierczek NA, Giles AC, Rankin CH, Kerr RA. High-throughput behavioral
analysis in C. elegans. Nat Methods. (2011) 8(7):592–8. doi: 10.1038/nmeth.1625

68. Gomez-Marin A, Stephens GJ, Louis M. Active sampling and decision making in
Drosophila chemotaxis. Nat Commun. (2011) 2:441. doi: 10.1038/ncomms1455

69. Risse B, Thomas S, Otto N, Lopmeier T, Valkov D, Jiang XY, et al. Fim, a novel
ftir-based imaging method for high throughput locomotion analysis. PLoS ONE.
(2013) 8(1):e53963. doi: 10.1371/journal.pone.0053963

70. Risse B, Berh D, Otto N, Klambt C, Jiang XY. Fimtrack: an open source tracking
and locomotion analysis software for small animals. PLoS Comput Biol. (2017) 13(5):
e1005530. doi: 10.1371/journal.pcbi.1005530

71. Ohyama T, Schneider-Mizell CM, Fetter RD, Aleman JV, Franconville R, Rivera-
Alba M, et al. A multilevel multimodal circuit enhances action selection in Drosophila.
Nature. (2015) 520(7549):633–9. doi: 10.1038/nature14297

72. Kabra M, Robie AA, Rivera-Alba M, Branson S, Branson K. Jaaba: interactive
machine learning for automatic annotation of animal behavior. Nat Methods.
(2013) 10(1):64–7. doi: 10.1038/nmeth.2281

73. Masson JB, Laurent F, Cardona A, Barre C, Skatchkovsky N, Zlatic M, et al.
Identifying neural substrates of competitive interactions and sequence transitions
during mechanosensory responses in Drosophila. PLoS Genet. (2020) 16(2):
e1008589. doi: 10.1371/journal.pgen.1008589

74. Vogelstein JT, Park Y, Ohyama T, Kerr RA, Truman JW, Priebe CE, et al.
Discovery of brainwide neural-behavioral maps via multiscale unsupervised
structure learning. Science. (2014) 344(6182):386–92. doi: 10.1126/science.1250298

75. York RA, Carreira-Rosario A, Giocomo LM, Clandinin TR. Flexible analysis of
animal behavior via time-resolved manifold embedding. bioRxiv. (2021). doi: 10.1101/
2020.09.30.321406

76. Merritt DJ, Whitington PM. Central projections of sensory neurons in the
Drosophila embryo correlate with sensory modality, soma position, and proneural
gene function. J Neurosci. (1995) 15(3):1755–67. doi: 10.1523/jneurosci.15-03-01755.
1995

77. Singhania A, Grueber WB. Development of the embryonic and larval peripheral
nervous system of Drosophila. Wiley Interdiscip Rev Dev Biol. (2014) 3(3):193–210.
doi: 10.1002/wdev.135

78. Grueber WB, Jan LY, Jan YN. Tiling of the Drosophila epidermis by
multidendritic sensory neurons. Development. (2002) 129(12):2867–78. doi: 10.1242/
dev.129.12.2867

79. Sturner T, Castro AF, Philipps M, Cuntz H, Tavosanis G. The branching code: a
model of actin-driven dendrite arborization. Cell Rep. (2022) 39(4):110746. doi: 10.
1016/j.celrep.2022.110746

80. Grueber WB, Ye B, Yang CH, Younger S, Borden K, Jan LY, et al. Projections
of Drosophila multidendritic neurons in the central nervous system: links with
peripheral dendrite morphology. Development. (2007) 134(1):55–64. doi: 10.1242/
dev.02666

81. Zlatic M, Li F, Strigini M, Grueber W, Bate M. Positional cues in the Drosophila
nerve cord: semaphorins pattern the dorso-ventral axis. PLoS Biol. (2009) 7(6):
e1000135. doi: 10.1371/journal.pbio.1000135

82. Yan ZQ, Zhang W, He Y, Gorczyca D, Xiang Y, Cheng LE, et al. Drosophila
nompc is a mechanotransduction channel subunit for gentle-touch sensation.
Nature. (2013) 493(7431):221–5. doi: 10.1038/nature11685
frontiersin.org

https://doi.org/10.1016/j.isci.2021.102657
https://doi.org/10.1016/j.cub.2009.03.062
https://doi.org/10.1371/journal.pone.0209577
https://doi.org/10.1007/s00424-018-2205-1
https://doi.org/10.1016/j.neuron.2017.06.034
https://doi.org/10.1016/j.cub.2019.09.070
https://doi.org/10.1098/rstb.2019.0369
https://doi.org/10.3109/01677069509083459
https://doi.org/10.1016/j.neuron.2004.12.038
https://doi.org/10.1186/1471-2202-15-14
https://doi.org/10.1371/journal.pone.0199266
https://doi.org/10.1016/j.cub.2021.10.069
https://doi.org/10.1038/nmeth.1853
https://doi.org/10.1371/journal.pone.0071706
https://doi.org/10.1371/journal.pone.0071706
https://doi.org/10.1038/nn1525
https://doi.org/10.1038/nn.2120
https://doi.org/10.1038/nature10360
https://doi.org/10.1038/nn.3502
https://doi.org/10.1038/nmeth.2836
https://doi.org/10.1371/journal.pone.0000299
https://doi.org/10.1126/science.aaa7484
https://doi.org/10.1038/nature08652
https://doi.org/10.1073/pnas.0805041105
https://doi.org/10.1038/nature07001
https://doi.org/10.1038/nature10715
https://doi.org/10.1523/jneurosci.3915-05.2006
https://doi.org/10.1002/neu.1018
https://doi.org/10.1083/jcb.97.2.499
https://doi.org/10.1523/jneurosci.21-05-01523.2001
https://doi.org/10.1523/JNEUROSCI.19-05-01691.1999
https://doi.org/10.1523/JNEUROSCI.19-05-01691.1999
https://doi.org/10.1016/0896-6273(95)90290-2
https://doi.org/10.1016/0896-6273(95)90290-2
https://doi.org/10.1016/j.neuron.2011.09.021
https://doi.org/10.1016/j.neuron.2011.09.021
https://doi.org/10.1371/journal.pcbi.1000028
https://doi.org/10.1038/nmeth.1625
https://doi.org/10.1038/ncomms1455
https://doi.org/10.1371/journal.pone.0053963
https://doi.org/10.1371/journal.pcbi.1005530
https://doi.org/10.1038/nature14297
https://doi.org/10.1038/nmeth.2281
https://doi.org/10.1371/journal.pgen.1008589
https://doi.org/10.1126/science.1250298
https://doi.org/10.1101/2020.09.30.321406
https://doi.org/10.1101/2020.09.30.321406
https://doi.org/10.1523/jneurosci.15-03-01755.1995
https://doi.org/10.1523/jneurosci.15-03-01755.1995
https://doi.org/10.1002/wdev.135
https://doi.org/10.1242/dev.129.12.2867
https://doi.org/10.1242/dev.129.12.2867
https://doi.org/10.1016/j.celrep.2022.110746
https://doi.org/10.1016/j.celrep.2022.110746
https://doi.org/10.1242/dev.02666
https://doi.org/10.1242/dev.02666
https://doi.org/10.1371/journal.pbio.1000135
https://doi.org/10.1038/nature11685
https://doi.org/10.3389/fpain.2023.1076017
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/


Boivin et al. 10.3389/fpain.2023.1076017
83. Song W, Onishi M, Jan LY, Jan YN. Peripheral multidendritic sensory neurons
are necessary for rhythmic locomotion behavior in Drosophila larvae. Proc Natl Acad
Sci U S A. (2007) 104(12):5199–204. doi: 10.1073/pnas.0700895104

84. Jovanic T, Winding M, Cardona A, Truman JW, Gershow M, Zlatic M. Neural
substrates of Drosophila larval anemotaxis. Curr Biol. (2019) 29(4):554–66. doi: 10.
1016/j.cub.2019.01.009

85. Zhang W, Yan ZQ, Jan LY, Jan YN. Sound response mediated by the trp channels
nompc, nanchung, and inactive in chordotonal organs of Drosophila larvae. Proc Natl
Acad Sci U S A. (2013) 110(33):13612–7. doi: 10.1073/pnas.1312477110

86. Prahlad A, Spalthoff C, Kong DQ, Grosshans J, Gopfert MC, Schmidt CF.
Mechanical properties of a Drosophila larval chordotonal organ. Biophys J. (2017)
113(12):2796–804. doi: 10.1016/j.bpj.2017.08.061

87. Caldwell JC, Miller MM, Wing S, Soll DR, Eberl DF. Dynamic analysis of larval
locomotion in Drosophila chordotonal organ mutants. Proc Natl Acad Sci USA. (2003)
100(26):16053–8. doi: 10.1073/pnas.2535546100

88. Cheng LE, Song W, Looger LL, Jan LY, Jan YN. The role of the trp channel
nompc in Drosophila larval and adult locomotion. Neuron. (2010) 67(3):373–80.
doi: 10.1016/j.neuron.2010.07.004

89. He LP, Gulyanon S, Skanata MM, Karagyozov D, Heckscher ES, Krieg M, et al.
Direction selectivity in Drosophila proprioceptors requires the mechanosensory
channel tmc. Curr Biol. (2019) 29(6):945–56. doi: 10.1016/j.cub.2019.02.025

90. Vaadia RD, Li WZ, Voleti V, Singhania A, Hillman EMC, Grueber WB.
Characterization of proprioceptive system dynamics in behaving Drosophila larvae
using high-speed volumetric microscopy. Curr Biol. (2019) 29(6):935–44. doi: 10.
1016/j.cub.2019.01.060

91. Hughes CL, Thomas JB. A sensory feedback circuit coordinates muscle activity
in Drosophila. Mol Cell Neurosci. (2007) 35(2):383–96. doi: 10.1016/j.mcn.2007.04.001

92. Tsubouchi A, Caldwell JC, Tracey WD. Dendritic filopodia, ripped pocket,
nompc, and nmdars contribute to the sense of touch in Drosophila larvae. Curr
Biol. (2012) 22(22):2124–34. doi: 10.1016/j.cub.2012.09.019

93. Guo YM, Wang YP, Zhang W, Meltzer S, Zanini D, Yu Y, et al. Transmembrane
channel-like (tmc) gene regulates Drosophila larval locomotion. Proc Natl Acad Sci U
S A. (2016) 113(26):7243–8. doi: 10.1073/pnas.1606537113

94. Zhang WZ, Pan P, Wang X, Chen YX, Rao Y, Liu XY. Force-controlled
mechanical stimulation and single-neuron fluorescence imaging of Drosophila
larvae. IEEE Rob Autom Lett. (2021) 6(2):3736–43. doi: 10.1109/lra.2021.3061874

95. Guntur AR, Gu PY, Takle K, Chen JY, Xiang Y, Yang CH. Drosophila Trpa1
isoforms detect uv light via photochemical production of H2o2. Proc Natl Acad Sci
U S A. (2015) 112(42):E5753–61. doi: 10.1073/pnas.1514862112

96. Cardona A, Saalfeld S, Schindelin J, Arganda-Carreras I, Preibisch S, Longair M,
et al. Trakem2 software for neural circuit reconstruction. PLoS One. (2012) 7(6):
e38011. doi: 10.1371/journal.pone.0038011

97. Gerhard S, Andrade I, Fetterig RD, Cardona A, Schneider-Mizell CM.
Conserved neural circuit structure across Drosophila larval development revealed by
comparative connectomics. Elife. (2017) 6:e29089. doi: 10.7554/eLife.29089

98. Eschbach C, Fushiki A, Winding M, Schneider-Mizell CM, Shao M, Arruda R,
et al. Recurrent architecture for adaptive regulation of learning in the insect brain. Nat
Neurosci. (2020) 23(4):544–55. doi: 10.1038/s41593-020-0607-9

99. Burgos A, Honjo K, Ohyama T, Qian CS, Shin GJE, Gohl DM, et al. Nociceptive
interneurons control modular motor pathways to promote Escape behavior in
Drosophila. Elife. (2018) 7:e26016. doi: 10.7554/eLife.26016

100. Dason JS, Cheung A, Anreiter I, Montemurri VA, Allen AM, Sokolowski MB.
Drosophila melanogaster foraging regulates a nociceptive-like escape behavior through
a developmentally plastic sensory circuit. Proc Natl Acad Sci USA. (2020) 117
(38):23286–91. doi: 10.1073/pnas.1820840116

101. Vierock J, Rodriguez-Rozada S, Dieter A, Pieper F, Sims R, Tenedini F, et al.
Bipoles is an optogenetic tool developed for bidirectional dual-color control of
neurons. Nat Commun. (2021) 12(1):4527. doi: 10.1038/s41467-021-24759-5

102. Yoshino J, Morikawa RK, Hasegawa E, Emoto K. Neural circuitry that evokes
escape behavior upon activation of nociceptive sensory neurons in Drosophila larvae.
Curr Biol. (2017) 27(16):2499–504. doi: 10.1016/j.cub.2017.06.068

103. Okusawa S, Kohsaka H, Nose A. Serotonin and downstream leucokinin
neurons modulate larval turning behavior in Drosophila. J Neurosci. (2014) 34
(7):2544–58. doi: 10.1523/JNEUROSCI.3500-13.2014

104. Hu YJ, Wang CC, Yang LM, Pan G, Liu H, Yu GQ, et al. A neural basis for
categorizing sensory stimuli to enhance decision accuracy. Curr Biol. (2020) 30
(24):4896–909. doi: 10.1016/j.cub.2020.09.045

105. Oikawa I, Kondo S, Hashimoto K, Kashiwabara A, Tanimoto H, Furukubo-
Tokunaga K, et al. A descending inhibitory mechanism of nociception mediated by
an evolutionarily conserved neuropeptide system in Drosophila. bioRxiv. (2022).
doi: 10.1101/2022.03.08.483420

106. Solway B, Bose SC, Corder G, Donahue RR, Taylor BK. Tonic inhibition of
chronic pain by neuropeptide Y. Proc Natl Acad Sci USA. (2011) 108(17):7224–9.
doi: 10.1073/pnas.1017719108
Frontiers in Pain Research 11
107. Nelson TS, Fu WS, Donahue RR, Corder GF, Hokfelt T, Wiley RG, et al.
Facilitation of neuropathic pain by the Npyy1 receptor-expressing subpopulation of
excitatory interneurons in the dorsal horn. Sci Rep. (2019) 9:7248. doi: 10.1038/
s41598-019-43493-z

108. Im SH, Patel AA, Cox DN, Galko MJ. Drosophila insulin receptor regulates the
persistence of injury-induced nociceptive sensitization. Dis Model Mech. (2018) 11(5):
dmm034231. doi: 10.1242/dmm.034231

109. Sulkowski MJ, Kurosawa MS, Cox DN. Growing pains: development of the
larval nocifensive response in Drosophila. Biol Bull. (2011) 221(3):300–6. doi: 10.
1086/BBLv221n3p300

110. Jaszczak JS, DeVault L, Jan LY, Jan YN. Steroid hormone signaling activates
thermal nociception during Drosophila peripheral nervous system development.
Elife. (2022) 11:e76464. doi: 10.7554/eLife.76464

111. Almeida-Carvalho MJ, Berh D, Braun A, Chen YC, Eichler K, Eschbach C, et al.
The ol(1)Mpiad: concordance of behavioural faculties of stage 1 and stage 3
Drosophila larvae. J Exp Biol. (2017) 220(13):2452–75. doi: 10.1242/jeb.156646

112. Koelle MR, Talbot WS, Segraves WA, Bender MT, Cherbas P, Hogness DS. The
Drosophila ecr gene encodes an ecdysone receptor, a new member of the steroid
receptor superfamily. Cell. (1991) 67(1):59–77. doi: 10.1016/0092-8674(91)90572-g

113. McParland AL, Follansbee TL, Vesenka GD, Panaitiu AE, Ganter GK. Steroid
receptor isoform expression in Drosophila nociceptor neurons is required for normal
dendritic Arbor and sensitivity. PLoS ONE. (2015) 10(10):e0140785. doi: 10.1371/
journal.pone.0140785

114. Milner R, Doherty C. Pathophysiology of pain in the peripheral nervous system.
Nerves Nerve Injuries. (2015) 2:3–22. doi: 10.1016/B978-0-12-802653-3.00050-6

115. Smith ESJ, Lewin GR. Nociceptors: a phylogenetic view. J Comp Physiol
A Neuroethol Sens Neural Behav Physiol. (2009) 195(12):1089–106. doi: 10.1007/
s00359-009-0482-z

116. Sandrini G, Serrao M, Rossi P, Romaniello A, Cruccu G, Willer JC. The lower
limb flexion reflex in humans. Prog Neurobiol. (2005) 77(6):353–95. doi: 10.1016/j.
pneurobio.2005.11.003

117. Yam MF, Loh YC, Tan CS, Khadijah Adam S, Manan N, Basir R. General
pathways of pain sensation and the major neurotransmitters involved in pain
regulation. Int J Mol Sci. (2018) 19(8):2164. doi: 10.3390/ijms19082164

118. Melzack R, Wall PD. Pain mechanisms: a new theory. Science. (1965) 150
(3699):971–9. doi: 10.1126/science.150.3699.971

119. Moreau JL, Fields HL. Evidence for gaba involvement in midbrain control of
medullary neurons that modulate nociceptive transmission. Brain Res. (1986) 397
(1):37–46. doi: 10.1016/0006-8993(86)91367-3

120. Vaughan CW, Ingram SL, Connor MA, Christie MJ. How opioids inhibit gaba-
mediated neurotransmission. Nature. (1997) 390(6660):611–4. doi: 10.1038/37610

121. Bohren Y, Timbolschi DI, Muller A, Barrot M, Yalcin I, Salvat E. Platelet-rich
plasma and cytokines in neuropathic pain: a narrative review and a clinical
perspective. Eur J Pain. (2022) 26(1):43–60. doi: 10.1002/ejp.1846

122. Duan YW, Chen SX, Li QY, Zang Y. Neuroimmune mechanisms underlying
neuropathic pain: the potential role of tnf-alpha-necroptosis pathway. Int J Mol Sci.
(2022) 23(13):7191. doi: 10.3390/ijms23137191

123. Leung L, Cahill CM. Tnf-alpha and neuropathic pain—a review.
J Neuroinflammation. (2010) 7:27. doi: 10.1186/1742-2094-7-27

124. Im SH, Takle K, Jo J, Babcock DT, Ma ZG, Xiang Y, et al. Tachykinin acts
upstream of autocrine hedgehog signaling during nociceptive sensitization in
Drosophila. Elife. (2015) 4:e10735. doi: 10.7554/eLife.10735

125. Gu PY, Wang F, Shang Y, Liu JJ, Gong JX, Xie W, et al. Nociception and
hypersensitivity involve distinct neurons and molecular transducers in Drosophila.
Proc Natl Acad Sci U S A. (2022) 119(12):e2113645119. doi: 10.1073/pnas.2113645119

126. Herman JA, Willits AB, Bellemer A. G alpha Q and phospholipase C beta
signaling regulate nociceptor sensitivity in Drosophila melanogaster larvae. Peerj.
(2018) 6:e5632. doi: 10.7717/peerj.5632

127. Zieglgansberger W. Substance P and pain chronicity. Cell Tissue Res. (2019) 375
(1):227–41. doi: 10.1007/s00441-018-2922-y

128. Babcock DT, Shi SP, Jo J, Shaw M, Gutstein HB, Galko MJ. Hedgehog signaling
regulates nociceptive sensitization. Curr Biol. (2011) 21(18):1525–33. doi: 10.1016/j.
cub.2011.08.020

129. Zhang H, Cang CL, Kawasaki Y, Liang LL, Zhang YQ, Ji RR, et al. Neurokinin-
1 receptor enhances Trpv1 activity in primary sensory neurons via pkc epsilon: a novel
pathway for heat hyperalgesia. J Neurosci. (2007) 27(44):12067–77. doi: 10.1523/
jneurosci.0496-07.2007

130. Fischer L, Lavoranti MI, Borges M, Miksza AF, Sardi NF, Martynhak BJ, et al.
Trpa1, substance P, histamine and 5-hydroxytryptamine interact in an interdependent
way to induce nociception. Inflammation Res. (2017) 66(4):311–22. doi: 10.1007/
s00011-016-1015-1

131. Grote CW, Wright DE. A role for insulin in diabetic neuropathy. Front
Neurosci. (2016) 10:581. doi: 10.3389/fnins.2016.00581
frontiersin.org

https://doi.org/10.1073/pnas.0700895104
https://doi.org/10.1016/j.cub.2019.01.009
https://doi.org/10.1016/j.cub.2019.01.009
https://doi.org/10.1073/pnas.1312477110
https://doi.org/10.1016/j.bpj.2017.08.061
https://doi.org/10.1073/pnas.2535546100
https://doi.org/10.1016/j.neuron.2010.07.004
https://doi.org/10.1016/j.cub.2019.02.025
https://doi.org/10.1016/j.cub.2019.01.060
https://doi.org/10.1016/j.cub.2019.01.060
https://doi.org/10.1016/j.mcn.2007.04.001
https://doi.org/10.1016/j.cub.2012.09.019
https://doi.org/10.1073/pnas.1606537113
https://doi.org/10.1109/lra.2021.3061874
https://doi.org/10.1073/pnas.1514862112
https://doi.org/10.1371/journal.pone.0038011
https://doi.org/10.7554/eLife.29089
https://doi.org/10.1038/s41593-020-0607-9
https://doi.org/10.7554/eLife.26016
https://doi.org/10.1073/pnas.1820840116
https://doi.org/10.1038/s41467-021-24759-5
https://doi.org/10.1016/j.cub.2017.06.068
https://doi.org/10.1523/JNEUROSCI.3500-13.2014
https://doi.org/10.1016/j.cub.2020.09.045
https://doi.org/10.1101/2022.03.08.483420
https://doi.org/10.1073/pnas.1017719108
https://doi.org/10.1038/s41598-019-43493-z
https://doi.org/10.1038/s41598-019-43493-z
https://doi.org/10.1242/dmm.034231
https://doi.org/10.1086/BBLv221n3p300
https://doi.org/10.1086/BBLv221n3p300
https://doi.org/10.7554/eLife.76464
https://doi.org/10.1242/jeb.156646
https://doi.org/10.1016/0092-8674(91)90572-g
https://doi.org/10.1371/journal.pone.0140785
https://doi.org/10.1371/journal.pone.0140785
https://doi.org/10.1016/B978-0-12-802653-3.00050-6
https://doi.org/10.1007/s00359-009-0482-z
https://doi.org/10.1007/s00359-009-0482-z
https://doi.org/10.1016/j.pneurobio.2005.11.003
https://doi.org/10.1016/j.pneurobio.2005.11.003
https://doi.org/10.3390/ijms19082164
https://doi.org/10.1126/science.150.3699.971
https://doi.org/10.1016/0006-8993(86)91367-3
https://doi.org/10.1038/37610
https://doi.org/10.1002/ejp.1846
https://doi.org/10.3390/ijms23137191
https://doi.org/10.1186/1742-2094-7-27
https://doi.org/10.7554/eLife.10735
https://doi.org/10.1073/pnas.2113645119
https://doi.org/10.7717/peerj.5632
https://doi.org/10.1007/s00441-018-2922-y
https://doi.org/10.1016/j.cub.2011.08.020
https://doi.org/10.1016/j.cub.2011.08.020
https://doi.org/10.1523/jneurosci.0496-07.2007
https://doi.org/10.1523/jneurosci.0496-07.2007
https://doi.org/10.1007/s00011-016-1015-1
https://doi.org/10.1007/s00011-016-1015-1
https://doi.org/10.3389/fnins.2016.00581
https://doi.org/10.3389/fpain.2023.1076017
https://www.frontiersin.org/journals/pain-research
https://www.frontiersin.org/

	Nociception in fruit fly larvae
	Introduction
	Drosophila larvae exhibit a wide variety of nociceptive responses to noxious stimuli
	Mechanical nociception
	Thermal nociception
	Chemical nociception
	Short-wavelength lights as noxious stimuli

	High-throughput methods to study Drosophila larval nociceptive behaviors
	Organization of nociceptive sensory systems in Drosophila larvae
	Circuitry of nociceptive sensory processing
	Excitatory networks
	Inhibitory networks

	Neuromodulation in the nociceptive circuit
	Comparisons between nociceptive systems of Drosophila larvae and mammals
	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


